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habita entre las mesas; Airam Marcos, cuya curiosidad por lo que le rodea raya en

lo patológico y por eso nos entendemos tan bien; Biuse Casaponsa, confidente con un
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Prologue

Both the cosmic microwave background (CMB) observations and the galaxy sur-

veys have confirmed the main outlines of the standard cosmological model with an un-

precedented accuracy. In light of the recent results from the European Space Agency

(ESA) Planck satellite (Planck Collaboration I, 2013), the observed universe seems to

be well described by the main outlines of this scenario. The six-parameter ΛCDM

model, with a spatially-flat geometry and a power-law spectrum of adiabatic scalar

perturbations, has passed the test with the most precise cosmological data measured

so far. However, there are still several open issues which should be explored in greater

depth, because they could hide the key to new and exciting discoveries. On the one

hand, the values of some of the cosmological parameters of the model estimated by

using CMB data seem to be in tension with some measurements provided by other as-

trophysical data sets. For instance, the low value of the Hubble constant found by the

Planck Collaboration could be deviated from the estimations obtained with Hubble

Space Telescope (HST) observations of Cepheid variables or galaxy clusters traced by

the Sunyaev-Zel’dovich effect and X-ray measurements (see Planck Collaboration XVI,

2013, and references therein). The value of the root mean square of the matter fluc-

tuations in 8 h−1 Mpc spheres at the present time in linear theory, σ8, obtained from

observations of galaxy clusters is also shifted around 3σ with respect to the estimation

supplied by the Planck Collaboration. On the other hand, along with a deficit of low-ℓ

power, a series of large-scale anomalies in the distribution of the CMB temperature

anisotropies, first detected by WMAP, have been confirmed with a high confidence

level (Planck Collaboration XXIII, 2013). Significant deviations from isotropy have

been observed, including an alignment of the low-order multipoles, a hemispherical

power asymmetry and a particularly cold region in the Southern galactic hemisphere.

The high level of sensitivity reached from the CMB temperature data and their

progressive exploitation cause that the scientific community focuses on other physical

observables which prove the current cosmological paradigm or, conversely, reveal un-

expected aspects of the cosmos. In the short run, the most promising observables are

the CMB polarisation and the large-scale structure (LSS) of the universe.

In particular, the CMB polarisation could shed light on the physics of the early
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universe. In the standard framework of physical cosmology, the known laws of na-

ture can account for the evolution of the universe until the first moments after the

Big-Bang. During the first 10−10 seconds, physics becomes more speculative. One of

the phenomenological models concerning this early epoch which has better described

the observations is cosmic inflation. A phase of exponential expansion seems to be

the cornerstone that accounts for all the observational evidences, providing a physical

mechanism to produce the primordial fluctuations which lead to the LSS. Standard

models of inflation predict the generation of primordial gravitational waves, which

would leave an imprint on the CMB anisotropies in the form of a faint contribution

of B-mode polarisation at large scales. The detection of these tensor perturbations

represents an outstanding technical and scientific challenge for the forthcoming CMB

experiments. Recently, the BICEP2 Collaboration (BICEP2 Collaboration, 2014) has

claimed the first primordial B-mode detection on the CMB polarisation, reporting an

unexpectedly high amplitude for this signal. However, several authors have suggested

that the polarised emission of interstellar dust is high enough to explain this B-mode

excess (Mortonson and Seljak, 2014; Flauger et al., 2014). It is crucial now that inde-

pendent experiments, such as Planck, the Keck array, QUIJOTE or POLARBEAR,

confirm the presence of the imprint of the primordial gravitational waves to constrain

the energy scale at which inflation took place. As the signal to measure in this search is

expected to be much less intense than the foreground emission, component separation

methodologies become an important previous step to the scientific exploitation of the

data. In this sense, a particular component separation method to remove foregrounds

from CMB polarisation data is presented in Chapter 2.

Furthermore, the large-scale statistical anomalies found in the CMB anisotropies

provide an alternative way to test the concordance model. There is a debate focused on

their physical origin. Although none of these anomalies is tremendously significant (the

probability that these events occur is of the order of 1 per cent in the standard scenario),

it is worth exploring them in detail. Two main hypotheses are usually considered: (a)

the possibility that the anomaly is caused by an event occurring in the early universe,

and (b) the case in which the feature is created by a secondary anisotropy, such as

the non-linear evolution of late objects, like large voids or topological defects. In this

open controversy, several modified versions of inflation have been proposed to account

for the anomalies, but they must face all the observational evidences, including the

possible detection of primordial B-mode polarisation. In Chapter 3, a methodology
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based on the cross-correlation between the temperature and the E-mode polarisation

of the CMB is used to characterise the nature of one of the most intriguing anomalies,

what has been termed the Cold Spot.

Finally, in Chapter 4, the hemispherical power asymmetry found on the CMB data

is further explored by looking for it in the LSS of the universe. In particular, we study

the compatibility of the LSS traced by radio sources with a phenomenological dipole

modulation as that observed in the CMB temperature anisotropies.
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Chapter 1

Introduction

The general relativity formulation in 1915 provided an unprecedented geometrical

framework to describe the universe as a whole. Although Albert Einstein was the first

person who applied the Cosmological Principle to his theory, he led the analysis so that

a stationary solution was obtained. In particular, he necessitated the consideration of

a cosmological constant. The discovery of the expansion of the universe by Edwin

Hubble in 1929 (Hubble, 1929) was a blow to the conceptions of the time, but actually,

it was one of the alternatives previously collected into the casuistic of the Friedmann

solutions in 1922. The Friedmann family of models clearly shows that the geometry of

the universe is a consequence of the amount of energy density that it contains. These

ingredients, along with the discovery of the cosmic microwave background (CMB)

radiation by Penzias and Wilson in 1964 and the primordial abundance measurements

of the light elements, consolidated the ‘Big-Bang’ paradigm in which the universe has

evolved, expanding and cooling, from an initial state of low volume and high density

and temperature. In the limits in which the present theory is forced to operate, this

primordial state is perceived as a singularity. The term of ‘Big-Bang’ refers to both the

whole cosmological picture and this singularity, which, in the framework of the theory,

lies 13.8 Gyr ago (Planck Collaboration XVI, 2013). We alternate both meanings

throughout this dissertation.

Obviously, the presence of a primordial state that appears infinitely small, hot and

dense, only shows the limitations of a partial vision which must be contained in a

more extensive theory that combines gravity and quantum mechanics. Nevertheless,

without forgetting of this necessity of new physics that motivates many investigations
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(see Amelino-Camelia, 2008, for a recent review), the present scheme, a six-parameter

ΛCDM model, which is a particular parametrization of the Big-Bang cosmological

frame with a spatially-flat geometry and an inflationary phase, matches amazingly

well with the observational evidence.

1.1 The ΛCDM model

Nowadays, the ΛCDM model is the most accepted cosmological description and presents

the best agreement with the observations so far. It is a compendium of ideas that pro-

vides a scheme to describe the evolution of the universe. This ‘concordance’ model is

a parameterization of the Big-Bang model with a cosmic-inflationary early phase. It

takes into account the existence of cold dark matter and a current dominant contribu-

tion of dark energy. The model describes a universe whose geometry is very close to flat

and is comprised of 68.3% of dark energy, 26.8% of dark matter and 4.9% of baryonic

matter, according to the latest results of the Planck satellite (Planck Collaboration XVI,

2013).

1.1.1 The Robertson-Walker metric

Since we cannot linger too much on technical aspects, the interested reader is referred

to the literature on the fundamentals of physical cosmology (see, e.g. Peacock, 1999).

Broadly speaking, this framework is based on a set of solutions of general relativ-

ity, the so-called Friedmann-Lemâıtre-Robertson-Walker (FLRW) model, in which a

homogeneous and isotropic geometry is assumed.

The generic metric that satisfies the homogeneity and isotropy conditions, and

allows that the spatial component can be time-dependent, is the Robertson-Walker

metric, and it can be written in comoving dimensionless coordinates as

c2dτ2 = c2dt2 − a2(t)
[
dr2 + S2

κ(r)dψ
2
]
, (1.1)

where a is the time-dependent scale factor of the universe, c represents the speed of light

in vacuum, τ denotes the proper time and r is the comoving distance. The t coordinate

refers to the proper time measured by an observer who is at rest with respect to the local

matter distribution. The spatial part of the metric can be decomposed into a radial and

a transverse component, i.e. dψ2 = dθ2 +sin2 θdφ2, in spherical coordinates. Equation

1.1 is expressed in comoving coordinates, such that observers keep their coordinates

2
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as long as no force is acting on them. Since the universe expands as a(t) increases, it

is necessary to multiply the comoving distance r by the cosmic scale factor to obtain

the physical distance R = r · a(t). The factor Sκ depends on the comoving distance as

follows:

Sκ(r) =






sin r, if κ = 1

sinh r, if κ = −1

r, if κ = 0.

(1.2)

As κ denotes the curvature sign, this casuistic corresponds to the cases of a closed

universe (κ = 1), an open universe (κ = −1) and a flat universe (κ = 0).

The family of equations found by Friedmann in 1922 (Friedmann, 1922) can be

deduced from the Einstein’s field equations by taking into account the geometry given

by equation 1.1:

H2 ≡

(
ȧ

a

)2

=
8πGρ+ Λc2

3
− κ

( c
a

)2
, (1.3)

ä

a
=

Λc2

3
−

4πG

3

(
ρ+

3p

c2

)
, (1.4)

where H is the Hubble parameter, G the Newton’s gravitational constant and Λ the

so-called cosmological constant. The density and the pressure of the cosmic fluid are

denoted by ρ and p, respectively. We will go back to the choice of this formulation by

using a homogeneous and isotropic fluid in Section 1.4.

It is common to use the redshift z to express cosmological distances in terms of the

time dilation suffered by the photon frequencies according to how much the universe

has expanded since they were emitted:

1 + z =
a0

a
, (1.5)

where a0 denotes the cosmic scale factor at present time.

The distinct solutions of these equations suggest different histories of the universe,

depending on whether its energy density exceeds or not (or equals) a critical value

ρc ∼ 10−26 Kg · m−3. However, models derived from the Friedmann’s equations would

be mere theoretical exercises unless cosmological observations were available in or-

der to distinguish between the range of possibilities. This need is even more crucial

when theoretical implications are not pointing at the same direction as the ideological

currents of the time, since the most common cosmological conception was an static

universe. In addition, the virtual possibility of developing a family of universes has
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direct consequences about the statistical conception of our universe as a particular case

associated with a probability distribution. This outlook is found, for instance, in the

weak formulation of the anthropic principle (e.g. Carter, 2006) or in the implications

of eternal inflation models (see, for instance, Linde and Vanchurin, 2010).

As mentioned above, the first evidence that the universe is expanding was the

Hubble’s discovery. After discussing the problem of the redshift of nebulae with other

colleagues during the 3rd International Astronomical Union (IAU) general assembly

celebrated in Leiden in 1928, Edwin Hubble decided to use the 100-inch telescope

located at the Mount Wilson Observatory in order to investigate the reason why the

nebulae seemed to be moving away from us. Finally, the results were presented the

following year (Hubble, 1929).

Happily, the Hubble’s law was an observational milestone which legitimised the

general theory of relativity, and in particular the Friedmann’s equations, as a descrip-

tion of the cosmos in which we live. The other observational pillars on which the

cosmological paradigm rests are the cosmic microwave background (CMB) radiation

and the abundances of light elements predicted in the primordial nucleosynthesis.

However, the enthusiasm aroused from this successful description was partially

marred when new observations seemed to reveal that the matter content of the universe

did not follow the expected behaviour. In fact, all the observational evidences so far

suggest that the universe is ruled as if it contained much more matter than that we are

able to infer from the luminous objects. The most convincing hypothesis that reconciles

the great picture is the assumption of the existence of a kind of matter which does

not interact with electromagnetic radiation. The standard scenario includes cold dark

matter (CDM), understood as particles which move slowly compared to the speed of

light, and it plays a crucial role in the structure formation as a compactor agent.

A discrepancy between the mass expected from the luminosity of the Coma clus-

ter and the mass derived from the motion of its galaxies provided in 1933 the first

indirect evidence of the existence of dark matter (Zwicky, 1933, 1937). Since then,

further hints have been accumulating, including the rotational curves of galaxies (see,

for instance, Rubin et al., 1978), the gravitational lensing caused by massive structures

and the CMB anisotropies. In particular, the Planck Collaboration estimated a lens-

ing potential map from the CMB data (Planck Collaboration XVII, 2013). Whatever

dark matter is, it should account for the 26.8% of the energy content of the universe

(Planck Collaboration XVI, 2013).
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1.1.2 The inflationary phase

During the ‘80s, a series of drawbacks, known as the flatness, the horizon and the

monopole (and other relic) problems, demanded the inclusion of a new ingredient

to explain the cosmological landscape. The winning bet would be the inflationary

hypothesis, developed in a series of papers (Starobinsky, 1980; Kazanas, 1980; Guth,

1981; Sato, 1981), and proposed as a period of exponential expansion during the first

moments after the Big-Bang. This inflationary phase in the early universe solved the

flatness problem by enabling a universe with a very large radius of curvature. The

exponential expansion phase also solved the horizon problem by causally connecting

the early-phase bubbles which are disconnected today. In this context, the choice of the

Robertson-Walker metric, despite being still imposed by the Cosmological Principle,

seems more natural from the point of view of the homogeneity. Additionally, the

rapid expansion of the inflationary stage does not allow the existence of relic particles,

predicted by particle physics models, such as magnetic monopoles, domain walls or

supersymmetric particles that, actually, are not observed. The inflation mechanism

also generates a nearly scale-invariant spectrum of scalar perturbations in agreement

with the CMB observations, first predicted by Mukhanov and Chibisov (1982) and

confirmed by the COBE satellite (Smoot et al., 1992). We delve into all these issues

in Section 1.5.

Actually, although the first approach of cosmic inflation was proved phenomeno-

logically unfeasible, many alternatives were further developed (see, e.g. Linde, 1982;

Albrecht et al., 1982). Nowadays, a huge number of models have been proposed

and they are usually divided into categories as large-field, small-field and hybrid

models (e.g. Dodelson et al., 1997). Furthermore, different scenarios are also com-

monly distinguished, and many labels have been proposed, such as chaotic in-

flation (Linde, 1983), natural inflation (Freese et al., 1990), intermediate inflation

(Barrow and Liddle, 1993), dynamical supersymmetric inflation (Kinney and Riotto,

1999) or ghost inflation (Arkani-Hamed et al., 2004). Several authors even explored

the possibility that the inflation was produced by the Higgs field (see, for instance,

Bezrukov and Shaposhnikov, 2008; Hamada et al., 2014). Some of these alternative

inflationary models have recently attracted interest in light of the large-scale statisti-

cal anomalies found in the CMB anisotropy pattern, but we delve in this task in the

following sections.
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1.1.3 The large-scale structure

In addition, the large-scale structure (LSS) of the universe, traced by galaxies in red-

shift surveys and by intergalactic hydrogen absorption in quasar spectroscopy, pro-

vides another source of observables which allow to check the standard cosmological

model. For instance, the LSS observations support the assumption of a homoge-

neous and isotropic universe. Historically, the Center for Astrophysics (CfA) sur-

veys (Huchra et al., 1983; Falco et al., 1999), Las Campanas Redshift Survey (LCRS;

Shectman et al., 1996) and the Two-degree-Field Galaxy Redshift Survey (2dFGRS;

Colless et al., 2001) formed the basis of these studies. The Sloan Digital Sky Survey

(SDSS; York et al., 2000) measured redshifts for nearly one million galaxies between

2000 and 2008 (SDSS-I and II Abazajian et al., 2009) and allowed to constrain the

structure at 2 < z < 4 with an unprecedented accuracy via the Lyman-α forest ab-

sorption toward high-redshift quasars (e.g. McDonald et al., 2006; Seljak et al., 2006).

The supernovae analysis has been also used to deduce cosmological implications,

because it is assumed that the emission of a supernova explosion follows the same

universal behaviour and they can be used as standard candles. During the last years

of the 20th century, the analysis of the light curves of type-Ia supernovae allowed

to infer that the current expansion of the universe is accelerated (Riess et al., 1998;

Perlmutter et al., 1999). This leaves room to a dominant dark energy with nega-

tive pressure in terms of a cosmological constant Λ which should account for the

68.3% of the energy content of the universe in agreement with the CMB observations

(Planck Collaboration XVI, 2013). Different conceptions of this contribution are con-

sidered in Section 1.7, but the standard scenario includes only a cosmological-constant

term with constant energy density.

Nevertheless, other physical mechanisms are currently considered to estimate cos-

mological distances. For instance, the matter distribution conserves, in the form of

regular fluctuations, imprints of the acoustic waves which were present in the early

universe. They are known as baryon acoustic oscillations (BAO) and they can be used

as a standard ruler. In fact, BAO have been already detected with several galaxy

surveys, such as the SDSS (Eisenstein et al., 2005), the 6-degree-Field Galaxy Survey

(6dFGS; Beutler et al., 2011), the WiggleZ Dark Energy Survey (Blake et al., 2011)

or the SDSS-III Baryon Oscillation Spectroscopic Survey (Anderson et al., 2012). The

SDSS-III (Eisenstein et al., 2011) is a six-year program which began in 2008 consist-

ing in four large spectroscopic surveys: the Baryon Oscillation Spectroscopic Survey
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(BOSS), the Sloan Extension for Galactic Understanding and Exploration 2 (SEGUE-

2), the Multi-object Apache Point Observatory Radial Velocity Exoplanet Large-area

Survey (MARVELS) and the Apache Point Observatory Galactic Evolution Experi-

ment (APOGEE).

The LSS observations can be also cross-correlated with the CMB data to recover a

characterisation of the integrated Sachs-Wolfe (ISW) effect, which is a sensitive probe

of the evolution and clustering of dark energy (Corasaniti et al., 2003; Cooray et al.,

2004).

1.2 The cosmic microwave background

The CMB is the most ancient electromagnetic radiation that is possible to observe.

It does not emanate from a particular object, but can be observed from anywhere in

the universe and pointing to any region. Furthermore, in the framework of the stan-

dard cosmological model, its statistical properties do not vary with the location. To

understand the nature of the CMB, it is necessary to dive into the thermal history of

the universe. The CMB is a fossil radiation from what has been termed the decou-

pling epoch (z ≃ 1,090, i.e. approximately 3.8 × 105 after the Big-Bang). Before that

time, the universe could be considered as a fluid which was composed of baryons and

photons, tightly coupled by Thomson scattering processes, and dark matter, gravita-

tionally coupled with baryons. At a sufficiently early epoch, it is assumed that particle

interactions were produced on a time scale much shorter than the expansion rate of

the universe, and then we could consider that the cosmic fluid was in thermodynamic

equilibrium.

The universe continued to expand and, when it cooled down enough, protons began

to bind with electrons to form neutral hydrogen. This process resulted in a decrease

of the free-electron density, causing that the mean free path of the photons was made

larger than the Hubble radius. In other words, matter and light were separated and

the universe became transparent.

The CMB was first predicted in 1948 by George Gamow, Ralph Alpher and Robert

Herman (Gamow, 1948a,b; Alpher and Herman, 1948). However, these publications

did not have a wide audience in the scientific community of the time. The same re-

sults were re-discovered by Yakov Zel’dovich and, independently, by Robert Dicke in

the early 1960’s. The first experimental confirmation did not appear until 1964, when
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Arno Allan Penzias and Robert Woodrow Wilson used a Dicke radiometer, which had

been built by the Bell Telephone Laboratories in New Jersey, for radioastronomy and

satellite communication experiments. Their measurements showed an excess tempera-

ture in the microwave range that seemed homogeneous in the sky and did not vary with

time. They discarded urban interferences, galactic or extragalactic contributions of ra-

dio sources and all kind of possible systematic effects from the antenna (even a pigeon

nest housed in the horn!). So, they had to conclude that the excess must be a cosmic

contribution, although not knowing what might be the cause. Looking for theoretical

explanations, Penzias and Wilson got in touch with the Dicke’s research team, which

had already begun an experiment in order to detect the CMB. Realising the implica-

tions of this measurement, Robert Dicke said the famous words to his colleagues:“we’ve

been scooped”. Nevertheless, Penzias and Wilson published their results without any

mention to cosmological implications (Penzias and Wilson, 1965) and the Princeton

group supplied the theoretical interpretation in parallel (Dicke et al., 1965).

Since then, the CMB has grabbed the attention of cosmological research and has

been widely studied in the hope of finding observables to support or refute the nu-

merous theoretical models of the universe. The CMB presents a black-body electro-

magnetic spectrum as a result of the thermodynamical equilibrium of the cosmic fluid.

Namely, the intensity of this radiation can be written as a function of the frequency ν

and an associated temperature TCMB as follows:

I0 ≡ B(ν, TCMB) =
2hν3

c2
1

e
hν

kTCMB − 1
. (1.6)

The FIRAS (Far-Infrared Absolute Spectrophotometer) instrument, aboard the COs-

mic Background Explorer (COBE ) satellite, confirmed this black-body spectrum as the

most perfect example of this phenomenon in nature and obtained a value for the CMB

temperature of TCMB = 2.736± 0.010 K with a 95% of confidence level (Mather et al.,

1994). The most recent estimation of the CMB temperature is the one supplied by

Fixsen (2009), by combining the measurements that can be found in the literature:

TCMB = 2.72548± 0.00057 K. This value supports the Big-Bang framework because it

implies that the universe was a very hot place at early times.

Thermodynamic temperature units are often used in CMB data analysis. They

are defined so that a temperature difference from TCMB in the direction n of the sky,

∆T (n), corresponds to a fluctuation in the intensity which can be written as

∆I(n, ν) ≡ I(ν, T (n)) − I0(ν) ≈
∂B(ν, T )

∂T

∣∣∣∣
T=TCMB

∆T (n), (1.7)
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where B(ν, T ) is the Planckian distribution (see the equation 1.6) with temperature T .

Under this definition, ∆T is independent of the frequency. This nuance becomes very

important to the foreground cleaning of the CMB data, specially for those methods

that combine data sets at different frequencies. We return to this issue in Section 1.9,

in the context of the component separation problem.

Actually, although the CMB is apparently homogeneous and isotropic, small

temperature deviations of the order of ∆T/TCMB ∼ 10−5 are predicted by theo-

retical models, and they can be used to constrain cosmological scenarios (see, e.g.

Doroshkevich et al., 1978; Kamionkowski et al., 1994). In fact, a map of anisotropies

can be obtained by subtracting the average temperature from a sufficiently accurate

CMB data set. The DMR (Differential Microwave Radiometer) aboard the COBE

satellite was the first instrument which obtained an all-sky snapshot of the anisotropy

pattern (Smoot et al., 1992). These anisotropies are an imprint of the primordial fluc-

tuations whose evolution led to the current large-scale structure, and the analysis of

their angular distribution provides information about the geometry and the energy

content of the universe.

Quadrupole
Anisotropy

Thomson 
Scattering

e–

Linear 
Polarization

ε'

ε'

ε

Figure 1.1 - Thomson scattering: if a quadrupole anisotropy is present in the incident

radiation field, then the outgoing beam is polarised. The scattered and incident polari-

sation directions are denoted by ε and ε′ respectively, and the cross-section depends on

these directions as:
dσT

dΩ
∝ |ε ·ε′ |2. This figure has been taken from Hu and White (1997).

One of the most promising technological challenges in the CMB science is the

polarisation observation. It is expected that, if the photons presented an isotropic in-
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cidence at the last scattering surface, then the CMB would not be polarised. However,

if the polarisation vector is contained in the scattering plane, then the cross-section

of the Thomson scattering is proportional to cos2 β, where β is the scattering angle.

Moreover, if the photon is polarised in the direction perpendicular to this plane, then

the cross-section is not modulated by the scattering angle. Therefore, the quadrupole

anisotropies (ℓ = 2) of the CMB photons, in the reference frame of the scattered elec-

tron, provide the suitable conditions to produce the polarisation that can be observed

in the CMB (e.g. Rees and Sciama, 1968; Basko and Polnarev, 1980). Figure 1.1 rep-

resents, for a fixed outgoing direction, the case in which the intensity of the photons

that come from a particular direction is greater than the intensity received in the per-

pendicular direction (and separated by 90◦ with respect to the outgoing direction).

Under this condition, a preferred direction would be observed in the outgoing beam

polarisation. As the quadrupole moment is generated when photons decoupled from

baryons during the recombination, the CMB linear polarisation is due to the velocities

of electrons and protons on scales smaller than the photon diffusion length scale. The

correspondence between the orientation of the quadrupole anisotropy and the associ-

ated linear polarisation for scalar fluctuations is shown in Figure 1.2. The result is

a pattern of polarisation anisotropies which can be measured with instruments that

reach sufficient sensitivity.

The CMB polarisation is modeled by using the Stokes parameters:

I = |E1|
2 + |E2|

2 , Q =
1

4

(
|E1|

2 − |E2|
2
)

U =
1

2
Re (E∗

1E2) , V =
1

2
Im (E∗

1E2)
(1.8)

where E1 and E2 are the electric field intensity in two perpendicular directions e1 and

e2. This definition is presented by following the Hierarchical Equal Area isoLatitude

Pixelization (HEALPix) convention (Górski et al., 2005). The I Stokes parameter is

merely the intensity of the electromagnetic wave and it is directly identified with the

temperature values through the expression:

∆T

T
=

1

4

∆I

I
. (1.9)

Moreover, Q denotes the amount of linear polarisation in the directions e1 and e2, and

V represents circular polarisation, which is expected to be zero in the CMB.
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êφ

êθ

n̂

θ=π/2θ=π/4θ=0

(a) (b)

θ

Figure 1.2 - Correspondence between the orientation of the quadrupole anisotropy and

the associated CMB linear polarisation (b). The orientation of the quadrupole moment

(a), corresponding to ℓ = 2 and m = 0, with respect to the scattering direction n gives the

sign and the magnitude of the CMB polarisation. For scalar fluctuations, the polarisation

points north-south with magnitude modulated by sin2θ, where n ·k = cos θ, and k denotes

the wave propagation vector (which is parallel to the velocity flows). In this image, the

eθ × eφ tangent plane is aligned with the cold lobe (in red). The sign of the quadrupole

depends on whether the observer is located in a through or a crest of the plane wave (the

case which is shown here corresponds to the one in which the observer is located in a

crest of the plane wave). Actually, the total effect combines both contributions, described

by a local quadrupole modulated with a plane wave. This figure has been taken from

Hu and White (1997).

1.3 The CMB anisotropies

Since the most interesting information in the CMB is codified in the small differences

with respect to the average value of the temperature TCMB, it is usual to deal with

the magnitude ∆T (n)/TCMB ≡ (T (n) − TCMB)/TCMB, where n denotes the direction

in the sky. In particular, the CMB data sets are presented in a map format, which is a

projection of the inside surface of the celestial sphere. Figure 1.3 shows the map which

accounts for the CMB anisotropies as seen by Planck. The temperature fluctuations

are usually expanded in spherical harmonics, Yℓ,m(n):

∆T (n)

TCMB
=

∞∑

ℓ=1

ℓ∑

m=−ℓ

aℓ,mYℓ,m(n), (1.10)

where the multipole index ℓ gives information about a characteristic angular scale and

the sum runs over ℓ ≥ 1. The subscript m, with |m| ≤ ℓ, collects information about

the orientation of the features at each scale, so that m = 0 corresponds to structure

with rotational symmetry around the z-axis.

The dipole term (ℓ = 1) is commonly removed from data because it is dom-
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Figure 1.3 - CMB anisotropies measured by Planck. (Copyright: ESA and the Planck

Collaboration.)

inated by a non-cosmological term related to our movement with respect to the

CMB rest frame. Figure 1.4 shows the dipole anisotropy observed by Planck

(Planck Collaboration XXVII, 2013). We must take into account the relativistic

Doppler shift for a CMB photon observed from a given direction n with an energy

E, which can be written as:

ECMB = E · γ
(
1 +

v · n

c

)
, (1.11)

where v is our velocity relative to the CMB. We are using here the usual notation of

γ = 1/
√

1 − β2, with β = |v|/c.

If we introduce the previous expression into the Planckian distribution in terms of

the energy and the direction in our reference frame, we obtain:

f̄(pµ) ∝
1

e
Eγ(1+v·n/c)

kTCMB − 1
, (1.12)

which can be interpreted as a black-body distribution whose temperature varies

over the sky: T (n) = TCMB/[γ(1 + v · n/c)]. This Doppler boosting of the CMB

monopole can be approximated by TCMB(1 − v · n), for β ≪ 1, showing the

form of a dipole anisotropy. Obviously, there is also a quadrupole contribution at

O(β2), which is derived from the Taylor expansion and could be measured with

formidable levels of precision for foreground knowledge at the quadrupole scale (see,

e.g. Kamionkowski and Knox, 2003).

If we assume that the whole contribution of the dipole is due to local kinematics,

we can infer the velocity of the Solar System motion relative to the CMB from the

module and the direction of the dipole detected in the CMB data. The most recent

12



1.3. THE CMB ANISOTROPIES

Figure 1.4 - CMB dipole seen by Planck in Galactic coordinates

(Planck Collaboration XXVII, 2013). The vector β|| denotes the dipole direction:

(l, b) = (263.99◦, 48.26◦), whist β⊥ and β× correspond to the two directions orthogonal

to it.

estimation was supplied by the Planck Collaboration (Planck Collaboration XXVII,

2013) and they obtained a velocity of v = (369± 0.9) km · s−1 in the direction (ℓ, b) =

(263.99◦ ± 0.14◦, 48.26◦ ± 0.03◦), expressed in galactic coordinates.

But, in addition to this Doppler boosting of the monopole, our velocity also boosts

the intensity of primordial temperature fluctuations. There are two phenomena that

can be observed: a Doppler modulation effect, that increases the fluctuations in the

dipole direction, and an aberration effect which changes the apparent arrival direction

of the CMB photons (Planck Collaboration XXVII, 2013).

For the case of a homogeneous and isotropic cosmology (namely, assuming a FLRW

model), the statistical properties of the CMB fluctuations are expected to be indepen-

dent of the spatial position and invariant under rotations. Therefore, preserving the

isotropy, we can define the second-order statistics as

〈
aℓ,ma

∗

ℓ,m

〉
= CTT

ℓ δℓℓ′δmm′ , (1.13)

where, Cℓ represents the angular power spectrum. For convenience, the superscript TT

denotes that we are referring to the power spectrum of the total intensity fluctuations

in temperature, and it serves to differentiate the temperature auto-power spectrum

from other power spectra that we will introduce later in relation to the polarisation.

As there are infinite realisations of the harmonic coefficients aℓ,m which provide the

same power spectrum, the angle brackets in the equation 1.13 denote the average over

the whole ensemble of realisations of the CMB fluctuations.

Furthermore, the simplest models of inflation predict that the fluctuations should

13



CHAPTER 1. INTRODUCTION

be Gaussian (see Liddle and Lyth, 2000, for a review). The invariance under rota-

tions makes the aℓ,m coefficients uncorrelated for different subscripts, but, by adding

Gaussianity, they are also independent. Under these assumptions, the angular power

spectrum provides the whole information contained in the statistical properties of the

CMB temperature anisotropies. This latter result is a consequence of the Wick’s the-

orem. For a more detailed explanation, see, for instance, Appendix 7.1.4 in Durrer

(2008). The power spectrum of the CMB temperature fluctuations as seen by Planck

is shown in Figure 1.5.

Figure 1.5 - Power spectrum of temperature fluctuations Dℓ ≡ ℓ(ℓ + 1)CTT
ℓ /2π esti-

mated by Planck, 9-year WMAP data, ACT and SPT. The dashed line corresponds to

the Planck ’s best-fit model. The horizontal axis is in logarithmic scale up to ℓ = 50, and

linear beyond. This figure has been taken from Planck Collaboration I (2013).

In an ideal situation, an unbiased estimator of the temperature power spectrum is

proposed as

ĈTT
ℓ =

1

2ℓ+ 1

∑

m

|aℓ,m|
2. (1.14)

However, there is an unavoidable cosmic variance, since the number of modes that we
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can observe (2ℓ+1) is finite. It represents a limit in the statistical analysis of the CMB

anisotropies. In the Gaussian case, the estimator ĈTT
ℓ is described as a χ2 distribution

with (2ℓ+ 1) degrees of freedom, and the cosmic variance can be quantified as

∆2CTT
ℓ =

1

ℓ+ 0.5

(
CTT
ℓ

)2
. (1.15)

Naturally, the uncertainty becomes more pronounced at large-angular scales because

there are less available events to do statistical averages.

In the real world, obtaining the angular power spectrum from the CMB data is a

more complicated task due to several inconveniences which must be taken into account,

such as instrumental noise, galactic and extragalactic contaminants or an incomplete-

sky coverage. For these reasons, many alternative and more sophisticated estimators

were proposed in the literature to calculate the power spectrum (see e.g. Efstathiou,

2004, for a review).

As with the temperature pattern, Q and U Stokes parameter maps can be com-

puted. However, this two parameters are not independent, since Q ± iU transforms

like a spin-2 variable (with a magnetic quantum number s = ±2) under rotations

around a fixed axis n, i.e.: Q′± iU ′ = e±2iψ (Q± iU), where Q′ and U ′ are the rotated

Q and U Stokes parameters by an angle ψ around the direction n (see, for instance,

Zaldarriaga and Seljak, 1997). They do not depend only on the direction n, but also

on the orientation of the polarisation basis (e1, e2). For instance, if the original basis

is rotated by 45◦, the U Stokes parameter turns into Q and vice versa.

The spin-weighted spherical harmonics ±sYℓm(n) can be used to expand the previ-

ously mentioned quantity in the direction n:

(Q± iU) (n) =
∞∑

ℓ=2

ℓ∑

m=−ℓ

a±2
ℓm±2Yℓm(n), (1.16)

where a±2
ℓm denotes the expansion coefficients of the decomposition into positive and

negative helicity.

Using the spin raising and lowering operators ð and ð∗, other quantities that result

from a standard spherical harmonic expansion can be found:

(ð∗)2 (Q+ iU) (n) =
∞∑

ℓ=2

ℓ∑

m=−ℓ

a
(2)
ℓm

√
(ℓ+ 2)!

(ℓ− 2)!
Yℓm(n), (1.17)

ð
2 (Q− iU) (n) =

∞∑

ℓ=2

ℓ∑

m=−ℓ

a
(−2)
ℓm

√
(ℓ+ 2)!

(ℓ− 2)!
Yℓm(n). (1.18)
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A description of the spin-weighted spherical harmonics, the spin raising and lowering

operators and useful properties can be found in Appendix 4.2.4 in Durrer (2008).

Finally, two scalar quantities can be defined as:

E(n) =
1

2

[
(ð∗)2 (Q+ iU) (n) + ð2 (Q− iU) (n)

]

=

∞∑

ℓ=2

√
(ℓ+ 2)!

(ℓ− 2)!

ℓ∑

m=−ℓ

aE
ℓmYℓm(n),

(1.19)

B(n) =
−i

2

[
(ð∗)2 (Q+ iU) (n) − ð2 (Q− iU) (n)

]

=
∞∑

ℓ=2

√
(ℓ+ 2)!

(ℓ− 2)!

ℓ∑

m=−ℓ

aB
ℓmYℓm(n),

(1.20)

where

aE
ℓm =

1

2

(
a

(2)
ℓm + a

(−2)
ℓm

)
, aB

ℓm =
−i

2

(
a

(2)
ℓm − a

(−2)
ℓm

)
. (1.21)

These quantities are the so-called E and B modes of polarisation. They are not

local, so they do not have a direct interpretation in terms of the measurable Q and U

Stokes parameter values. As the temperature field, they are invariant under rotations.

The E-mode measures gradient contributions (it can be either radial or tangential),

whilst the B-mode accounts for curl contributions to the 2-spin field considered as a

function of the sphere (see, for a mathematical derivation, Durrer, 2008).

In analogy to the temperature case, we define the respective auto power spectra

CEE
ℓ and CBB

ℓ as:
〈
aE
ℓ,ma

E ∗

ℓ,m

〉
= CEE

ℓ δℓℓ′δmm′ , (1.22)

〈
aB
ℓ,ma

B ∗

ℓ,m

〉
= CBB

ℓ δℓℓ′δmm′ . (1.23)

The E-mode and B-mode power spectra are plotted along with the temperature one

in Figure 1.6. The harmonic coefficients aB
ℓm have parity (−1)ℓ+1, whilst aℓm and aE

ℓm

have parity (−1)ℓ. This difference, within the assumption that the random process

which generates the primordial fluctuations is invariant under parity, is the reason

why the cross power spectra CTB
ℓ and CEB

ℓ vanish. However, this is an open question

that has to be tested experimentally, because it would be possible that parity violation

processes, such as weak interactions, left their imprint on the CMB pattern (see, for

instance, Caprini et al., 2004).
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Figure 1.6 - Theoretical CMB power spectra obtained from the Planck ’s best-fit model.

The blue line corresponds to the scalar temperature power spectrum, whilst the scalar

EE and TE spectra are represented by red and green lines respectively. The TE cross-

correlation is shown in absolute value for a better visualization. The black lines correspond

to the primordial (tensor) BB power spectrum for different values of the tensor-to-scalar

ratio r: 0.1 (solid line), 0.05 (dashed line), 0.01 (dash-dotted line) and 0.005 (dotted line).

Finally, the lensing B-mode is represented by the orange line.
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Nevertheless, we have a non-null contribution for the cross power spectrum between

temperature and the E-mode of polarisation (e.g. Coulson et al., 1994), CTE
ℓ :

〈
aℓ,ma

E ∗

ℓ,m

〉
= CTE

ℓ δℓℓ′δmm′ . (1.24)

The E-mode of CMB polarisation (and the TE cross-correlation) was first detected

in 2002 by the Degree Angular Scale Interferometer (DASI), located at the South

Pole (Kovac et al., 2002; Leitch et al., 2005). Subsequently, other experiments have

endeavored to unravel the properties of this signal, such as the Balloon Observations

Of Millimetric Extragalactic Radiation ANd Geophysics (BOOMERanG) experiment

(Montroy et al., 2006), MAXIPOL (Wu et al., 2007), the Cosmic Background Imager

(CBI; Sievers et al., 2009), QUaD (QUaD collaboration, 2009), the Cosmic Anisotropy

Polarization MAPer (CAPMAP; Bischoff and the CAPMAP Collaboration, 2008)

and the Wilkinson Microwave Anisotropy Probe (WMAP) satellite (Larson et al.,

2011). The Planck Collaboration also showed an estimation of the EE power

spectrum predicted by the ΛCDM fitted only with the Planck temperature data

(Planck Collaboration XV, 2013). As the inflation models predict, the auto

power spectrum CEE
ℓ also presents acoustic peaks at high angular multipoles

(Spergel and Zaldarriaga, 1997), and they are 90◦ out of phase with respect to the

temperature ones.

B-mode detection becomes more interesting, since the only phenomenon which

could generate this kind of primordial CMB polarisation at large-angular scales is a

physical mechanism which is able to create tensor perturbations in the early universe,

such as the background of primordial gravitational waves which is predicted by the

standard inflation (Polnarev, 1985). The B-mode amplitude would be determined by

the energy scale of inflation, which is not predicted by the model (we explore this issue

in Section 1.5). It is common to use in the literature the tensor-to-scalar ratio r to

characterise the hypothetical amplitude of the B-mode power spectrum CBB
ℓ . In March

2014, the BICEP2 Collaboration announced that they had obtained the first detection

of primordial B-mode polarisation (BICEP2 Collaboration, 2014). They gave an esti-

mation of the tensor-to-scalar ratio of r = 0.20+0.07
−0.05, a value which is in tension with

the latest upper limits supplied, for instance, by Planck Collaboration XXII (2013):

r < 0.11 (95% CL).

Therefore, the major challenge today is to confirm the detection of the primor-

dial B-mode polarisation at large scales. Many CMB polarisation experiments are
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being developed in order to explore a large-sky coverage with very high precision to

detect and, if possible, characterise the imprint of tensor fluctuations. The Back-

ground Imaging of Cosmic Extragalactic Polarization (BICEP) telescope, located at

the South Pole, was the first experiment specifically designed to target the primordial

B-mode. But there are other ongoing experiments, or planned: both balloon-borne

polarimeters SPIDER (Fraisse et al., 2013) and EBEX (Reichborn-Kjennerud et al.,

2010), and ground experiments, such as POLARBEAR (Kermish et al., 2012) and

the Q/U Imaging ExperimenT (QUIET) (QUIET Collaboration, 2012), both located

at the Atacama desert, or the QUIJOTE (Q-U-I JOint TEnerife) CMB Experiment

(Rubiño-Mart́ın et al., 2012), installed at the Teide observatory in the Canary Islands.

While the CMB anisotropies from gravitational waves are important on scales

which are super-Hubble before recombination (i.e. ℓ ≤ 80), small scales of the B-

mode are contaminated by lensing processes, which convert E-mode signal into B-mode

(Zaldarriaga and Seljak, 1998). Both the South Pole Telescope (SPT; Zahn, 2013) and

POLARBEAR (The POLARBEAR Collaboration, 2014) have been able to detect the

gravitational lensing pattern induced in the B-mode at large multipoles.

In practice, the power spectrum provides information about the power of CMB

features of different characteristic sizes, since the angular multipoles ℓ have a corre-

spondence with the angular scale (ℓ ∼ 180/θ). The particular shape of the spectrum is

due to the combination of multiple physical phenomena. For a pedagogical view, see,

e.g. Lineweaver (1997); the Wayne Hu’s tutorials1 are also useful. The main division

in their classification is given by the nature of the CMB anisotropies: they can be

primordial or secondary anisotropies. The CMB data contain information from both

the conditions of the early universe and its evolution until present. The first category

includes those anisotropies due to the matter and radiation distributions at the re-

combination epoch, while the second one refers to those effects produced by photon

interactions along the path from the last scattering surface to us.

1.3.1 Primordial anisotropies

This category includes, at least, two types of involved phenomena. On the one hand,

density perturbations in the cosmic fluid are caused by gravitational instability. On the

other hand, the adiabatic oscillations of the photon-baryon fluid, when the perturbation

1http://background.uchicago.edu/∼whu/index.html
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enters the Jean length and pressure dominates over gravity.

• As initial perturbations at scales larger than θ ∼ 1◦ would be beyond the horizon

at the recombination epoch, the low-ℓ part of the power spectrum is supplying

pure information of the matter density fluctuations. Large-scale anisotropies

(θ ≥ 2◦) are generated by the Sachs-Wolfe effect (Sachs and Wolfe, 1967). It

is originated by the interactions with the gravity potential wells in which CMB

photons gain or lose energy. The CMB anisotropies are measured only after the

photons have modified its energy climbing out (or falling down) of the potential

well from the decoupling epoch to the observer, so that they suffer a gravitational

redshift of ∆T/TCMB = ψ (see, for instance, Hu and Dodelson, 2002). Therefore,

the effective temperature perturbation is given by Θ∗ +ψ, where Θ∗ ≡
(

∆T
TCMB

)

∗

denotes the intrinsic fluctuation on the last-scattering surface.

• The acoustic oscillations are an unavoidable consequence of the presence of grav-

itational potential perturbations during the period when photons and baryons

formed a tightly-coupled fluid (see, for instance, Hu and White, 1996). Contrary

to what happens on large scales, causal processes occur at scales in the range

0◦.1 ≤ θ ≤ 1◦. Small gravitational potential wells reach the horizon scale be-

fore the bigger ones, and the cosmic fluid begins to collapse into them. The

structures with scales smaller than the sound horizon start to fluctuate because

of the competition between the gravitational force and the radiation pressure.

The peak locations and its relative heights in the CMB power spectrum result

from the combination of the snapshot of these peculiar velocities and the den-

sity perturbations at the decoupling epoch. These two contributions are 90◦ out

of phase as shown in Figure 1.7 (see, for instance, Lineweaver, 1997). As the

properties of the oscillation are determined by the background cosmology, this

signature provides a unique observable to test cosmological models. For instance,

the spacing of the peaks sheds light on the curvature and its location depends on

the energy content of the universe (the Cℓ-movies in Max Tegmark’s web page2

are very useful to show the impact of different cosmological parameters on the

shape of the power spectrum).

• The Silk damping occurs because the recombination process is not instantaneous.

As the photons have time to move during the recombination, the information at

2http://space.mit.edu/home/tegmark/cmb/movies.html
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scales smaller than this mean free path vanishes due to scattering processes.

Therefore, it is expected that the anisotropy features disappear from the CMB

power spectrum at small angular scales (Silk, 1968).

Figure 1.7 - Acoustic peaks are originated from a combination of the adiabatic density

fluctuations and the peculiar velocities of the cosmic fluid. This figure has been taken

from Tristram and Ganga (2007).

1.3.2 Secondary anisotropies

Secondary anisotropies are caused by the photon interactions with hot gas regions or

gravitational potential wells between the last scattering surface and the observer.

• Gravitational effects: The energy of the CMB photons is changed by cross-

ing gravitational potential variations along their propagation between the last

scattering surface and the observer. This effect is called integrated Sachs-Wolfe

(ISW) and it can be observed at large-angular scales, reaching magnitudes of the
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order of ∆T/TCMB ≃ 10−6. Actually, there are two different types of ISW effect.

On the one hand, the early ISW, which occurred at the decoupling epoch, while

the universe is not completely dominated by matter. On the other hand, the late

ISW effect, which is caused by the expansion of the universe during more recent

epochs, in which dark energy dominates. Strictly speaking, the late ISW effect

accounts only for the linear term of perturbation theory. During the matter-

dominated epoch of a flat universe, this linear contribution vanishes, whilst it

dominates over the higher-order terms during the dark-energy-dominated era.

The total non-linear effect in the context of located objects is known as the Rees-

Sciama effect (Rees and Sciama, 1968). It becomes important at structure for-

mation epochs and contributes with magnitudes of the order of ∆T/TCMB ≃ 10−7

at angular scales around the degree, but it can be increased to ∆T/TCMB ≃ 10−6

at smaller scales (10-40 arc min).

In addition, massive gravitational objects forming the large-scale struc-

ture of the universe modify the photon paths by gravitational lensing (see

Planck Collaboration XVII, 2013, and references therein). This phenomenon

smooths slightly the power spectrum, hiding small oscillations at high angular

multipoles. The Planck Collaboration detected the lensing imprint on the CMB

with a significance greater than 25σ, and they provided a lensing potential map.

As mentioned above, gravitational lensing also warps the polarisation patterns,

converting E-mode signal into B-mode polarisation.

• Scattering effects: During the period of structure formation, high-energy

photons from the first star population ionized the hydrogen in the inter-

galactic medium. The Planck Collaboration estimated the redshift at which

the universe is half reionized, zre = 11.1 ± 0.1 (68% CL). This value was ob-

tained by using Planck temperature data and low-ℓ WMAP polarisation (see

Planck Collaboration XVI, 2013). However, the so-called reionization was ac-

tually a gradual process which culminated around z ≃ 6. The effects of the

scattering of CMB photons with free electrons due to this reionization can be

observed as an attenuation both at small-angular scales and at large scales. In

addition, the interaction with the free electrons of hot gases inside clusters causes

an increase of the CMB photon energy by inverse Compton scattering. This is

known as thermal Sunyaev-Zel’dovich (SZ) effect and, to first order, shifts the

CMB electromagnetic spectrum (Zeldovich and Sunyaev, 1969). Anisotropies
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due to this effect can reach amplitudes of ∆T/TCMB ≃ 10−4. To second order, if

the cluster is moving, a kinetic effect of the cluster bulk motion can be observed.

1.4 Homogeneity and isotropy

The Cosmological Principle was a crucial hypothesis in the initial development of mod-

ern cosmology. Generally, it is assumed that, given sufficiently large scales, the universe

is statistically homogeneous and isotropic (i.e. constant density and no-preferred di-

rection). This can be seen as a generalisation of the Copernican Principle, which states

that our position in the universe is not a special one. Any location in the universe

should not be statistically distinguishable from the other positions and no direction

should be distinguished. These two assumptions, along with the hypothesis that both

the matter density and the geometry of the universe are smooth functions of the po-

sition, implies homogeneity and isotropy on large scales. In fact, isotropy (considered

at every point of the universe) implies homogeneity (Peacock, 1999).

Nevertheless, it is known that our local universe is very lumpy. The scale at which

the distribution of galaxies can be described properly as a homogeneous pattern is

difficult to define. We have to live with the fact that we are observers who are located

at a particular position in the universe, and observations could be biased due to the

non-linear evolution of the local structure.

Regardless, the observations of large-scale structure, traced by galaxy surveys,

such as the SDSS (York et al., 2000), suggest that the hypothesis of a homogeneous

and isotropic universe at large scales is legitimate. The CMB data analysis is like-

wise one of the best means for studying the large-scale distribution of the observed

universe. The spatial distribution of the photons released during the recombination

epoch must be isotropic and homogeneous as a consequence of the thermal equilibrium

condition, except for the small (roughly one part in 100,000) anisotropies predicted by

the theory. But even the distribution of these anisotropies should present the same

statistical properties in any region of the universe, since the anisotropy pattern traces

the distribution of primordial fluctuations. Recent results provided by the Planck Col-

laboration have confirmed that the distribution of the CMB temperature fluctuations

is almost Gaussian and isotropic (Planck Collaboration XXIII, 2013).

However, although the CMB observations which have been carried out so far seem

to confirm the ΛCDM model, there are some controversial topics that have emerged
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over the last decade. Several hints of anomalous behaviour regarding the statisti-

cal properties of the anisotropies have been observed first in WMAP, such as a lack of

large-scale power (Spergel et al., 2003), the alignment between the quadrupole and the

octopole (e.g. de Oliveira-Costa et al., 2004; Schwarz et al., 2004; Land and Magueijo,

2005a), the existence of a non-Gaussian cold spot (e.g. Vielva et al., 2004; Cruz et al.,

2005) or the hemispherical asymmetry (e.g. Park, 2004; Eriksen et al., 2004c); and af-

terwards in Planck (Planck Collaboration XXIII, 2013). A detailed description about

this topic is developed in Section 1.8.

1.5 The inflationary universe

One of the major difficulties that the standard scenario had to face in the early ‘80s was

the fact that observations revealed a universe which could only arise from very specific

initial conditions: a fine-tuning problem. In this context, inflation was put forward as

a hypothesis, which was developed in a series of papers (see, e.g. Starobinsky, 1980;

Kazanas, 1980; Guth, 1981; Sato, 1981), and in light of which the universe would evolve

from generic initial conditions.

The so-called Cauchy problem of the universe consisted of two arguments. On the

one hand, the conventional Big-Bang picture did not explain why regions separated

by distances greater than the corresponding horizon scale at early times showed such

similar properties as observed in the CMB anisotropy distribution. This is known as

the horizon problem. In particular, the comoving horizon scale τ evolves as (see, for

instance, Baumann, 2009):

τ =

∫ a

0

da

Ha2
. (1.25)

On the other hand, the cosmic-fluid initial velocities had to take very precise values to

ensure the homogeneity of the universe at late epochs.

In addition, observations revealed that the geometry of the universe, as seen now,

is almost flat. From the dynamics described by the equation 1.3, it follows that the

differences between the energy density and a critical density defined as

ρc(a) =
3H2(a)

8πG
, (1.26)

evolves with time as follows:

1 − Ω(a) =
−κc2

(aH)2
, (1.27)
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where Ω(a) ≡ ρ(a)/ρc(a). As the universe is expanding, |1−Ω(a)| diverges with time,

i.e. the differences between the energy density and the critical density increases with

time. Accordingly, since the flat case corresponds to ρ = ρc, such a small value observed

at present required values of Ω(a) extremely close to 1 at the early universe. This is

known as the flatness problem. Under the assumption that the comoving Hubble radius

(aH)−1 decreased during an early epoch, the equation 1.27 implies that Ω tends to 1

during that period, solving the flatness problem.

The decrease of the comoving Hubble radius implies accelerated expansion (ä > 0)

and a dominant contribution with an equation of state: w = p/(ρc2) < −1/3.

From here to the end of this section, we assume the unit convention: ~ = c = 1.

In the simplest model, this phenomenology is directly associated with a scalar field φ,

the inflaton, with an equation of state

w ≡
p

ρ
=

1

2
φ̇2 − V

1

2
φ̇2 + V

, (1.28)

where V denotes the potential energy of the field. If the potential dominates over the

kinetic term, then the scalar field can lead to negative pressure (w < 0) or accelerated

expansion (w < −1/3).

The homogeneous evolution of the field is described in the simplest model as the

classical dynamics of a scalar field rolling down a potential with speed φ̇. It is ruled

by the equation of motion

φ̈(t) + 3H(t)φ̇(t) + Vφ = 0, (1.29)

and the Friedmann equation

H2 =
8π

3m2
P

[
1

2
φ̇2 + V (φ)

]
, (1.30)

where the subscript φ denotes the derivative with respect to φ, V is the potential

energy of φ and mP represents the Planck mass:

mP =

√
1

G
. (1.31)

The slow-roll approximation is the assumption that the evolution of the inflaton is

dominated by the drag from cosmological expansion. The potential energy of the

inflaton dominates over the kinetic energy. The slow-roll conditions are ǫV ≪ 1 and
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Figure 1.8 - Slow-roll inflationary potential in the simplest model. This figure has been

taken from Yadav and Wandelt (2010).

|ηV | ≪ 1, with the slow-roll parameters estimated by assuming Vφ and Vφφ ≪ V :

ǫV =
m2
P

16π

(
Vφ
V

)2

, (1.32)

ηV =
m2
P

8π

Vφφ
V
, (1.33)

such that accelerated expansion implies ǫV < 1. These conditions allow to neglect the

second time derivative term in Eq. 1.29 (φ̈ ≃ 0) and the kinetic contribution in Eq.

1.30 (p ≃ −ρ), i.e.

3H(t)φ̇(t) ≈ −Vφ, (1.34)

H2 ≈
8πV (φ)

3m2
P

. (1.35)

Inflation ends when the slow-roll conditions are no longer satisfied, i.e. ǫV ≃ 1.

At this point, the kinetic energy has increased until being comparable to the potential

energy. After the inflationary phase ends, the scalar field oscillate around the minimum

of the potential (see Figure 1.8), and the energy density of the inflaton is dissipated as

radiation. This is known as reheating.

In addition, relative density fluctuations δρ are induced because quantum fluctu-

ations of the inflaton caused that inflation ends at different times in different regions

of the universe. For instance, regions where a negative fluctuation δφ was generated

reached a kinetic energy comparable to the potential later than regions with a pos-

itive δφ. Therefore, inflation implies that cosmological fluctuations, whose imprint
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can be seen now in the CMB anisotropies, were created from fluctuations around the

classical background evolution φ̄(t), which were amplified beyond the horizon scale

during the rapid expansion, and then frozen as perturbations in the metric. Metric

and matter perturbations are coupled following the dynamics described by the Ein-

stein’s field equations. For a detailed description of the calculation of cosmological

perturbations and its primordial spectrum from quantum fluctuations of the inflaton

see, e.g. Baumann (2009).

In principle, primordial perturbations could be scalar, vector or tensor. This clas-

sification is based on the helicity. A generic perturbed field

X(t,x) = X̄(t) + δX(t,x), (1.36)

where X̄(t) is the homogeneous background field and δX(t,x) the perturbation (with

δX ≪ X̄), can be expanded in Fourier space as

Xk =

∫
d3x X(t,x) eik·x. (1.37)

A perturbation is considered to have helicity m if its amplitude is multiplied by a

factor eimψ under rotations of the coordinate system by an angle ψ around the wave

vector k. Scalar perturbations have helicity 0, whilst vector and tensor perturbations

are associated with a helicity ±1 and ±2, respectively. Although fluctuations were

created on all scales, with a spectrum of wavenumbers k, the cosmologically relevant

fluctuations were generated inside the horizon (k ≫ aH). The reason why inflation is

considered as a solution of the horizon problem is that, in this frame, the comoving

Hubble radius decreased during inflation, but the comoving wavenumber was constant,

so that fluctuations exited the horizon (k < aH).

However, while scalar perturbations can be generated theoretically by the particle-

creation mechanism, the simplest models of inflation do not predict vector pertur-

bations. But, even if they were generated, vector perturbations would decay during

the subsequent evolution after inflation. They would arise due to anisotropic stresses,

which vanish under the perfect fluid hypothesis. Their evolution depends on the fluid

vorticity, and it decays with time. Nevertheless, the assumption that vector pertur-

bations can be neglected is only valid if they were generated in the early universe,

and they deserve a different consideration in the presence of a more recent active gen-

eration, such as topological defects. Finally, tensor perturbations would generate a

primordial gravitational-wave field and do not couple to matter. Primordial density
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fluctuations are mainly traced by the scalar metric perturbations, and they seem to be

nearly Gaussian and adiabatic (Planck Collaboration XXIII, 2013). As we will men-

tion in the following section, its evolution resulted in the current large-scale structure

distribution.

The search for unique signatures of inflation in the CMB power spectrum has been

one of the most intriguing topics during the last years. For instance, a flat geom-

etry has been seen as a consequence of cosmic inflation. However, some deviations

from the flatness remain compatible with the inflationary hypothesis, and some mod-

els predict such deviations (see, for instance, Bucher et al., 1995; Yamamoto et al.,

1995; Liddle and Cortês, 2013; Bousso et al., 2013). Indeed, the Planck Collaboration

confirmed that the universe seems to be marginally closed. They obtained constraints

on the curvature parameter: Ωκ = −0.0010+0.0018
−0.0019 at 95% (Planck Collaboration XVI,

2013).

The power spectrum P of scalar and tensor fluctuations is well approximated by a

power law:

PR(k) ≃ Ask
ns−1 (1.38)

and

PT (k) ≃ ATk
nT , (1.39)

where the subscript R denotes curvature (scalar) perturbations, T refers to tensor ones

and k is the wavenumber. The amplitudes As and AT are constants of proportionality.

An estimation of the scalar spectral index can be obtained from CMB observations.

The Planck Collaboration estimated that the value of the scalar spectral index is ns =

0.9603±0.0073 (Planck Collaboration XXII, 2013), i.e. a power spectrum almost scale-

invariant for the scalar perturbations. A nearly scale-invariant spectrum of fluctuations

is usually considered an unequivocal evidence of cosmic inflation, although models

of structure formation based on the presence of topological defects also predict this

behaviour (see, e.g Bennett, 1992; Coulson et al., 1994).

From the experimental point of view, one of the most exciting challenges is to

detect and characterise the imprint of primordial gravitational waves. If the detec-

tion claimed by the BICEP2 Collaboration is confirmed, the tensor fluctuations could

be observed as B-mode in the polarisation CMB anisotropies, and they would repre-

sent a direct evidence of a prediction from standard inflation. The key quantity in

this task is the tensor-to-scalar ratio r ∝ PT /PR (e.g. Davis et al., 1992). The BI-

CEP2 Collaboration estimated a value for the tensor-to-scalar ratio of r = 0.2+0.07
−0.05
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(BICEP2 Collaboration, 2014). As mentioned in Section 1.3, the scientific community

is awaiting confirmation from other CMB polarisation experiments, because this esti-

mation is in tension with the upper limit of r < 0.11 (95% CL) given by the Planck

Collaboration (Planck Collaboration XXII, 2013).

In the slow-roll scenario, the spectral indices can be estimated as

ns ≃ 1 − 6ǫV + 2ηV (1.40)

and

nT ≃ −2ǫV , (1.41)

and the tensor-to-scalar ratio is usually defined as

r ≡
PT
PR

≃ 16ǫV ≃ −8nT . (1.42)

The right side of the definition is known as the consistency relation. This means

that, in single-field inflation with a standard kinetic term, nT is not an independent

parameter. Note that the value of the tensor-to-scalar ratio depends on the pivot scale,

k∗, usually defined with reference to the value of the inflation field φ∗, where the mode

k∗ = a∗H∗ crosses the Hubble radius for the first time.

The tensor-to-scalar ratio is a direct measure of the energy scale of the inflationary

epoch (see, e.g. Baumann, 2009; Verde et al., 2006):

V 1/4 ∼
( r

0.01

)1/4
1016 GeV, (1.43)

such that values of r ≥ 0.01 would indicate that inflation occurred at energy scales of

Grand Unification Theories (GUT), or larger. Actually, the tensor-to-scalar ratio is

related to the inflaton variation ∆φ during inflation, so that a variation of the order

of the Planck mass is needed to produce r & 0.01 (Lyth, 1997).

The configuration space defined by the tensor-to-scalar ratio and the scalar index of

primordial fluctuations is explored to constrain inflationary models. The contours for

the marginalised 68% and 95% confidence levels for several combinations of data sets

(the Planck temperature data and the WMAP low-ℓ polarisation, with and without

high-resolution CMB data from the ACT and the SPT, or BAO data) supplied by the

Planck Collaboration (Planck Collaboration XVI, 2013) are shown in Figure 1.9.

In summary, the strength of inflation lies in its explanatory power of the early

universe conditions. It allows to explain both the cosmic large-scale homogeneity
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Figure 1.9 - Marginalised 68% and 95% confidence levels for the scalar spectral index

of primordial fluctuations, ns, and the tensor-to-scalar ratio at the pivot scale k = 0.002

Mpc−1, r0.002. Contours considering several combinations of data sets are shown: the

Planck temperature data, the WMAP low-ℓ polarisation (WP), high-resolution CMB data

from ACT and SPT (highL) and BAO data. Theoretical predictions for some inflationary

models are shown. See Planck Collaboration I (2013) for more details.

and the observed level of inhomogeneity, except, for the time being, some large-scale

anomalies detected in the CMB anisotropy distribution, which are discussed in Section

1.8.

1.6 The large-scale structure connection

The standard scenario contemplates the current large-scale structure of the universe

(galaxy clusters, walls, voids, etc.) as the evolution of perturbations which were

present before the recombination epoch and generated via gravitational instability,

such that local inhomogeneity grew out of small deviations of the geometry and of the

energy-momentum tensor, considered as first-order perturbations (see, for instance,

Mukhanov et al., 1992; Durrer, 1994). The entire evolution from the generation of

the initial perturbations δ until the epoch when they reach the order of unity can be

studied within the linear perturbation theory.

Before the recombination epoch, density fluctuations were propagated as sound

waves in the cosmic fluid of photons and baryons. After the photon decoupling, the
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growth of these fluctuations was conditioned by the balance between the expansion of

the universe and gravity. During the radiation-dominated era, the growth of structure

was slow (δ ∼ ln a, where a denotes the cosmic scale factor). However, during the

matter domination, clustering became more efficient (δ ∼ a). The structure formation

is hierarchically organised, since the evolution of small-scale structures reaches first a

non-linear regime (δ & 1), giving rise to stars and galaxies which form larger structures

later, such as clusters of galaxies, by gravitational collapse. At the present epoch, a

negative-pressure contribution dominates the universe, and the growth of structure has

slowed down (δ → cte).

However, initial perturbations at scales much larger than typical statistical fluctua-

tions on scales of galaxies are needed to obtain the current cosmic landscape (δ & 10−5).

Furthermore, the analysis of the CMB anisotropies suggests that the amplitude of pri-

mordial fluctuations is almost scale independent. As mentioned above, inflation is the

mechanism proposed to explain these circumstances. Microscopic quantum fluctua-

tions are associated with a scalar field whose evolution led to a period of exponential

expansion of the universe. The rapid expansion caused that the perturbations reached

the horizon scale at that time and froze with constant amplitude, until they re-entered

the horizon during a non-accelerated expansion epoch.

In summary, this connection between the primordial fluctuations, whose imprint

can be traced by the CMB anisotropy pattern and the galaxy surveys, as galaxies

are considered tracers of the spatial distribution of dark matter halos, guarantees

that statistical properties are shared by both observables. The LSS formation reveals

information about the content of the universe and its early conditions. Even though

they are not exempt from some difficulties, the studies with cosmic simulations pointed

that its stringy distribution, with large voids, clusters, filaments, etc., is compatible

with dark matter collapse (e.g. Springel et al., 2006) and also with a dominant dark

energy component. Some of the major problems faced by cosmologists working with

N-body simulations of the evolution of the universe are related with the complex

physical processes involved in the structure formation. One of them consists in the

absence of a population of satellite galaxies as abundant as that predicted by models

for a galaxy like the Milky Way. In addition, the most luminous subhalos traced by

stellar populations are systematically smaller than those expected from simulations of

galaxies similar to the Milky Way. This is known as the “Too Big to Fail” problem,

and it points to a normalisation question. Another problem is that there are some
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discrepancies between the predicted slopes of halo density profiles and the observed

ones (e.g. Walker and Loeb, 2014).

Furthermore, taking into account the linear behaviour of the propagation of some

of the secondary anisotropies which are present in the CMB, they must have a cor-

respondence on the LSS distribution pattern. This is the case of the ISW effect,

whose origin dates back to the gravitational potential variations created by the LSS

formation along the CMB photon path. This secondary anisotropy can be recon-

structed by combining CMB and LSS observations (see, for instance, Barreiro et al.,

2013; Planck Collaboration XIX, 2013). Accordingly, we present in Chapter 4 the

search for a hypothetical dipole modulation in the LSS data, based on the fact that

the mentioned modulation has been detected in the CMB. The aim of this work is to

distinguish whether the CMB hemispherical asymmetry has a cosmological origin or

not.

1.7 Dark energy

The observation of luminosity variations of a few type-Ia supernovae with respect

to the redshift led to the conclusion that the expansion of the universe is currently

accelerated (Riess et al., 1998; Perlmutter et al., 1999). This discovery came after

years of discussion about the geometry of the universe. The flatness of space motivated

models of inflation, but it required that the average energy density was equal to the

critical density, which seemed to be at odds with observations. The supernovae result

could be interpreted as a component of the universe which was not being taken into

account.

The nature of this component should be exotic, since its effect was opposite to that

expected from matter or radiation, which would lead to a decrease of the expansion

rate. It soon became known as dark energy, and further analyses concluded that

it should represent a hefty 70% of the energy density in the universe. Although,

at present, the most plausible interpretation is some kind of vacuum energy, other

explanations have been proposed, such as modifications of the law of gravity at large

distances or the chance of being at a non-generic position as observers. Vacuum energy

appears in the Einstein’s field equations as a cosmological constant (Zel’dovich, 1968),

such as that used by Einstein to obtain a static solution. However, in the context

of a vacuum interpretation, models face the major problem of reconciliation between
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quantum and gravity theories, since the energy density corresponding to dark energy

is roughly 120 orders of magnitude smaller than expected (see, e.g. Binétruy, 2013, for

a recent review).

If the different contributions to the energy density of the universe are made explicit

in the Friedmann’s equations, the expression for the present time t0 reads:

ΩM + ΩR + ΩΛ + Ωκ = 1, (1.44)

with

ΩM ≡
ρM0

ρc
, ΩR ≡

ρR0

ρc
, ΩΛ ≡

Λc2

3H2
0

, Ωκ ≡ −
κc2

a2
0H

2
0

, (1.45)

where the subscript 0 denotes the present epoch, H is the Hubble parameter and a is

the cosmic scale factor. The critical energy density ρc is written as:

ρc =
3H2

0

8πG
. (1.46)

The subscripts M and R denotes non-relativistic matter (baryons, dark matter, neu-

trinos, etc.) and radiation, respectively.

Using the dependence of the different contributions with the scale factor of the

universe, the Friedmann equation can be re-written at any time as

H2 = H2
0

[
ΩΛ + ΩM

(a0

a

)3
+ ΩR

(a0

a

)4
+ Ωκ

(a0

a

)2
]
. (1.47)

Combining the equations 1.3 and 1.4 into the continuity expression

ρ̇+ 3H
(
ρ+

p

c2

)
= 0, (1.48)

the corresponding energy density for the component i with equation of state wi ≡

pi/(ρic
2), where ρ denotes the density and p is the pressure of the component, can be

obtained as

Ωi(t) = Ωi

(a0

a

)3(1+wi)
. (1.49)

For instance, the number density of particles decreases with the expansion (it varies

inversely proportional to the volume, ρM ∝ a−3), but the radiation component is also

affected by the redshift (ρR ∝ a−4). The dark energy term seen as a vacuum-energy

effect is usually considered with ΩΛ constant (wΛ = −1). In fact, the Planck Col-

laboration supplied a value of wΛ = −1.13+0.24
−0.25 by combining the Planck temper-

ature data, the low-ℓ polarisation from WMAP and BAO data, which is in agree-

ment with the standard picture. However, when adding the H0 measurement from
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Riess et al. (2011) or supernovae data to the CMB data, exotic models are favoured

(Planck Collaboration XVI, 2013). This would point some tension between the sup-

plementary data sets and the Planck ’s best-fit ΛCDM model.

An alternative possibility with respect to the vacuum hypothesis is that the cos-

mological constant yields a too small (or even null) value, and the acceleration of

the universe is due to another kind of energy contribution with negative pressure

(wΛ < −1/3 is required to obtain a positive value of the second derivative of the scale

factor). Dark-energy models propose different equations of state for this component.

As the dark-energy effects are not locally manifested, it does not appear to be clus-

tered and makes theorists think that an extremely-light scalar field could be behind

this contribution (see e.g. Binétruy, 2013). Models with constant w, but with a value

different from −1, are not as interesting as models with a dynamic equation of state,

and some authors have proposed a scalar field whose potential is still evolving (e.g.

Ratra and Peebles, 1988; Caldwell et al., 1998). This is usually called the quintessence

field (see, e.g. Padmanabhan, 2008, and references therein for different models), recov-

ering the ancient Aristotelian term used to appoint the substance which made up the

supra-lunar world. In particular, some models attempt to go beyond this characterisa-

tion and they identify the dark-energy contribution with the evolution of the inflaton

field (e.g. Peebles and Ratra, 1988). However, quintessence is not exempt from dif-

ficulties (e.g. Carroll, 1998; Kolda and Lyth, 1999), because it must be a very light

field and there is an extreme fine tuning in their interactions with ordinary matter.

Indeed, the present evolution of the field may produce a time dependence on the so-

called constants of Nature. Furthermore, although weakly, the matter coupling with

the quintessence field may provide an extra contribution to the gravitational potential,

which would induce violations of the weak equivalent principle (see, e.g. Wetterich,

2003). Interactions between dark energy and dark matter are also being studied by

different authors (e.g. He et al., 2009; Costa et al., 2014).

It is common to parameterize the equation of state as a function of the scale factor of

the universe when a dynamical dark energy component is considered. For instance, the

so-called Chevallier-Polarski-Linder (CPL) parameterization (Chevallier and Polarski,

2001; Linder, 2003) corresponds to the linear relation:

wΛ(a) ≡
pΛ

ρΛc2
= w0 + (1 − a)wa, (1.50)

where w0 and wa are real numbers. Using the Planck temperature data, combined

with the WMAP low-ℓ polarisation and BAO data, the cosmological constant point
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Figure 1.10 - Marginalised posterior distributions for w0 and wa for the combination

of the Planck temperature data, the WMAP low-ℓ polarisation and BAO data (grey),

the combination of the Planck temperature data, the WMAP low-ℓ polarisation and the

Union2.1 data (red) and the combination of the Planck temperature data, the WMAP low-

ℓ polarisation and the SNLS set (blue). Contours represent the 68% and 95% confidence

levels. The cosmological constant solution (w0, wa) = (−1, 0) is shown by dashed grey

lines. This picture has been taken from Planck Collaboration XVI (2013).

(w0, wa) = (−1, 0) lies within the 68% contour of the w0-wa plane. However, when

direct H0 measurements are added instead of the BAO data, the marginalised estima-

tion of (w0, wa) is shifted from the cosmological constant solution at just under the 2σ

level. When the supernovae data is combined with the CMB data, the estimation is

also shifted. We show in Figure 1.10 the 68% and 95% contours for the combination of

the Planck temperature data, the WMAP low-ℓ polarisation and BAO data, and the

combinations of the Planck temperature data, the WMAP low-ℓ polarisation and two

different supernovae data sets (see Planck Collaboration XVI, 2013, for more details).

In light of the large-scale anomalies observed in the CMB anisotropies, some au-

thors proposed that exotic models of dark energy (such as anisotropic or inhomoge-

neous models) may explain the low-ℓ deviations from the standard scenario (see, e.g.

Perivolaropoulos, 2014, for a recent review).

Theoretical efforts have been also invested to try to unify the inflationary epoch

with this late period of accelerated expansion (see, for instance, Saitou and Nojiri,

2011; Chavanis, 2013). Late inflation is a term which is gaining strength in the sense

of identifying the field that governs what is termed the dark-energy dominant contri-
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bution with the field responsible for inflation in the early universe. Some studies even

dare to go beyond, such as the Higgs-dilaton cosmology, which aims at unifying the

early inflation and the recent dark-energy domination with the Higgs field (see, e.g.

Garćıa-Bellido et al., 2011; Bezrukov et al., 2013).

Nevertheless, some approaches have challenged the usual substantial interpretation,

claiming that the effects of a mysterious and uniform fluid with negative pressure which

accounts for the most of the energy content of the universe could have a different

explanation. One of the proposed alternatives is the possibility that we happen to be

living in an underdensity region (see, e.g. Célérier, 2007, for a review). In this scenario,

the accelerated expansion of the universe would be actually apparent. However, the

void hypothesis has to deal with the requirement that the observer must be situated

close to the centre of the underdense region.

In addition, some authors address the problem by considering that the gravity

has a deviated behaviour with respect to that described by the Einstein’s equations

at large scales. Generally, models of modified gravity change the the dynamics of

the expansion, the evolution of the primordial fluctuations and, therefore, the large-

scale structure formation. Among the range of proposals, we can find, for instance,

scalar-tensor theories which extend general relativity by considering a scalar field (as

dark energy) coupled to gravity; the so-called f(R) models (they can be shown as a

subclass of the scalar-tensor theories), which take into account a generalization of the

4-dimensional action of general relativity in terms of a function of the Ricci scalar R;

or some models which consider a massive graviton in a braneworld frame (see, e.g.

Copeland et al., 2006; Amendola et al., 2013, for a review).

The search for feasible observables directly leads to the study of the geometry of the

universe. Dark energy affects the evolution of the initial matter density perturbations

because it influences the expansion rate. In this sense, it is crucial to define cosmo-

logical distances as, for instance, was done in the past by using standard candles,

such as supernovae or maybe gamma ray bursts (Dai et al., 2004; Ghirlanda et al.,

2004) or coalescence of binary black holes (Schutz, 1986); and analyse the growth of

structures, since the acceleration of the expansion backs away the structure forma-

tion (e.g. Wang and Steinhardt, 1998; Linder, 2005). At present, the best dark energy

constraints come from the BAO data and the weak gravitational lensing effect.

The BAO analysis provides a standard pattern to measure distances and quantify

the dark energy contribution. When baryons decoupled from radiation, their acous-
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tic oscillations froze in and led remnant, for instance, in the CMB power spectrum.

In addition, this imprint can be observed as a secondary peak in the two-point cor-

relation function of the galaxy distribution, which is referred to a characteristic dis-

tance, the sound horizon. It represents the comoving distance at which sound waves

could propagate from the Big-Bang until the decoupling epoch. BAO are already

measured by using the SDSS (e.g. Eisenstein et al., 2005), the 6dF Galaxy Survey3

(6dFGS; Beutler et al., 2011), the WiggleZ Dark Energy Survey4 (Blake et al., 2011)

and BOSS5 Survey (Anderson et al., 2012).

Weak gravitational lensing observations can also be used to probe dark energy. The

expansion history and the growth function of density perturbations can be inferred from

correlations of the shapes of a large number of galaxies. The statistical study of cosmic

structures necessarily requires that observations cover a large fraction of extra-galactic

sky.

Other cosmological observables used in the context of the dark energy studies

are the Lyman-α forest absorption and, since the accelerated expansion causes the

gravitational potential wells and hills to flatten while the CMB photons pass through

them, the ISW effect (e.g. Pietrobon et al., 2006; McEwen et al., 2007).

There is currently a wide range of experiments that seek to unravel the secrets of

dark energy. For instance, the mentioned WiggleZ Dark Energy Survey is a redshift

galaxy survey for almost 240,000 galaxies over 1,000 square degrees, which was carried

out at the Anglo-Australian Telescope between 2006 and 2011. BOSS (Schlegel et al.,

2007) measures the spatial distribution of luminous red galaxies and quasars to detect

BAO. The Javalambre-Physics of the Accelerated Universe Astrophysical Survey (J-

PAS) is a very wide field cosmological survey to be carried out from the Javalambre

Observatory (Benitez et al., 2014), and it will observe 8,500 square degrees of North-

ern Sky, starting in 2015. Moreover, the Dark Energy Survey6 (DES) is a ground

instrument located at the Cerro Tololo Inter-American Observatory in Chile. It is

able to combine four probes of dark energy: type-Ia supernovae, galaxy clusters, weak

gravitational lensing and BAO.

In the medium term, the ESA Euclid satellite (Laureijs et al., 2010) is a M-class

space mission designed to constrain the dark-energy equation of state and try to answer

3http://www.aao.gov.au/6dFGS/
4http://wigglez.swin.edu.au/site/
5http://www.sdss3.org/surveys/boss.php
6http://www.darkenergysurvey.org/index.shtml
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the main cosmological questions around it, such as whether dark energy is truly a

cosmological constant or a contribution of different nature, or the so-called cosmic

coincidence problem: why does dark energy begin to dominate precisely at a recent

cosmological epoch? The survey mission is centred on the redshift (and shape) survey,

the weak gravitational lensing and BAO observations, and it will analyse the distance-

redshift dependence and the evolution of cosmic structures. The Euclid’s goal is to

cover 20,000 square degrees of extra-galactic sky, and it has been selected for launch

in 2020.

1.8 Large-scale CMB anomalies

Besides the large-scale structure surveys, CMB observations have contributed to con-

firm the assumptions of cosmic homogeneity and isotropy. The COBE satellite pro-

vided the first all-sky snapshot of the CMB anisotropy pattern (Smoot et al., 1992).

However, a series of large-scale features, which are relatively inconsistent with the

best-fit ΛCDM model, have been first observed on WMAP data (Spergel et al., 2003).

In particular, a controversy centred on an apparent lack of large-scale power was en-

couraged by several authors. Additional analysis found other anomalies, such as an

alignment of the low-order multipoles, a particularly cold region located at the South-

ern galactic hemisphere or a hemispherical asymmetry. In 2011, the WMAP team

published a paper (Bennett et al., 2011) in which they criticised the robustness of

several of the statistical methods used in the studies of the topic, and the actual

existence of most of these anomalies was questioned. Recently, the Planck satellite

has provided an independent source to quantify the significance of possible deviations

from the standard model. The Planck Collaboration presented, as part of a series

of papers based on data from the first 15.5 months of observations, a set of analy-

ses that confirm the existence of large-scale anomalies in the CMB temperature data

(Planck Collaboration XXIII, 2013). These results rule out the possibility that the

anomalies were due to uncharacterised systematic effects.

One of the most controversial aspects of the study of the CMB anomalies is how to

quantify the significance of the detection. The typical scheme used to deal with this

significance problem is the hypothesis test. The null hypothesis is usually presented

as the standard scenario. Procedures that only aim to check the compatibility of a

data set with the null hypothesis are called blind tests. Nevertheless, some statistical
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formalisms allow to quantify the extent to which the observations fit with the expected

behaviour or, conversely, whether they are more compatible with another scenario

proposed as the alternative hypothesis. However, after applying many blind tests to

a data set, it is not surprising that some of them show some deviation from the null

hypothesis. Then, it is common to carry out subsequent tests, taking into account

the previous evidences. In this scheme, the probability of finding a deviation as that

previously found should be prudently estimated, by taking into account all the blind

tests applied. In addition, the credibility of the subsequent results, obtained from a

posteriori selected tests could be not clear.

Among the proposed physical phenomena which could cause a violation of the

isotropy or induce non-Gaussianity, we can find many variations of standard inflation.

Most of them implies a cosmological origin for the anomalies. Other proposals come

from considerations about the geometry of the universe or the presence of topologi-

cal defects. An alternative possibility with respect to the cosmological origin is the

assumption that the anomalies were created in the local universe, for instance, due

to a secondary anisotropy caused by the large-scale structure distribution. Although

galactic foregrounds are non-Gaussian and anisotropic components of the microwave

emission, the wide consensus between different component separation methods leads

to think that the anomalies are not caused by the known galactic emission. A dif-

fuse Solar System emission was also suggested by some authors as a possible origin of

the anomalies (e.g. Maris et al., 2011; Hansen et al., 2012), but the involved preferred

directions do not match with the ecliptic axis.

We list below the main anomalous features that were found in the CMB:

• Deficit of low-ℓ power: The CMB power spectrum observed by Planck seems

consistently low at large angular scales, in particular in the multipole range from

ℓ = 2 to ℓ = 30 (Planck Collaboration XV, 2013). This deficit of power is not

well understood in the context of the ΛCDM model. However, this does not have

a significant impact on the cosmological parameter estimation, because they are

strongly determined by the high-multipole range. This was verified by fitting a

low-ℓ rescaling amplitude. In particular, it is known that the amplitude of the

quadrupole is low in comparison with the best-fit model, but the Planck Collabo-

ration shows that these results are insensitive to the effect of this multipole. The

significance of this low-ℓ deviation from the best-fit model has been quantified

between 2.5σ and 3σ, depending on the estimator used.
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• Low-multipole alignment:

This anomaly was first noticed by Tegmark et al. (2003) in terms of an alignment

of the quadrupole and the octopole in the first-year temperature WMAP data.

A subsequent analysis (de Oliveira-Costa et al., 2004) addressed this topic in

more detail, ruling out a theoretical model with an exotic geometry which could

have explained this alignment. The orientation around which the multipoles

are aligned is estimated by finding the direction n that maximises the angular

momentum dispersion:
∑

m

m2|aℓm(n)|2, (1.51)

where aℓm(n) refers to the spherical harmonic coefficients (for ℓ = 2 and 3) of the

CMB map rotated such that the z-axis coincides with the n direction. The CMB

isotropic random field assumption is considered as the null hypothesis so that,

in this case, the preferred axes associated respectively to the quadrupole nq and

the octopole no should be statistically independent. A significance is assigned

for the angular distance between the quadrupole and octupole axes as 1/P , with

P = 1 − nq · no, the probability that a random axis is located inside a circle of

angular radius: θ = arc cos (nq · no).

The Planck Collaboration estimated that the quadrupole and octopole are mis-

aligned by an angular distance between 9◦ and 13◦, depending on the component

separation method employed (Planck Collaboration XXIII, 2013). In addition,

after correcting the map by the effect introduced by the quadrupole kinematic

contribution (Kamionkowski and Knox, 2003), they obtained deviations of ap-

proximately 8◦ for all the methods.

An alternative procedure, based on the multipole vector decomposition of

the map, was proposed by Copi et al. (2004). This methodology was

later used by several authors (Schwarz et al., 2004; Bielewicz et al., 2005;

Bielewicz and Riazuelo, 2009). Results obtained by applying this methodology

are consistent with those computed by using the previous one.

• Low variance: A low value for the variance of the 3-year WMAP temperature

data with respect to that expected from Gaussian simulations was claimed by

Monteseŕın et al. (2008). The result was confirmed by Cruz et al. (2011) for

the 5-year WMAP data. The N-pdf analysis on Planck temperature data also

revealed a low value for the variance (Planck Collaboration XXIII, 2013). The

40



1.8. LARGE-SCALE CMB ANOMALIES

authors argued that, as the cosmological parameter estimation is not significantly

affected by the low multipoles (ℓ < 50), simulations based on the best-fit ΛCDM

spectrum could be deviated from data at large-angular scales, whilst the variance

estimation from the CMB map is dominated by the contribution of these large-

angular scales. In fact, when the quadrupole and the octopole are removed from

the analysis, more consistent results were obtained. This connection between

several CMB anomalies and the low-ℓ multipoles has led some authors to suspect

a possible common origin. However, Sarkar et al. (2011) demonstrated that no

significant correlations exist between the large-scale anomalies.

• Cold Spot: A particularly cold region was first detected in the first-year WMAP

data by Vielva et al. (2004). The authors employed a blind Gaussianity test, by

using the kurtosis estimation of the Spherical Mexican Hat Wavelet (SMHW;

Mart́ınez-González et al., 2002) coefficients. They observed an excess of kurtosis

at scales of around 10◦ with respect to the distribution expected from isotropic

and Gaussian simulations. Its existence was confirmed by Cruz et al. (2005) by

studying the area of the SMHW coefficients above a certain threshold. For a

detailed review about the Cold Spot (CS), see Vielva (2010). It is located at the

galactic Southern hemisphere: (b = −57◦, ℓ = 209◦), and its morphology in the

pixel space seems to be formed by several small cold spots, but none of them

appears to be particularly anomalous. However, the CS shows more intriguing

features in the wavelet space, where its internal structure appears close to be

isotropic. We show in Figure 1.11 a patch centred on the CS position in the

real space (left panel) and convolved by the SMWH at a scale R = 250 arcmin.

In addition, no frequency dependence is found for the CS, as expected from the

CMB component in thermodynamical temperature units.

Many possible explanations have been proposed for the CS. Consistency tests

ruled out the possibility that systematic effects were distorting the data. The

subsequent detection of the CS also in the Planck data excluded definitely this

hypothesis.

– Foreground contamination was another option explored by some authors. It

could be possible that the template fitting employed by the WMAP team as

cleaning method had produced a residual in the form of a cold spot. How-

ever, given the large size of the feature, only galactic diffuse emission could

generate it, and the CS is located in a region of low galactic contamination
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Figure 1.11 - The Cold Spot as seen in a 25◦ × 25◦ projection in the real space (left

panel) and in the SMHW space (right panel). Some extragalactic point sources have been

masked. These images have been taken from Vielva (2010).

(Cruz et al., 2006). Furthermore, as mentioned above, the analyses did not

reveal any frequency dependence.

– Although there was no evidence of the existence of any large structure in the

direction of the CS, the possibility that the anomalous feature was produced

by a secondary anisotropy was ruled out by studying the SZ effect of the

corresponding region, whose amplitude was proved to be compatible with

zero.

– Additionally, Inoue and Silk (2006) proposed that a fluctuation such as the

CS could be produced by the presence of a very large void, but such voids

have not been observed and they would be extremely rare events in the

standard scenario. Subsequently, Rudnick et al. (2007) detected a void

in the NRAO VLA Sky Survey (NVSS) in the direction of the CS, but

the void size required to explain the CS is unlikely in the ΛCDM model

(Smith and Huterer, 2010). More recently, Finelli et al. (2014) proposed

another underdense region detected in the WISE-2MASS catalogue also in

the direction of the CS as explanation of the anomaly.

– A cosmic texture, a type of topological defect associated with the symmetry-

breaking phase transitions that some models of high-energy physics predict,

was proposed by Cruz et al. (2007) as a plausible explanation for the CS. We

delve into this question, as well as the role played by the CMB polarisation

data to characterise the anomalous nature of the CS, in Chapter 3.
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• Hemispherical power asymmetry: Several estimators applied on the first-

year WMAP data revealed that the CMB temperature anisotropy pattern near

the galactic Northern hemisphere has a lack of large-scale features with re-

spect to the Southern hemisphere. Eriksen et al. (2004b) computed the power

spectrum on disks of a certain size and the N-point correlation functions, and

they observed this asymmetry between hemispheres. Subsequent analyses found

the same anomalous asymmetry (Hansen et al., 2004; Park, 2004; Hansen et al.,

2009; Axelsson et al., 2013).

Gordon et al. (2005) proposed a model in terms of a dipole modulated field.

Assuming these parameterization Eriksen et al. (2007) performed a likelihood

analysis and found hints of a preferred direction in the 3-year WMAP data that

points towards (b = −27◦, ℓ = 225◦). In a later paper, Hoftuft et al. (2009) con-

cluded that there is an evidence of a dipole modulation in the 5-year WMAP data,

whose best-fit modulated amplitude is Am = 0.072 ± 0.022 and its preferred di-

rection points towards (b = −22◦, ℓ = 224◦)±24◦. The same analysis performed

on the Planck data led to consistent results (Planck Collaboration XXIII, 2013).

We present in Figure 1.12 the estimation of the dipole modulation amplitude

and the preferred direction that they found. We discuss this issue in more de-

tail in Chapter 4, where we employ the dipole modulation model to search for a

preferred direction in the large-scale structure of the universe.

The Planck Collaboration also studied a generalisation of the dipole mod-

ulation using the Bipolar Spherical Harmonic (BipoSH) formalism (e.g.

Hajian and Souradeep, 2003). This is a representation which provides a generali-

sation of the power spectrum that takes into account possible isotropy violations.

The study revealed, besides a dipole modulation of the CMB anisotropy pattern

at large scales (ℓ ≤ 64) with an amplitude of about 0.07, no quadrupole (or

higher order) modulation.

• Phase correlations: Assuming that the spatial distribution of the CMB

anisotropies T (θ, φ) is well described by a random Gaussian field, the angular

power spectrum contains all the statistical information. The harmonic coeffi-

cients aℓm =
∫
Ω T (θ, φ)Y ∗

ℓm(θ, φ)dΩ can be written as aℓm = |aℓm|e
iφℓm , with the

Fourier phase φℓm = arc tan (Im(aℓm)/Re(aℓm)). These phases (for m 6= 0, and,

for instance, m ≥ 1) should be independent and identically distributed and follow

a uniform distribution in the interval [−π, π]. Gaussian properties are encoded
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Figure 1.12 - Estimation of the amplitude and direction of the dipole modulation ob-

tained by the Planck Collaboration. The probability distribution of the dipole modu-

lation amplitude is shown in the top panel for the four different component separation

methods. The preferred direction defined by the dipole modulation for the four meth-

ods and the WMAP data is presented in the bottom panel. The coloured area corre-

sponds with the 95% confidence level for the Commander solution and the dots represent

the maximum-posterior directions for all the maps. This picture has been taken from

Planck Collaboration XXIII (2013).
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in the real and imaginary parts of the harmonic coefficients, implying a Rayleigh

distribution for the absolute values. The presence of phase correlations would

indicate the existence of non-Gaussianity in the CMB fluctuations.

One of the approaches employed to search for these phase correlations is the scal-

ing index method (see, for instance, Räth et al., 2007; Rossmanith et al., 2012;

Modest et al., 2013). It is a structural decomposition of the CMB map, such

that pixels located at clustering-like structures have scaling indices, filamentary

structures, sheet-like structures and a uniform three-dimensional distribution are

associated with different values. Scaling indices for a set of different scales r are

computed by using different CMB surrogate maps, generated by modifying the

phase distribution according to the procedure described in Räth et al. (2009).

The method of surrogates generates an ensemble of so-called surrogate maps

from a given data set, which reproduces some statistical properties of the data,

defined by a null hypothesis, but imposing randomization to all other properties.

In this case, the null hypothesis is that the CMB fluctuations are Gaussian and

no phase correlations are present, so test statistics sensitive to correlations be-

yond the two-point correlation function are used. The mean value 〈α〉 and the

standard deviation σα computed from a set of rotated hemispheres are employed

to test for deviations from statistically isotropy. The Planck Collaboration used a

version of this procedure of scaling indices with surrogate maps, finding evidences

that the low-ℓ phases are correlated (Planck Collaboration XXIII, 2013).

• Parity asymmetry: Two types of parity transformations are usually consid-

ered. Point-parity reflections are those carried out between antipodal points in

the sphere, whilst mirror reflections are made, for instance, through a plane, and

select a preferred direction in the sky. If there was a preferred direction in the

CMB fluctuation pattern, mirror parity handedness should be present, by select-

ing a normal direction with respect to that measured in the CMB anisotropies.

Land and Magueijo (2005b) studied whether parity properties reveals a preferred

direction in the CMB anisotropies. They defined the parity transformations

P with respect to reflections through the origin as x′ = −x and through a

plane as x = x − 2 (x · n)n, with n the normal vector to the reflection plane.

The positive and negative components of a CMB map M can be computed as

M± =
(
M ± M̃

)
/2, with M̃ = PM . The analysis of the angular power spectra

of M± led to an evidence of odd point-parity preference at low multipoles in the
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WMAP data. Subsequently, several authors reached similar conclusions (see,

e.g. Kim and Naselsky, 2010; Gruppuso et al., 2011; Aluri and Jain, 2012).

The parity anomaly was confirmed with the Planck data. The Planck Collab-

oration concluded that the odd parity preference cannot simply be attributed

to the low quadrupole power, since the statistical significance of the anomaly

increases when they consider values for ℓmax up to 22-25 in the point-parity

analysis (Planck Collaboration XXIII, 2013). Furthermore, their study of the

mirror parity, following an estimator described in Finelli et al. (2012), revealed

an anomalous anti-symmetry direction close to that found for the dipole modu-

lation. This result is consistent with that obtained by Finelli et al. (2012) in the

7-year WMAP data.

In summary, there is evidence of statistical isotropy violations in the CMB

anisotropy pattern at least on large angular scales. A power asymmetry is observed

up to scales of ℓ ∼ 600 and a dipole modulated field is detected at low-ℓ. It remains

to be seen whether these anomalies can be explained within the current standard

cosmological model or, conversely, if they transcend it.

1.9 Recovering of CMB anisotropies from microwave ob-

servations

The experiments which aim to measure the CMB anisotropies collect the microwave

emission from the sky. However, as the CMB component is not the only contribution

present in the microwave range, the raw CMB data are actually a superposition of emis-

sions generated by different physical phenomena. The component separation problem

is a very important intermediate step towards the analysis of the CMB anisotropies.

As we shall see, although a deep understanding of the different components present

on the microwave data is preferable in order to recover properly the cosmological sig-

nal, there are some methodologies which are able to estimate the CMB component

assuming its expected statistical properties or its frequency independence.

Four physical galactic processes are the major contaminants to the CMB signal:

synchrotron radiation, free-free emission, thermal dust and anomaly microwave emis-

sion (AME). Whilst the first three galactic emissions appear at large scales, they are

highly anisotropic and the spatial variation of their emissivity is smooth; the AME
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is associated with specific galactic regions. In addition, extragalactic emission also

contaminates the coveted cosmological signal: it comes from point sources and clus-

ters which are observed as compact objects, roughly isotropically distributed in the

sky. However, whilst the frequency dependence of emission is well known for clusters,

each one of the point sources exhibits a particular frequency dependence. Most of the

component separation methods take into account only diffuse emissions, assuming that

the brightest point sources are previously masked or subtracted from the total signal

by, typically, fitting approaches (see Herranz and Vielva, 2010, for a recent review).

The component separation becomes crucial when, as happens in B-mode detection

experiments, foreground amplitudes are well above the signal (see, e.g. Tucci et al.,

2005). The synchrotron radiation, the thermal dust, the AME and a significant subset

of extragalactic point sources are polarised.

Current and future experiments (e.g. Planck Collaboration I, 2013;

BICEP2 Collaboration, 2014; Rubiño-Mart́ın et al., 2012; QUIET Collaboration,

2012; Kermish et al., 2012; Reichborn-Kjennerud et al., 2010) will be able to measure

the CMB polarisation anisotropies with such precision that foreground contamination

has become the major limitation to detect the B-mode polarisation. This is the

main reason to invest effort and time in developing new techniques for separating

components. The goal of all the proposed methods is to separate or, at least, to

extract the CMB emissions from the other components. The range of proposals

includes non-parametric approaches, such as internal linear combinations (ILC)

or independent component analysis (ICA), and parametric methodologies, such as

Commander (see Delabrouille and Cardoso, 2007, for a recent review).

There is abundant literature that includes applications of the various

methods, specially for Planck (Planck Collaboration XII, 2013; Efstathiou et al.,

2009; Betoule et al., 2009; Leach et al., 2008; Baccigalupi et al., 2004) or WMAP

(Gold et al., 2011; Delabrouille et al., 2009; Kim et al., 2009; Bonaldi et al., 2007;

Maino et al., 2007; Eriksen et al., 2006, 2008), but also for future polarisation mis-

sions (e.g. Bonaldi and Ricciardi, 2011).

1.9.1 The foregrounds

We describe here the different components of the microwave emissions. Each fore-

ground contribution has a particular frequency dependence, which allows to distin-
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guish the component from the others. We show these dependencies in Figures 1.13,

for temperature, and 1.14, for polarisation emission. However, the CMB component

does not show frequency dependence when it is expressed in units of thermodynamical

temperature (see equation 1.7). According to their origin, they are classified as galactic

and extragalactic contributions. Since only some of the foregrounds are polarised, we

will elaborate further on those that are relevant to our study.

Figure 1.13 - Frequency dependence of different temperature foreground emission as a

function of the angular scale. The striped regions represent the ν-ℓ configurations in which

each component is dominant in comparison with the CMB. The red region corresponds

to the thermal dust emission, the extragalactic point sources are represented by the green

region, the blue region traces the synchrotron radiation, and, finally, the free-free emission

is plotted by the purple region. The window in which the CMB component is dominant

is represented by the white region. The superimposed black boxes indicate the regions

explored by the three cosmological probes: COBE, WMAP and Planck. This figure has

been taken from the Martin White’s web site (http://astro.berkeley.edu/ mwhite/roset-

ta/), and it is adapted from Tegmark and Efstathiou (1996).

Galactic components

The galactic emission is the major diffuse contaminant on large scales. Component

separation methods are not able to clean completely the inner galactic region, so that

exclusion masks are used in order to avoid problematic data.

• The synchrotron radiation is produced by charged particles deflected by a mag-

netic field. The intensity of the galactic magnetic fields is of the order of micro-
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Figure 1.14 - Frequency dependence of different polarisation foreground emission as

a function of the angular scale. The coloured regions represent the ν-ℓ configurations

in which each foreground is dominant in comparison with the other foregrounds. The

synchrotron is represented by the blue region, the orange region corresponds to the ex-

tragalactic point sources, the yellow region plots the thermal dust and the green region

represents the gravitational lensing contribution. The not-striped region corresponds with

the configurations to which the CMB E-mode (left panel) and B-mode for r = 0.1 (right

panel) is dominant in comparison with the foregrounds. In the B-mode panel, the syn-

chrotron and dust emissions have been reduced by a factor of 10. These pictures have

been taken from Tucci et al. (2005)

Gauss, and they extend beyond the galactic plane. The supernova explosions

release highly energetic electrons which follow spiral paths along the magnetic

field lines. This field lines can lead the electrons to higher latitudes. In the CMB

temperature data, the synchrotron component is the dominant foreground at fre-

quencies below 50 GHz and its intensity is usually described in units of antenna

temperature as a power law: T ∝ ν−β, where the spectral index β varies between

2 and 3 (see, e.g. Delabrouille and Cardoso, 2007). Furthermore, the synchrotron

emission is highly polarised, so it is the major contributor to the polarisation data

collected by the CMB experiments which operate at low frequency (below about

80 GHz), such as QUIJOTE (Rubiño-Mart́ın et al., 2012). For a complete de-

scription of this foreground emission see, for instance, Delabrouille et al. (2013)

and references therein.

• The free-free emission is one of the most unknown foregrounds of the temperature

CMB data. It is caused by scattering processes between free electrons and ions

which emit photons at the expense of the kinetic energy that the electrons lose
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Figure 1.15 - Low-frequency component map provided by the Planck Collaboration

at 30 GHz. It is assumed as a superposition of synchrotron, free-free and anomalous

microwave emission. This figure has been taken from Planck Collaboration XII (2013).

(see, e.g. Delabrouille et al., 2013). This is the reason that this contaminant is

also called ‘bremsstrahlung’. Although the free-free component can be directly

observed, it is not distinguished clearly because it is subdominant. Resorting

to tracers is a common practice to identify this contribution. As the sources

of this radiation are mainly ionized regions, such as ionized hydrogen clouds,

they can be detected by tracking the spectral lines of hydrogen transitions. In

particular, the Hα-emission (the hydrogen transition from n = 3 to n = 2) is

commonly used as tracer. The free-free contribution is not polarised. We show

in Figure 1.15 the low-frequency map (30 GHz) of the foreground temperature

contribution presented in Planck Collaboration XII (2013): a superposition of

synchrotron, free-free and AME (see below).

• The thermal dust emission is the dominant diffuse foreground at frequencies

above 80 GHz. Dust clouds absorb ultraviolet photons and re-emit mainly far

infrared photons. Both the size and the temperature of the dust clouds de-

termine the properties of this emission. The dust clouds are mainly composed

of small particles of several metals, most of them silicon and carbonate grains

with different shape and size. Their sizes vary from several nanometers to the

microns. They can show amorphous or crystalline structure and, eventually,

appear as multi-element compounds. However, it is assumed that the emis-

sion from interstellar medium is dominated by the emission from the biggest

grains, which are in thermal equilibrium with the local radiation field (see, for

instance, Compiègne et al., 2011, for a detailed characterisation). Although there
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are a wide variety of physical mechanisms by which dust can emit radiation and

mixed contributions of different clouds with distinct properties that may appear

overlapped along the same line of sight, its emission in the microwave range is

usually described effectively as a grey body. Namely, the intensity spectrum

of the dust emission is characterised by a Planckian distribution Bν (see equa-

tion 1.6) with an associated temperature Tdust, but weighted by a power law, i.e.:

Iν ∝ τνν
βBν(Tdust), where τν denotes the optical depth, computed as the product

of the dust opacity and the gas column density (see, e.g. Planck Collaboration XI,

2013). It is expected that the dust temperature takes values in the range of

5-30 K, according to the heating of the medium by nearby stars. The most

typical values should reach 16-24 K with β ≃ 1 − 2. We show in Figure 1.16

the dust temperature and the spectral index distributions estimated by Planck

(Planck Collaboration XI, 2013). In addition, the dust emission is partially po-

larised, because the grains are not spherical and they are aligned with magnetic

field lines (e.g. Lazarian, 2007). Therefore, its contribution has to be taken into

account in CMB polarisation data at high frequencies. Until Planck, the knowl-

edge about this component in polarisation was very poor. We show in Figure 1.17

the polarisation fraction and the polarisation angle distributions predicted by the

Planck Sky Model at 200 GHz (see Delabrouille et al., 2013). Nevertheless, the

Planck Collaboration has found that the dust contamination in polarisation is

greater than the expected contribution. In fact, they observe a maximum dust

polarisation fraction of 18% in their first analysis of the polarised dust emission

based on the 353 GHz channel (Planck intermediate results XIX, 2014). We

show in Figure 1.18 the Q and U Stokes parameters of the Planck 353 GHz sky,

as well as the map of the polarisation fraction estimation and its uncertainties,

supplied by the Planck Collaboration.

• The first hint of AME was due to the COBE satellite in the mid ‘90s, which

detected a contribution consistent with the free-free radiation but also corre-

lated with the dust emission (Arendt et al., 1998). It could not be explained

as any other known foreground and this is the reason why it was termed

“anomalous”. The AME is currently related to the rotation of dust grains

(Draine and Lazarian, 1999), and it is also usually called spinning dust. His-

torically, this mysterious contribution has been the subject of several stud-

ies. For instance, de Oliveira-Costa et al. (1998) analysed a 19 GHz emission
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Figure 1.16 - The top panel corresponds to the dust temperature distribution estimated

by the Planck Collaboration, whist the bottom panel shows the spatial dependence of the

spectral index. Figures have been taken from Planck Collaboration XI (2013).

map, obtaining a correlation between the mentioned component and dust at

240 µm. Later, Bennett et al. (2003) used a maximum entropy methodology

to analyse the first-year WMAP data and concluded that the emission at fre-

quencies between 22 and 30 GHz was dominated by a component which be-

haved like synchrotron radiation with a dust-like morphology. They suggested

that this measurement was consistent with a varying spectral index for the syn-

chrotron. According to these authors, a spinning dust emission as described

by Draine and Lazarian (1999) would only explain less than 5% of the emission

detected at 33 GHz. Nevertheless, the WMAP team did not discard a sub-

dominant component of spinning dust, and numerous attempts have been car-

ried out to locate and characterise this emission. In particular, Finkbeiner et al.

(2002) used the National Radio Astronomy Observatory (NRAO) 43 m telescope

at Green Bank to detect the AME component. Other results were obtained by

the COSMOlogical Structures On Medium Angular Scales (COSMOSOMAS) ex-

periment (see, for instance, Watson et al., 2005; Fernández-Cerezo et al., 2006;

Hildebrandt et al., 2007; Génova-Santos et al., 2011), located at Teide Observa-

tory and designed to measure the CMB signal and diffuse galactic emission with
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Figure 1.17 - Polarisation predictions from the Planck Sky Model for the synchrotron

radiation at 23 GHz (left column) and dust emission at 200 GHz (right column). Top

panels represent the polarisation fraction and bottom panels show the polarisation angle

in radians. These figures have been taken from Delabrouille et al. (2013).

a resolution of the order of ∼ 1◦, by covering 25% of the sky. Recently, the

most precisely spinning dust spectra measured from temperature data was sup-

plied by Planck, in the regions known as Perseus and ρ Ophiuchi molecular clouds

(Planck Collaboration early results XX, 2011). They have also carried out a sta-

tistical analysis of the properties of AME regions with a sample of 98 candidates

(Planck intermediate results XV, 2014). In addition, there are also evidences

that this spinning-dust component could be polarised (see, e.g. Battistelli et al.,

2006; López-Caraballo et al., 2011; López-Caraballo and Génova-Santos, 2013),

but its contribution is expected to be sub-dominant except in some specific re-

gions.

• The emission of some carbon monoxide transitions is also observed in the CMB

temperature data. Specifically, this component has been studied by the Planck

Collaboration in the High-Frequency Instrument (HFI) channels, which cover

from 100 to 857 GHz. The first seven CO rotational transitions are in the fre-

quency range observed by the HFI. In particular, the first three of them are the

most significant: J = 1 → 0, J = 2 → 1 and J = 3 → 2, presented at 115, 230

and 345 GHz, respectively (Planck Collaboration XIII, 2013). CO emission is

considered a good tracer of the molecular component of the interstellar medium,

because it is excited by collisions with H2 and easily observable from the ground.
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Figure 1.18 - First polarisation results from the Planck 353 GHz channel. We show the Q

(top panel) and U (second panel) Stokes parameter maps at 1◦ resolution. The third panel

corresponds to the estimation of the polarisation fraction p at 1◦ resolution, with a colour

scale from 0 to 20%. Finally, the bottom panel shows the polarisation fraction uncertainty

σp in log10 scale, including both statistical and systematic contributions. The masked

region corresponds to those directions in the sky where the cosmic infrared background is

dominant. These figures have been taken from Planck intermediate results XIX (2014).
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The CO emission map provided by the Planck Collaboration is presented in

Figure 1.19 (Planck Collaboration XI, 2013).

Figure 1.19 - CO emission estimated by the Planck Collaboration. This figure has been

taken from Planck Collaboration XI (2013).

• A mysterious haze with spherical profile and centred in the Galactic centre

was first detected by Finkbeiner (2004) in the WMAP data. Although it was

been originally interpreted as free-free emission, further studies have pointed

towards a synchrotron nature of this contaminant. The detection of the so-

called Fermi bubbles (Dobler et al., 2010), a gamma-ray counterpart of the

WMAP haze, has encouraged the interest in explaining this foreground. Among

the proposals, we can find dark matter annihilation (Hooper et al., 2007), cos-

mic rays from supernova explosions (Biermann et al., 2010), Galactic winds

(Crocker and Aharonian, 2011) and jet activity from the black hole in the Galac-

tic centre (Guo and Mathews, 2012). Nevertheless, none of these scenarios seems

to reproduce on its own all the characteristics of the haze (see Dobler, 2012).

In addition, the WMAP team argued that the haze contribution is not syn-

chrotron emission, based on the lack of a polarised component, but actually the

noise level of the WMAP data causes that this signal becomes undetectable.

As we show in Figure 1.20, the Planck Collaboration have confirmed the de-

tection of the Galactic haze with the Low-Frequency Instrument (LFI) data

(Planck intermediate results IX, 2013). Using a joint sample, along with the

7-year WMAP data, they have found that the spectrum of the haze temperature

emission is consistent with a power law of spectral index β = −2.56± 0.05. This

rules out a free-free explanation and supports the synchrotron origin. They have
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Figure 1.20 - Galactic haze as seen by Planck at 30 GHz (in red, −12 µK < ∆TCMB <

30 µK) and 44 GHz (in yellow, 12 µK < ∆TCMB < 40 µK). This figure has been taken

from Planck intermediate results IX (2013).

also pointed out that this spectrum is not consistent with the expected from the

supernova explanation.

• Recently, it has been said that galactic loops, previously seen as synchrotron

radiation at radio frequencies, could be also emitting at the microwave range

where the thermal dust emission dominates (see Liu et al., 2014, and references

therein). The physical mechanism responsible for this emission could be magnetic

dipole radiation from dust grains enriched by ferrimagnetic molecules, and the

loops are associated with stellar winds and supernova activity. This foreground

would extend to high galactic latitudes and it is expected to be highly polarised.

Extragalactic components

Extragalactic sources also contribute to the microwave emission in the CMB data.

Two types of contaminants are taken into account in this section: point sources and

(although it is actually a secondary anisotropy) the SZ effect.

• Unlike diffuse emissions, point sources (see, for instance Delabrouille et al., 2013;

Tucci et al., 2011) are very localised and they are usually identified in cata-

logues. Before applying any diffuse component separation method, the known

point sources are often excluded from the data analysis by considering a pixel

exclusion mask composed from data detections contrasted with catalogue in-

formation. Nevertheless, there is a remnant of unresolved point sources which

contributes at high-angular multipoles. This contribution can be modeled when

estimating CMB power spectrum (Planck Collaboration XII, 2013) or primor-
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dial non-Gaussianity (e.g. Planck Collaboration XXIV, 2013). The methodology

used to remove this contaminant must be essentially distinct that those employed

with the diffuse foregrounds, because each source behaves differently to the oth-

ers, in the sense that all of them have their own frequency dependence. As many

of these sources are also polarised, they must be taken into account in the CMB

polarisation data analysis.

• The SZ effect (see Delabrouille et al., 2013) is not actually an ‘external’ con-

taminant to the cosmological signal, but a secondary anisotropy which distorts

the CMB anisotropy distribution. As we mentioned in Section 1.3, the inverse

Compton scattering between CMB photons and free electrons of ionized media

modifies the CMB photon energies. Two different types of SZ effect are identified

according their origin: the thermal SZ effect and the kinetic SZ effect. On the one

hand, the thermal SZ effect (Zeldovich and Sunyaev, 1969) is caused by photon

scattering occurred in an electronic gas at high temperature, such as those that

can be found in the centres of galaxy clusters. In practice, this effect is observed

as a shift in the black-body spectrum. On the other hand, the kinetic SZ effect

is the result of scattering processes in electronic clouds with a radial component

of global motion with respect to the CMB. Finally, there is also a polarisation

SZ effect of second order, due to the CMB quadrupole anisotropy with respect

to the scattering electrons.

1.9.2 Component separation methods

There is a wide range of component separation methods described in the literature. In

principle, cosmology studies are only interested in the CMB contribution, so most of

the methodologies used to clean the cosmological signal give preference to recover this

component whilst the rest of contributions are lost. However, it could be interesting

to analyse, for instance, some of the galactic emissions in other contexts, in which it

is necessary to resort to methods that preserve all the components presented in the

data (see, for instance, Delabrouille and Cardoso, 2007, for a component separation

review).

Typically, the first step in the component separation problem is to identify the

point sources presented in the data and remove them from the microwave map by

using specific methodologies. Secondly, a component separation method is applied
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to remove or estimate the different diffuse components. In general, it is important to

note that a methodology which is better than the other procedures in all circumstances

does not exist. The best possible way to remove foreground emissions depends on the

purpose for which the CMB component is extracted. For instance, it is possible that

some applications require to minimise the error bars of the power spectrum whilst, in

other cases, it is preferred to maintain as intact as possible the statistical properties

of the data to carry out further non-Gaussianity analyses.

The common situation in CMB experiments is to have a set of different frequency

maps in the microwave range. The main reason for carrying out a multi-frequency

observation is the analysis of the foreground emission and its frequency dependence.

For instance, WMAP has observed five frequency bands, centred at 23, 33, 41, 61 and

94 GHz (corresponding to K, Ka, Q, V and W bands, respectively). And the Planck

satellite was designed to measure nine frequency bands at 30, 44, 70, 100, 143, 217,

353, 545 and 857 GHz.

A set of observations di, where i denotes the different frequencies νi of the experi-

ment, can be written as:

di(x) =

Nj∑

j=1

sj (νi,x) + ni(x). (1.52)

Here, x is the orientation in the sky and ni the instrumental noise of the detector at

each frequency νi. The different Nj contributions of the data, sj, are actually convolved

by a beam window function b(νi,x):

sj(νi,x) =

∫
b(νi,x

′)s
(∗)
j (νi,x − x′)dx′, (1.53)

where s
(∗)
j (νi,x) is the pure component.

The previous expression can be compacted by using a matrix equation:

d(x) = As(x) + n(x), (1.54)

where A is the mixing matrix.

Under these generic conditions, in the simplest case in which the mixing matrix is

a known square and non-singular matrix, solving the component separation problem

would be equivalent to compute a matrix inversion. Unfortunately, this ideal situation

is not common in the CMB experiments. In addition, due to the instrumental-noise

term, this inversion may be a sub-optimal option in terms of residual errors. In many
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cases, it is better to weight the different channels depending on their instrumental-noise

levels.

More generally, the aim of the component separation methods in the CMB analysis

is to recover the cosmological signal. The procedure can be able to recover the other

components or just focus on cleaning the CMB component. The parametric method-

ologies assume a physical model for each component and fit a set of parameters in

light of the measurements. This allows to study separately the Galactic contributions.

Other methods, such as the ILC, do not assume anything about the number or the

behaviour of the components on the microwave sky, and they give an estimation of

the CMB signal based on the frequency independence of this component or on other

statistical criteria, such as the minimum variance.

Internal linear combinations

The simplest method in this category is the ILC, which consists in a weighted linear

combination of different frequency maps. Among the major advantages of this method-

ology, we find that it has a very simple implementation and it does not require any

assumption about the physical foreground behaviour. The weight for each channel is

calculated by minimising the variance of the final combination (see, e.g. Eriksen et al.,

2004a). As this approach is based on the assumption that the CMB is independent

with frequency (expressed in thermodynamical temperature units), it is usually used

to recover only the CMB component. Nevertheless, the ILC can be also optimised to

recover the SZ contribution. In this case, the frequency signature of the SZ effect is

assumed in the form of known frequency scaling factors which multiply, besides the

combination coefficients, the different channels (see, e.g. Remazeilles et al., 2013).

More sophisticated approaches were developed from the simplest ILC implemen-

tation. A disadvantage of the method is that the weights could be too affected by

both the regions near the galactic plane (where the contamination is dominant) and

the large-scale data (which provide most of the signal intensity). For this reason,

the ILC is often implemented by regions. This is, for instance, the procedure fol-

lowed by the WMAP team (Gold et al., 2011). Another drawback of the method-

ology is that all the frequency maps must be at the same resolution. In practice,

each detector of a CMB experiment has its own beam size and sensitivity, such that

the frequency maps have different effective resolution. In order to avoid this loss of
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information, Tegmark et al. (2003) developed an ILC version which operates in the

harmonic space. Furthermore, more refined alternatives can be found in the litera-

ture (see, for instance, Kim et al., 2009), also implemented in different wavelet spaces,

such as needlets (e.g. Narcowich et al., 2006; Basak and Delabrouille, 2013), or by

using multidimensional generalisations to separate different foreground contributions

(Remazeilles et al., 2011). A particular implementation of the ILC in needlet space,

known as NILC (Delabrouille et al., 2009), has been applied, along with other three

procedures, by the Planck Collaboration to provide their products based on the first

15.5 months of operations (Planck Collaboration XII, 2013).

Another approach which is commonly used in the CMB analysis is the tem-

plate fitting method (see, for instance, Hansen et al., 2006; Jaffe et al., 2006;

Land and Magueijo, 2006; Gold et al., 2011; Fernández-Cobos et al., 2012). Its ma-

jor advantage lies in the fact that it can be used to clean different frequencies of a

single experiment. In addition, this procedure preserves the original resolution of the

CMB component. The resulting map is computed by subtracting a linear combination

of different templates from the original map. Each template is weighted by a coefficient

calculated by minimising the variance of the cleaned map. The templates account for

the spatial distribution of the foreground emissions. These templates can be either in-

ternal or external, depending on whether they are generated by using products which

proceed from the same experiment that is being considered or, conversely, from an

external project. In Chapter 2, we describe in detail the extension to polarisation of

an internal template methodology which is one of the four approaches used by the

Planck Collaboration: SEVEM. The method was presented by Fernández-Cobos et al.

(2012), along with an application to the 9-year polarisation WMAP data.

Posterior probability maximisation

To solve properly the component separation problem it is common to take into account

assumptions about the data or its different components. The Bayes’ theorem represents

a natural framework to impose this kind of conditions as priors (see, for instance,

Hobson et al., 1998). The estimator of a particular component ŝj is computed by

maximising the posterior probability Pr(sj|d). Since the Bayesian evidence can be

considered as a sort of normalisation, this is equivalent to maximise the product of

a likelihood Pr(d|sj) and a prior Pr(sj), which takes into account all considerations
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assumed about the characterisation of the data d:

Pr(sj|d) ∝ Pr(d|sj)Pr(sj). (1.55)

Under the assumption that the emission of each component is well approximated

by a Gaussian random field, the probability distribution of the emission is described by

a multivariate Gaussian distribution, characterised by a given covariance matrix. How-

ever, most of foreground components are clearly anisotropic. An alternative approach is

to replace the Gaussian prior by an entropic one (see, for instance, Hobson and Lasenby,

1998). This procedure allows to weight the distribution function of a random variable

depending on the quantity of information that it provides and this is the basis of the

Maximum Entropy Methods (MEM).

An example of a parametric approach based on the posterior probability is Com-

mander (Eriksen et al., 2008), another method selected by the Planck Collabora-

tion. This methodology considers parametric frequency models for each foreground

component, and samples the posterior probability distribution using, for instance, a

Metropolis-Hastings MCMC or a Gibbs sampling.

Independent component analysis

The independent component analysis (ICA) is a generic technique used to find hidden

components in sets of random variables or signal measurements. ICA assumes that

the signal is composed of different non-Gaussian components which are statistically

independent. If there were several Gaussian components in the data set, then ICA

would not distinguish among them. In the CMB analysis subject, it is expected in

many cases that both the cosmological signal and the instrumental noise are Gaussian,

such that this family of procedures provides a noisy CMB reconstruction. But, in

any case, the instrumental noise can be only statistically characterised (but not in a

deterministic way), so that the estimation of the CMB power spectrum is always bias-

corrected by an average level, regardless of the component separation method which

is used. In addition, ICA also allows to fix the set of independent components, except

permutations or multiplicative factors (so, for instance, it is not possible to calculate

their variance, order or sign).

In practice, finding a representation in which the components are actually indepen-

dent is not easy, so many of these procedures try to find that representation in which
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Figure 1.21 - Cleaned Planck temperature CMB maps derived by Commander-Ruler,

NILC, SEVEM and SMICA. This picture has been taken from Planck Collaboration XI

(2013).

components are as independent as possible.

One of the methods included in this category is known as Spectral Matching of

ICA (SMICA), which has been also selected by the Planck Collaboration. It offers a

great flexibility with the requirement of mutual decorrelation, instead of independence

(in the Gaussian case both assumptions are equivalent), between components (see, e.g.

Cardoso et al., 2008). The approach also provides the power spectrum and the mixing

matrix of components.

Since they all have their strengths and weaknesses, these three groups of component

separation methods are complementarily used in the CMB analysis, as it has been

demonstrated in the analysis of the Planck data. We show in Figure 1.21 the cleaned

temperature CMB maps derived from Planck by Commander, NILC, SEVEM and

SMICA.
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1.10 Summary

After having briefly reviewed some of the current research fields in modern cosmology,

it is advisable to return to the scope of this work.

As mentioned, the model which best fits the observations carried out so far is

the six-parameter ΛCDM, with an almost flat geometry, an inflationary phase in the

early universe, cold dark matter and a dark energy component. Evidence shows that

the consideration of homogeneity and isotropy is a fairly reasonable hypothesis when

sufficiently large scales are considered, despite some statistical anomalies which still

require to be explained.

CMB observations have played a crucial role in shaping our conception of the

cosmos. They do not only provide a way to measure the content and geometry of the

universe, but they also reveal aspects about its evolution. The CMB data exploitation

caused a great boom of numerical methods developed to solve the difficulties that arise

from separating the cosmological signal from other microwave emissions. In this sense,

we present a multi-resolution component separation method in Chapter 2, including

an application on the 7-year WMAP polarisation data.

However, the detailed study of CMB anisotropies has showed unexpected large-

scale anomalies with respect to the isotropic distribution. As we mentioned in Section

1.8, some of the most intriguing anomalies found in the CMB is a particularly cold

region located in the Southern galactic hemisphere. Several theoretical explanations

have been proposed to account for this Cold Spot. In Chapter 3, we present an

improvement of a previous methodology that may allow to distinguish between the

standard model hypothesis, in which the CS is merely an unlikely fluctuation of the

Gaussian random field, and an alternative hypothesis, in which the CS would be the

result of another physical mechanism that does not lead to cross-correlation between

the temperature and polarisation CMB data around the spot, such as, for instance, in

the presence of a cosmic texture or a large void.

If these large-scale anomalies found in the CMB anisotropies had a cosmological

origin, and considering that the CMB anisotropies can be seen as tracers of the distri-

bution of gravitational wells, whose evolution is expected to follow a linear regime, a

corresponding anomalous effect should be present on the LSS distribution as observed

by galaxy surveys. In Chapter 4, we present the searching for a dipole modulation on

the NVSS data as those observed in the CMB anisotropy pattern.
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Summarising, the current cosmological scenario is essentially a complex puzzle

where pieces have to fit better as observations are improved. The most important

pieces remain hidden in the dark, although hopefully not for long. New observational

perspectives, such as a gravitational wave (and maybe, in the more distance future, a

neutrino) cosmology, are timidly emerging, despite the enormous technological chal-

lenge that measuring these faint signals from the very early universe represents. We

can guess what will be found, but History taught us that some discoveries will be

unexpected and wonderful. Of course, these are the funniest, because they may make

us reconsider the current paradigm or reveal something about the quantum nature of

the space-time or new physics.
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Multi-resolution internal

template fitting

As mentioned in Section 1.9, any experiment which has been designed to measured

the CMB radiation collects a superposition of all the microwave sky emissions. As a

particular microwave contribution, the cosmological signal must be isolated from the

others. Therefore, a good algorithm of CMB recovering is an unavoidable prerequisite

to the adequate estimation of the cosmological parameters of the model which are

encoded on the CMB signal, and to carry out subsequent studies of the large-scale

anomalies mentioned in Section 1.8. In polarisation analysis, the foreground ampli-

tudes are well above the signal, so the component separation approaches must be more

efficient. A good characterisation of the polarised contributions, such as the thermal

dust emission (e.g. Flauger et al., 2014; Mortonson and Seljak, 2014), is a critical point

in the detection of primordial B-mode polarisation.

In this chapter, we describe a methodology to recover the CMB signal, which

was presented by Fernández-Cobos et al. (2012), and it is based on internal linear

combinations. It is a bet for a template cleaning in which coefficients are fitted in

the space of a particular wavelet that enables a multi-resolution analysis. In practice,

fitting by scales allows some effective variation of the coefficients in the sky, which is

an advantage with respect to the template cleaning in the real space. In this sense, our

approach based on a wavelet decomposition effectively lies in between standard linear

combination techniques applied in the real space and more sophisticated parametric

methods (e.g. Eriksen et al., 2006, 2008; Stivoli et al., 2010).
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Besides the generic advantages of a template fitting (i.e., no assumptions about

the physical foreground behaviour, or the preservation of the original resolution of the

experiment), a fast computation and a better effectiveness in very polluted regions

are among the benefits of our approach. The applied wavelet has the advantages of

requiring little computational time in its calculations, being adapted to the HEALPix

pixelization scheme, and offering the possibility of a multi-resolution analysis. The

decomposition is implemented as part of a fully internal template-fitting method, min-

imising the variance of the resulting map at each scale.

An application to the WMAP polarisation data is also presented, showing its good

performance particularly in very polluted regions of the sky. It is found that the

residuals of the cleaned maps are compatible with those expected from the instrumental

noise. The maps are also comparable to those obtained from the WMAP team but,

contrary to it, in the present case external data sets are not used. In addition, at

low resolution, our cleaned maps present a lower level of noise. The E-mode power

spectrum CEE
ℓ is computed at high and low resolution. The cross-power spectrum CTE

ℓ

is also calculated using the foreground reduced maps of temperature given by WMAP

and our cleaned maps of polarisation at high resolution. These spectra are consistent

with the power spectra supplied by the WMAP team. We detect the E-mode acoustic

peak at ℓ ∼ 400, as predicted by the standard ΛCDM model. In addition, we find that

the B-mode power spectrum CBB
ℓ is compatible with zero.

This chapter is structured as follows. The methodology is described in detail in

Section 2.1. We set out an analysis of the low-resolution polarisation WMAP data in

Section 2.2. Finally, in section 2.3, we show the treatment for high-resolution WMAP

data in order to obtain the CEE
ℓ and CTE

ℓ spectra.

2.1 Methodology

In this section, we describe a multi-resolution internal template cleaning (MITC)

method for foreground removal. Actually, this approach constitutes a part of the

Spectral Estimation Via Expectation Maximization (SEVEM) method (see, e.g.

Mart́ınez-González et al., 2003; Leach et al., 2008). In particular, this is the first step

of the procedure, which carries out the component separation. We show here that the

method is efficient even with polarisation data, in which case the foreground levels

are much higher than those expected in the temperature data. Component separation
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methods which prove competent in such situation are particularly attractive for use in

experiments developed to detect the primordial B-mode polarisation. As mentioned in

Section 1.5, they are a crucial step on the way to characterise the energy scale of the

inflation.

Furthermore, having CMB maps at several frequencies, instead of a single map,

becomes very important for many purposes. For instance, it serves as a consistency

check to verify whether any detected feature of the data is actually monochromatic or

not (as, for instance, the case for non-Gaussianity analysis).

Another advantage of the method is that we do not need a thorough knowledge of

the foreground emission, because we obtain all the information to construct different

templates from the data. In addition, this procedure preserves the original resolution

of the CMB component. The downside is that the internal templates are noisy, so the

total noise level is increased when templates are removed from the data. This circum-

stance results, for instance, in an increase of the error bars of the power spectrum at

high multipoles. An alternative approach would be to incorporate external templates,

created by using data from other independent observations or based on theoretical

arguments. However, the current knowledge of foreground emissions in polarisation is

not substantiated with suitable ancillary data set, and for that reason, this option is

not considered in this case. This situation is changing with the information expected

to be provided by experiments like Planck, C-BASS (King and C-BASS Collaboration,

2011) or QUIJOTE (Rubiño-Mart́ın et al., 2012).

2.1.1 The HEALPix wavelet

Wavelets are a powerful tool in signal analysis which is extensively used in many as-

trophysics topics. In particular, numerous examples of wavelet applications to the

CMB analysis can be found in the literature (see, e.g. Vielva, 2007; McEwen et al.,

2007, and references therein). Although it is considered a relatively new enforce-

ment, wavelets have been applied to cosmological problems since mid ‘80s. However,

the first application to the CMB analysis did not appear until 1997 (Ferreira et al.,

1997). Some component separation methods exploit the benefits of wavelet decompo-

sition (e.g. Ghosh et al., 2011; Delabrouille et al., 2009; González-Nuevo et al., 2006;

Vielva et al., 2003; Hansen et al., 2006). Wavelets are localised wavefunctions, which

provide a multi-resolution treatment of the data, such that they offer an opportunity
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to probe scalar-dependent phenomena, keeping information about the spatial distribu-

tion. For instance, microwave surveys provide information about both the large-scale

galactic emission and the localised contribution of galaxy clusters which affects to the

small scales. Wavelet analysis is able to isolate these two different scale-dependent be-

haviours. Widely studied in Chapter 3, another typical example of a scale-dependent

phenomenon, seen by using a wavelet decomposition, is the detection of a non-Gaussian

cold spot in the CMB anisotropies. Vielva et al. (2004) found this anomalous feature

by estimating the kurtosis of the SMHW coefficients at scales around 10◦.

In addition, this multi-resolution discrimination represents an advantage over other

component separation methods because it allows to vary the effective emissivity of

foregrounds analogously to the variation of the spectral index with the orientation in

the sky.

We use here the so-called HEALPix wavelet (HW; see Casaponsa et al., 2011, for

a complete description). It is a discrete and orthogonal wavelet which provides a multi-

scale decomposition on the sphere adapted to the HEALPix pixelization (Górski et al.,

2005). The resolution of a map in the HEALPix tessellation is given in terms of the

Nside parameter, defined so that the number of pixels needed to cover the sphere is

N = 12N2
side. The resolution j of a map is a number such that 2j = Nside.

The wavelet functions of the HW are defined as

ψ0,kj
(kj′) = ϕ(4kj+0)j+1

(kj′) −
ϕkj

(kj′)

4
,

ψ1,kj
(kj′) = ϕ(4kj+1)j+1

(kj′) −
ϕkj

(kj′)

4
,

ψ2,kj
(kj′) = ϕ(4kj+2)j+1

(kj′) −
ϕkj

(kj′)

4
,

ψ3,kj
(kj′) = ϕ(4kj+3)j+1

(kj′) −
ϕkj

(kj′)

4
,

(2.1)

where kj denotes the pixel index at resolution j, and ϕkj
(kj′) is the scaling function

ϕkj
(kj′) =






1 if

⌊
kj′

4j
′−j

⌋
= kj

0 otherwise.

(2.2)

The floor function ⌊x⌋ = max {z ∈ Z | z ≤ x}, gives the largest integer not greater

than a real number x. In this definition, we are assuming that the pixels of the maps

are sorted according the HEALPix nested scheme, and j′ ≥ j.

The decomposition of a CMB map at resolution J , M(kJ ), can be written as an

expansion in terms of a series of (J−j0) detail maps at their corresponding resolutions
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(where J denotes, besides the resolution of the original CMB map, the resolution of

the first detail map), along with an approximation map at the lowest resolution of the

analysis j0.

On the one hand, the approximation map at resolution j0, Mapprox(kj0), is directly

constructed by degrading the original map, i.e., by averaging the daughter pixels at

resolution J contained in the corresponding pixel at resolution j0. Denoting a set of

approximation coefficients at the original resolution J as λkJ
, such that they match

with the pixel values of the original CMB map λkJ
≡ M(kJ), the approximation

coefficients at a generic resolution j ∈ {j0, . . . , J − 1} can be recursively computed as

λkj
=

1

4

3∑

m=0

λ(4kj+m)j+1
. (2.3)

Therefore, in terms of the approximation coefficients, the approximation map at reso-

lution j0 reads as follows:

Mapprox(kj0) =

Nj0
−1∑

k′j0
=0

λk′j0
ϕk′j0

(kj0), (2.4)

where Nj0 is the total number of pixels presented in a HEALPix map at resolution

j0.

On the other hand, the detail map at resolution j, Mdetail(kj), is calculated as the

subtraction of the approximation coefficients at the next lower resolution (j − 1) from

the approximation coefficients at resolution j, i.e.:

Mdetail(kj) =

3∑

m=0

Nj−1−1∑

k′j−1=0

λk′jψm,k′j−1
(kj), (2.5)

where Nj−1 denotes the number of pixels at resolution (j − 1). From a practical

perspective, the way that these different detail maps are built is illustrated in Figure

2.1. At each resolution j, the detail map is computed by subtracting the approximation

map at resolution (j−1), previously upgraded to resolution j, from the approximation

map at resolution j.

In particular, it can be proved that the original CMB map at resolution J can be

synthesized as the sum of the approximation map at resolution j0 and (J − j0) detail

maps, i.e., it can be expanded in terms of the basis functions and a set of coefficients
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Figure 2.1 - Outline of construction of the detail coefficients at resolution j, where

dkj
≡ Mdetail(kj). The detail map is computed as the subtraction of a “prograded”

version (to resolution j) of the approximation map at resolution (j − 1), which is denoted

by ykj−1
≡ Mapprox(kj−1), from the approximation coefficients at resolution j (with xkj

≡

Mapprox(kj)).

as

M(kJ ) =

Nj0
−1∑

k′j0
=0

λk′j0
ϕk′j0

(kJ ) +

+
3∑

m=0

J∑

j′=j0+1

Nj′−1∑

k′
j′

=0

λk′
j′
ψm,k′

j′−1
(kJ ).

(2.6)

The main advantage of this wavelet with respect to others, in addition to its

straightforward implementation, lies in the speed of the involved operations. The

computational time for the wavelet decomposition is of the order of the number of pix-

els (∼ Npix) whereas, for example, for the continuous wavelet transform of the SMHW

(Mart́ınez-González et al., 2002) or the needlets (Baldi et al., 2009) this time is of the

order of ∼ N
3/2
pix , since they require an harmonic transform.

2.1.2 Template fitting

In a generic template fitting approach, the CMB signal δT̂ (k)/TCMB is estimated by

subtracting a linear combination of different templates ti from the original signal,
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δT (k)/TCMB, as follows

δT̂

TCMB
(k) =

δT

TCMB
(k) −

Nt∑

i=1

βiti(k), (2.7)

where Nt denotes the total number of templates and k is a pixel index. The variance

of the cleaned map is minimised to obtain the set of coefficients βi.

An internal template is formed as the difference of two maps of the same reso-

lution, corresponding to different frequencies, because it is expected that the CMB

signal, expressed in units of thermodynamic temperature, does not vary with the fre-

quency. Accordingly, as the CMB vanishes in the internal templates, they contain only

information about the distribution of foreground emission.

The implementation in the wavelet space requires that this minimisation is per-

formed at each resolution j, with j0 ≤ j ≤ J , where J is the original resolution and

j0 the lowest resolution that we are considering. The CMB map δT̂ (kJ)/TCMB is de-

composed into an approximation map at resolution j0 and a set of detail maps at

resolutions j0 < j ≤ J . We denote this set of HW coefficient maps using only the

subscript j for simplicity, as δT̂j(kj)/TCMB. Each template map ti is also decomposed

in the HW space, obtaining a set of maps tij (where this convention denotes, as in the

case of the CMB map, the approximation coefficients if j = j0, and the detail coef-

ficients at the corresponding resolution j if j0 < j ≤ J). The HW coefficients of the

CMB signal at resolution j (either detail or approximation coefficients), T̂j(kj)/TCMB,

are estimated as

δT̂j
TCMB

(kj) =
δTj
TCMB

(kj) −

Nt∑

i=1

βijtij(kj). (2.8)

The variance of the cleaned map is optimally minimised at each scale to obtain the

coefficients βij or, equivalently, the quadratic quantity

χ2
j =

Nj−1∑

kj ,k′j=0

{
δT̂j
TCMB

(kj)C
−1(kj , k

′

j)

[
δT̂j
TCMB

(k′j)

]t}
, (2.9)

where Nj denotes the number of pixels at resolution j and C−1 is the inverse of

the covariance matrix calculated as the sum of contributions of the CMB and the

instrumental noise (both, from the map to be cleaned and the templates).

It is obvious that the approach to produce an optimal recovery of the CMB would

require a certain knowledge of this signal, via its correlations. However, a reasonable
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approach, without a priori knowledge of the signal to be estimated, can be built by

considering only the instrumental noise correlations.

Nevertheless, we have checked that the gain in the CMB recovery, by including the

information related to the instrumental characteristics is, in practice, very small. More-

over, in some situations (as is the case of the WMAP full-resolution data; see section

2.3) the instrumental noise information is limited to the autocorrelation. Therefore,

we have decided to perform the internal template fitting with uniform weights for all

the pixels at each scale, which implies to minimise the following quantity:

Ej =

Nj−1∑

kj=0

[
δTj
TCMB

(kj) −

Nt∑

i=1

βijtij(kj)

]2

. (2.10)

Finally, we recover a single cleaned map at the original resolution by performing

the wavelet synthesis from the Ej wavelet coefficients.

2.2 Analysis of low-resolution WMAP data

The instrumental noise in WMAP polarisation is known to be correlated (Jarosik et al.,

2011). Although the WMAP data are typically given at a HEALPix resolution of

Nside = 512, a more accurate version of the pixel-to-pixel correlation is only available at

low resolution (i.e. Nside = 16). Taking into account this difference, we have performed

the cleaning of the WMAP data in two cases: for low-resolution and high-resolution

maps. In this section, we analyse the maps at Nside = 16.

The WMAP polarisation data are composed of, at least, a superposition of CMB,

synchrotron and thermal dust emissions. The WMAP team proposed a template fitting

in the pixel space to clean the foreground emission in the Ka, Q, V and W maps,

using as templates the K band (for the synchrotron) and a low-resolution version of

the Finkbeiner et al. (1999) model for the thermal dust, with polarisation direction

derived from starlight measurements (Gold et al., 2011).

In our approach, we use only a synchrotron template, constructed as K-Ka. The

reason for neglecting the thermal dust template is because a previous analysis in real

space shows that its coefficients are much smaller than the corresponding coefficients

for the synchrotron template. We clean the Q and U polarisation components inde-

pendently, minimizing the variance of the cleaned maps of the Q1, Q2, V1 and V2
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Frequency band Q1 Q2 V1 V2

Detail (j = 4)
Q Stokes 0.092 0.103 0.036 0.023

U Stokes 0.074 0.117 0.020 0.048

Approximation (j = 3)
Q Stokes 0.244 0.259 0.081 0.125

U Stokes 0.241 0.236 0.085 0.112

Table 2.1 - Template cleaning coefficients for Q and U Stokes parameters and DAs for

the low-resolution analysis.

differencing assemblies (DAs). The wavelet decomposition is carried out down to res-

olution j = 3 for the data map. Thus, in addition to the approximation, we have a

single detail map at j = 4. Best-fitting coefficients for the considered DAs are given in

table 2.1. We apply the WMAP polarisation analysis mask that excludes 26% of the

sky.

2.2.1 Cleaned maps

Since the CMB polarisation signal is clearly subdominant in the WMAP low-resolution

data, it is hard to establish a criterion to evaluate the goodness of the cleaning process,

and to perform comparisons with different solutions.

We have decided to evaluate this goodness by comparing the cleaned map with the

expected signal for a noisy sky, following the WMAP instrumental noise characteris-

tics. In this sense, a good compatibility with the noise properties would indicate that

foregrounds have been satisfactorily reduced.

We generate a set of 104 simulations of the noise maps resulting from our MITC

method at Q, V and W frequency bands, Mr(p), with r ∈ {1, ..., 104}, to construct a

χ2 distribution. We calculate each value as

χ2
r =

∑

p,q

Mr(p)N
−1
Obs(p, q)M

t
r(q), (2.11)

where NObs is the noise correlation matrix. We need the number of simulations to be

of the order of a million to estimate this matrix so that the distribution converges to

the theoretical curve of a χ2 distribution with as many degrees of freedom as pixels

outside the mask in the Q and U maps (in this case, we have 4518 degrees of freedom).

This distribution characterises the expected noise level at each frequency map. We can

associate the χ2 value of the data with relative levels of signal. We can say that the

73



CHAPTER 2. MULTI-RESOLUTION INTERNAL TEMPLATE

Figure 2.2 - Upper panels show the χ2 distributions of our cleaned maps and the bottom

ones present the same results for the WMAP procedure. The solid line (red) corresponds

to the theoretical curve of a χ2 with as many degrees of freedom as pixels outside the

mask (i.e. the effective number of pixels in Q and U maps: 4518). The dashed line is the

distribution calculated from simulations of our cleaned maps. The vertical line shows the

χ2 value of the data maps in each case. The columns correspond to different frequency

bands, from left to right: Q, V and W bands.
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Frequency band Q V W

χ2
Cleaned 4566 4453 4762

χ2
Forered 4709 4586 4787

Table 2.2 - Different values of χ2 computed with our seven-year cleaned maps per fre-

quency band (χ2
Cleaned) and with WMAP seven-year foreground reduced maps per fre-

quency band (χ2
F orered).

DA Q1 Q2 V1 V2

χ2
Cleaned 4489 4546 4405 4486

Table 2.3 - Different values of χ2 computed with our seven-year cleaned maps per DA.

cleaned maps contain more than just noise (typically foreground residuals, because

the CMB is subdominant compared to the noise at these scales) if the data value is

much higher than typical values of the distribution. In contrast, we can ensure that

our maps are compatible with the expected noise and that residuals are small if the

data value falls within the distribution. The χ2 values for each band and for each DA

are listed in Tables 2.2 and 2.3, respectively.

Our test is based on the assumption that the CMB contribution is negligible. We

have tested that the CMB provides a very small contribution (a shift of ∼ 10 units

of χ2) by generating 104 simulations with CMB and instrumental noise of the cleaned

maps. These simulations have been used to compute another χ2 distribution with

the matrix that we have already calculated with only the noise component. When

distributions are compared with each other we observe this typical deviation. Thus,

the CMB contribution to the value of the χ2 of the data is negligible. Therefore, any

significant deviation from the mean value has to be assigned to foreground residuals.

An indirect comparison can be made between the WMAP procedure and our MITC

method through the relative positions of the χ2 value of the data with respect to the

distribution. As seen in Figure 2.2, we find that the value of the cleaned maps is fully

compatible with instrumental noise at Q and V frequency bands. At the W band,

the χ2 value of the cleaned data is in the tail of the distribution, probably because of

the presence of foreground residuals. The deviation is even larger when the WMAP

procedure is used. A significant improvement is also found at Q band because the χ2

value is shifted from 2σ to 0.5σ when our MITC method is used.

In addition, although we use a template that is noisier than the those used by
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Figure 2.3 - The combinations of the raw W-band maps. Theoretical curve of the χ2

distribution is represented by a solid red line and the χ2 values are shown by successive

vertical lines, from left to right: W2-W4, W1-W2, (W1+W3)-(W2+W4), W2-W3, W1-

W4, W3-W4 and W1-W3.

the WMAP team, the noise levels of our cleaned maps are lower. We have measured

a difference of about 10% in terms of the standard deviation of the data maps (this

difference is confirmed by instrumental-noise simulations).

In order to check further the apparent excess of signal at the W band obtained by

the two approaches, we computed analytically the noise covariance matrix of different

combinations of the raw W-band DAs maps which contain, in principle, only a com-

bination of instrumental noise. With these covariance matrices, based on the full-sky

covariance matrices of each DA, a χ2 value of the data maps is obtained. Figure 2.3

shows that these maps are still compatible with the expected noise. However, it is

significant that all values are to the left of the distribution and that the most deviated

ones involve W2, followed by W4. We have also analysed the distribution of the χ2

values of the single-year foreground reduced maps supplied by the WMAP team for

each DA at the W band. We have obtained values that deviate more towards the

tails for the W2 and W4 DAs. This could suggest that the characterisation of the

instrumental noise for these DAs is not good enough.
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2.2.2 Polarisation power spectra, CEE
ℓ and CBB

ℓ

We carry out an estimation of the polarisation spectrum using our cleaned maps of

the Q1, Q2, V1 and V2 DAs. A pseudo cross-power spectrum D̂AB
ℓ , between any two

differencing assemblies A and B, can be calculated as

D̂AB
ℓ =

∑

ℓ′

MAB
ℓℓ′ |pℓ′ |

2BA
ℓ′B

B
ℓ′ 〈C

AB
ℓ′ 〉 + 〈NAB

ℓ 〉, (2.12)

where A,B ∈ {Q1, Q2, V 1, V 2 | A 6= B}; and, in the case of an EE power spectra,

ĈAB
ℓ =

1

2ℓ+ 1

ℓ∑

m=−ℓ

eAℓme
B∗

ℓm, (2.13)

where eℓm are the spherical harmonic coefficients of the E-mode. Assuming a circular

beam response, we denote the beam of the A map as BA
ℓ and the window function of

the HEALPix pixel as pℓ. In equation 2.12, 〈NAB
ℓ 〉 is the noise cross-power spectrum.

The bias introduced by this term comes from the internal template fitting procedure.

It is small and is controlled by simulations. Finally, the coupling kernel matrix Mℓℓ′

is described in Hivon et al. (2002) and, for the case of the polarisation components,

in Appendix A of Kogut et al. (2003). This procedure is usually referred to as the

MASTER estimation. An estimator, Ĉℓ, can be computed as a linear combination of

the six different spectra weighted by the inverse of their variances in the following way:

Ĉℓ =

(
∑

i

1

σ2
i

)−1∑

i

1

σ2
i

Ĉiℓ. (2.14)

Here, i = AB and σ2
i = σAσB . These variances are given by the WMAP team in the

LAMBDA web site1.

The resulting power spectra are shown in Figure 2.4. From the CEE
ℓ spectrum, we

find that most of values are compatible with zero, so there is almost no signal except

perhaps for low multipoles ℓ . 6. As expected, the B-mode spectrum CBB
ℓ signal is

compatible with zero. Both spectra are compatible with those that the WMAP team

supplies. Our error bars are larger than those obtained by the WMAP team, because

we use an estimator that is not optimal, a pseudo-spectrum, whereas the WMAP team

uses a pixel-base likelihood.
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Figure 2.4 - Polarisation power spectrum EE (upper panel) and BB (bottom panel) for

low-resolution analysis. Circles are the spectrum supplied by WMAP team and asterisks

represent our estimation. The fiducial model is plotted by the solid line.

2.3 Analysis of high-resolution WMAP data

In this section, we analyse WMAP data maps at Nside = 512. This approach allows

us to study the cleaning at smaller scales where, a priori, the correlation of the noise

is less important. So, we only take into account the noise covariance matrix of each

pixel. In this case, the cleaning method based on the wavelet space is applied using

two different internal templates. The first is constructed as K-Ka and accounts for

the synchrotron radiation. The second is built as V1-W3 and attempts to characterise

the thermal dust. The V and W DAs to be cleaned have been selected because they

have lower noise. As in the low-resolution case, the wavelet decomposition is carried

out until resolution j = 3 for the approximation map, and hence we have, additionally,

six different detail maps in this high-resolution case. Again, the WMAP polarisation

mask is used. Best-fitting coefficients are shown in Table 2.4.

From the cleaned Q and U maps we study the power spectra, CEE
ℓ and CBB

ℓ , as

in Section 2.2. The spectrum error bars are estimated from 103 noise simulations.

1http://lambda.gsfc.nasa.gov/
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Figure 2.5 - Polarization power spectrum EE (upper panel) and BB (bottom panel) for

high resolution analysis. The circles are the spectrum supplied by the WMAP team and

the asterisks represent our estimation. The solid line represents the fiducial model for

CEE
ℓ and the zero value for CBB

ℓ .
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DA Template Stokes Q1 Q2 V2 W1 W2 W4

Detail (j = 9)

(K-Ka)
Q Stokes -0.0175 -0.0067 0.0024 0.0754 0.0072 -0.0222

U Stokes 0.0525 0.0173 0.0085 -0.0869 0.1171 -0.0562

(V1-W3)
Q Stokes -0.0008 0.0023 -0.0015 0.0013 -0.0015 0.0054

U Stokes 0.0007 0.0006 0.0022 0.0005 -0.0226 -0.0106

Detail (j = 8)

(K-Ka)
Q Stokes -0.0238 0.0185 0.0135 -0.0046 0.0076 0.0311

U Stokes -0.0080 -0.0176 -0.0059 -0.0513 0.0138 -0.0196

(V1-W3)
Q Stokes -0.0044 -0.0003 -0.0008 -0.0048 0.0020 0.0071

U Stokes 0.0012 0.0028 0.0042 0.0013 0.0030 0.0012

Detail (j = 7)

(K-Ka)
Q Stokes 0.0006 0.0045 -0.0091 -0.0227 0.0288 -0.0224

U Stokes -0.0208 0.0196 0.0038 -0.0263 0.0047 -0.0142

(V1-W3)
Q Stokes 0.0054 0.0004 -0.0002 -0.0053 -0.0002 0.0069

U Stokes -0.0017 0.0006 0.0032 0.0019 -0.0036 0.0009

Detail (j = 6)

(K-Ka)
Q Stokes 0.0224 -0.0112 -0.0073 0.0302 -0.0057 0.0407

U Stokes 0.0278 0.0172 0.0104 0.0144 0.01797 0.0076

(V1-W3)
Q Stokes 0.0079 0.0014 -0.0039 -0.0070 -0.0095 -0.0038

U Stokes 0.0066 -0.0051 0.0016 -0.0012 -0.0096 0.0179

Detail (j = 5)

(K-Ka)
Q Stokes 0.0351 0.0729 0.0702 -0.0325 0.0253 -0.1171

U Stokes 0.0567 0.0523 0.0670 0.1166 0.0255 -0.0225

(V1-W3)
Q Stokes -0.0131 0.0012 0.0207 -0.0070 -0.0578 0.0508

U Stokes -0.0080 0.0009 -0.0071 -0.0362 -0.0006 0.0363

Detail (j = 4)

(K-Ka)
Q Stokes 0.2292 0.0571 0.0548 -0.0835 0.3029 -0.2239

U Stokes 0.0741 0.1172 -0.0844 0.1445 -0.2241 -0.2723

(V1-W3)
Q Stokes -0.0708 0.0774 -0.1389 0.0386 0.1316 -0.0135

U Stokes -0.0440 0.0359 -0.0397 0.1985 -0.2028 0.2320

Approximation (j = 3)

(K-Ka)
Q Stokes 0.1732 0.2976 0.1988 0.1413 0.1234 0.2612

U Stokes 0.1397 0.2315 0.1674 0.1607 0.4529 0.5386

(V1-W3)
Q Stokes -0.2852 0.2030 0.6050 0.5513 0.2601 -1.1963

U Stokes 0.2087 0.1022 -0.0048 0.5052 0.0160 -0.3867

Table 2.4 - Template cleaning coefficients for Q and U Stokes parameters and different

frequency bands for the high-resolution analysis.

In general, the CMB contribution is negligible compared to the noise contribution.

Bins are taken as a weighted average of the multipoles involved. These weights are

calculated as the inverse of the variance of each Cℓ.

The spectra are compatible with those that the WMAP team has obtained. Our

error bars are larger at high multipoles because, at this scale range, the number of

effective cross-spectra is much smaller than the number used by the WMAP team

(where all the W-band DAs are available). Nevertheless, as seen in Figure 2.2, our

cleaned maps seem to present a lower level of contamination than those supplied by the

WMAP team. We expected a better foreground removal because the templates used

are closer to the foreground signal distribution across the sky in our case. However, it
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Figure 2.6 - Polarisation power spectrum TE. The circles denote the spectrum supplied

by the WMAP team and the asterisks represent our estimation. The fiducial model is

plotted by the solid line.

is not clear whether this could have an impact on the determination of the cosmological

parameters. To determine this, we would need to carry out an exhaustive analysis,

which is outside the scope of this chapter.

Finally, the two points accounting for the largest scales of the spectra are taken

from Figure 2.4, because the correlation of the noise at these scales is important. This

was modelled better in Section 2.2, where a more accurate version of this information

was available.

The resulting power spectra are presented in Figure 2.5. Our outcome is compatible

with the analysis of the WMAP team, in which it is possible to distinguish the acoustic

peak around ℓ ∼ 400 in the E-mode spectrum. As expected, the B-mode power

spectrum is compatible with zero.

Our independent approach can be seen as a confirmation of the previous detection

reported by the WMAP team.

A similar procedure is applied to determine the correlation between temperature

and E-mode polarisation data. We carried out the analysis using our cleaned maps of

the Q and U Stokes parameters and the foreground reduced temperature maps that

the WMAP team supplies. In this case, the combination of two maps of the same
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DA is allowed and the equation 2.12 has the same form, as long as we add that, in

CAB
ℓ , A refers to the DA of the temperature maps and B to the DA of the polarisation

maps, with A,B ∈ {Q1, Q2, V 2,W1,W2,W4}. For the temperature maps, we use

the temperature-analysis mask that the WMAP team supplies, and the MASTER

estimation is computed as is described in Kogut et al. (2003).

Because the CMB cosmic variance in temperature contributes significantly, we

cannot ignore it this time in the calculation of the error bars. Therefore, we generate

103 simulations of CMB plus noise, which undergo the same processes of cleaning and

combination to obtain the cross-power spectrum, with which we estimate the error

bars. These errors are relatively larger with respect to the WMAP results, because

of the lower number of effective cross spectra. In addition, we remark that, while we

use a pseudo-spectrum, a low-resolution analysis is performed through a pixel-base

likelihood by the WMAP team.

The resulting cross-power spectrum is presented in Figure 2.6, and it is compatible

with the power spectrum that the WMAP team supplies.
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Chapter 3

Probing the nature of the Cold

Spot with CMB polarisation

Recent results from the ESA Planck satellite have confirmed the existence of some

large-scale anomalies in the statistical distribution of the CMB anisotropies. As men-

tioned in Section 1.8, one of the most intriguing anomalies is the Cold Spot, a non-

Gaussian feature first detected in the WMAP data by Vielva et al. (2004). Whilst

the CS characteristics have been widely studied in the temperature data, Vielva et al.

(2011) developed a method to probe the anomalous nature of the CS by using the cross-

correlation between temperature and polarisation of the CMB fluctuations. Whereas

their analysis was built under the assumption of analysing full-sky data, in the present

chapter we extend such approach to deal with realistic data sets with a partial-sky

coverage. The methodology was presented by Fernández-Cobos et al. (2013). In par-

ticular, we exploit the radial and tangential polarisation patterns around temperature

spots. We explore the capacity of the method to distinguish between a standard Gaus-

sian CMB scenario and an alternative one, in which the CS arises from a physical

process that does not present polarisation features correlated with the temperature

anisotropy field (e.g. a secondary anisotropy induced by the evolution of topological

defects), as a function of the instrumental-noise level. Moreover, we consider more

in detail the case of an ideal noise-free experiment and the ones with the expected

instrumental-noise levels in QUIJOTE and Planck experiments. We also present an

application to the 9-year WMAP data, without being able to obtain firm conclusions,

with a significance level of 32%.
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This chapter is structured as follows. A brief discussion about the CS polarisation

properties is presented in Section 3.1. We describe how the cross-correlation is taken

into account in our approach in Section 3.2. We present the methodology used to

discriminate between the Gaussian and texture hypotheses in Section 3.3. In Section

3.4, we explore the scopes of our method with CMB simulations corresponding to

different noise levels. Finally, an application to 9-year WMAP data is shown in Section

3.5.

3.1 The polarisation of the CS

Under the current inflationary frame (e.g. Starobinsky, 1980; Guth, 1981; Linde, 1982)

of the cosmological concordance model (ΛCDM), the statistical properties of the CMB

anisotropies are a reflection of the features of the primordial density fluctuations. In

particular, models of standard inflation predict that these anisotropies are described

by an almost Gaussian, homogeneous and isotropic random field. However, some

hints of anomalous behaviour regarding this Gaussian pattern have been observed

first by WMAP (e.g. Tegmark et al., 2003; Schwarz et al., 2004; Eriksen et al., 2004c;

Hansen et al., 2004; Vielva et al., 2004; Land and Magueijo, 2005a; Rossmanith et al.,

2009) and, more recently, by Planck (Planck Collaboration XXIII, 2013). These find-

ings become crucial in order to discard alternative proposals, since non-standard in-

flation scenarios (see, for instance, Linde and Mukhanov, 1997; Bartolo et al., 2004;

Bernardeau and Uzan, 2002; Gupta et al., 2002; Gangui et al., 2002; Acquaviva et al.,

2003) and cosmological defect models (e.g. Turok and Spergel, 1990; Durrer, 1999)

usually predict non-Gaussian fields.

The CS was detected as a non-Gaussian feature in the Southern galactic hemi-

sphere (l = 209◦, b = −57◦) using a wavelet analysis of the WMAP tempera-

ture data (Vielva et al., 2004; Cruz et al., 2005). Its existence was subsequently

confirmed by several authors (e.g. Mukherjee and Wang, 2004; Cayón et al., 2005;

McEwen et al., 2005; Vielva et al., 2007; Pietrobon et al., 2008; Gurzadyan et al.,

2009; Rossmanith et al., 2009) through different techniques. Recently, it has been

also found in the Planck data (Planck Collaboration XXIII, 2013).

As mentioned in Section 1.8, many theoretical explanations have been pro-

posed to justify the presence of the CS, namely second order gravitational

effects (e.g. Tomita, 2005; Tomita and Inoue, 2008), contamination from fore-
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Figure 3.1 - SMHW coefficients of the CS, corresponding to a scale of R = 250 arc min,

for the 9-year Q+V temperature WMAP data. The units of the map are normalised by

the standard deviation σ.

ground residuals (Liu and Zhang, 2005), a finite universe model (Adler et al.,

2006), large voids (Inoue and Silk, 2006; Rudnick et al., 2007; Granett et al., 2008;

Garcia-Bellido and Haugbølle, 2008; Masina and Notari, 2009; Valkenburg, 2012;

Finelli et al., 2014), the collision of cosmological bubbles (e.g. Chang et al., 2009;

Czech et al., 2010; Afshordi et al., 2011; McEwen et al., 2012), textures in a brane-

world model (Cembranos et al., 2008) or a non-Gaussian modulation (Naselsky et al.,

2010). Nevertheless, several works have shown that some of these explanations are

very unsatisfactory (Cruz et al., 2006; Smith and Huterer, 2010) because many of the

previous arguments require very special conditions, such as a peculiar orientation of

large voids or a particular proportion of foreground residuals. An alternative hypoth-

esis was presented in Cruz et al. (2007), which maintains that the CS could be caused

by the non-linear evolution of the gravitational potential created by a cosmic texture.

Inspired by the hypothesis of the cosmic texture, or another proposal which links

the existence of the CS with a secondary CMB anisotropy, like the contribution of

large voids, we present here a comparison between the standard Gaussian frame and

another scenario where correlation between temperature and polarisation is not ex-

pected around the CS.

Starting from this difference in the polarisation signal, Vielva et al. (2011) pre-

sented a method to distinguish between both hypotheses: a large fluctuation of a

Gaussian and isotropic random field, and an anomalous feature caused by a secondary
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anisotropy. The criterion used to discriminate between both cases was based on the

difference between the cross correlation of the radial profiles in the temperature µT (θ)

and the E-mode of polarisation µE(θ). The estimator is grounded in the possibility of

having an E-mode map of tens of degrees centred in the position of the CS. However,

such a map is hard to be obtained from current and incoming polarisation data sets,

due to the incomplete-sky coverage.

To avoid this problem, we present an extension of the approach, by considering

the radial and tangential patterns of the Stokes polarisation parameters around the

position of the CS. These quantities are more natural, as they relate in a more direct

way to the measurements obtained by polarisation experiments.

3.1.1 The alternative hypothesis

The origin of the CS could be mainly related either to the phenomenology of the early

universe, such as anisotropy inflation, or to the presence of a secondary anisotropy

(e.g. Tomita, 2005). This last possibility could imply that the feature observed in the

CMB temperature data does not have the corresponding polarisation imprint which

is expected from a primordial fluctuation. We briefly examine a couple of proposals

linked with an absence of correlation between temperature and polarisation.

The cosmic texture

Cosmic textures are a particular topological defect. High-energy physics theories pre-

dict the generation of topological defects as a result of a symmetry-breaking phase

transition in the early universe. Different regions causally disconnected could experi-

ence the symmetry breaking in a different manner. Subsequent to the phase transition,

the topological defects come into causal contact with their environment and collapse.

According to the order of the broken symmetry, different topological defects could

appear, such as monopoles, cosmic strings, domain walls or textures.

The contribution of topological defects to the primordial fluctuations have

been proven to be subdominant (see, e.g. Albrecht et al., 1999; Bevis et al., 2004;

Urrestilla et al., 2008), but they could manifest as anomalous features in the CMB

anisotropy distribution. For instance, CMB photons which passed through an evolving

cosmic texture would be shifted because of the non-linear changes in the gravitational

potential. In particular, photons would be redshifted if they passed through a col-
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lapsing texture, whilst they would be blueshifted if they broke through an exploding

texture (see, e.g. Turok and Spergel, 1990; Spergel et al., 1991; Feeney et al., 2012).

Therefore, the effect of the dynamics of a cosmic texture could be observe in the CMB

anisotropy distribution as an additive cold or hot spot.

Although promising, further tests are needed to prove the existence of cosmic tex-

tures. As the texture model predicts an expected number of cosmic textures with

an angular scale greater than a certain size θ, one of the next steps in the investiga-

tion of this subject is the detection of other candidates (e.g. Gurzadyan et al., 2009;

Vielva et al., 2007; Pietrobon et al., 2008). The model predicts that textures of the

order of 1◦-2◦ would be confused with Gaussian spots (e.g. Cruz et al., 2008). Fur-

thermore, the pattern of the CMB lensing introduced by a texture is known and its

detectability has been studied in the context of high-resolution CMB experiments,

such as the South Pole Telescope (e.g. Das and Spergel, 2009; Rathaus et al., 2011).

Tensor fluctuations could also prove the texture hypothesis, because the B-mode power

spectrum associated to a texture is expected to be larger than the typical standard

contribution.

Some authors proposed a characteristic temperature profile for a cosmic texture

contribution (e.g. Turok and Spergel, 1990; Feeney et al., 2012). However, in the

present analysis, we do not consider any particular profile associated to the alternative

hypothesis. The discrimination methodology is only based on the cross correlation

TE, and it does not distinguish between the profile expected from a Gaussian spot or

another profile, as that associated to a cosmic texture.

A large void

The effect of the presence of large voids on the CMB anisotropy distribution

was first characterised by Thompson and Vishniac (1987). The contribution of a

void to the CMB fluctuations was subsequently studied by several authors (e.g.

Martinez-Gonzalez and Sanz, 1990; Panek, 1992; Arnau et al., 1993). In an expanding

universe, the CMB photons which pass through a void see how the void size is increas-

ing, such that, besides suffering the ISW effect, they are shifted due to the Rees-Sciama

effect (Rees and Sciama, 1968).

Inoue and Silk (2006) proposed the possibility that the CS could be explained as

the presence of a large void at redshift z ∼ 1 in the corresponding direction. They
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estimated that the angular radius of the void should be of the order of 5◦ to account for

this feature. Subsequently, Rudnick et al. (2007) detected a dip in the NVSS catalogue

in a similar direction of the CS location. They suggested that this dip could be

associated to a void at redshift z < 1, and that it could generate the CS. However,

although they opted for a secondary anisotropy to account for the CS, they admitted

that the void size required to explain the CS origin is extremely large, much larger

than the typical size expected in the standard scenario.

Moreover, Cruz et al. (2008) argued that such direction coincidences are not rare

because, as the fraction of the universe taken by voids at z ∼ 1 is of the order of

30% in volume, the fraction of the sky covered in projection is close to unity. They

also claimed, through an analysis of the SMHW coefficients, that the dip and the CS

appear at different angular scales. In addition, they pointed the presence of similar

voids in other directions, which are not associated to any CMB spot.

Recently, Finelli et al. (2014), in light of another underdense region detected in

the WISE-2MASS catalogue also in the direction of the CS (see Szapudi et al., 2014),

proposed a possible explanation of the anomaly in terms of the Lemâıtre-Bondi-Tolman

model, via a Rees-Sciama effect. Some authors (Zibin, 2014; Nadathur et al., 2014)

have been critic with this work, claiming that the linear ISW effect is actually dominant

with respect to the Rees-Sciama effect, and that the contribution of a void is too weak

to explain the CS in a ΛCDM model.

3.2 Characterisation of the TE cross-correlation

The main problem that arises in this approach is to distinguish between two different

scenarios that are called null and alternative hypotheses. On the one hand, we denote

as null hypothesis (H0), the case in which all the CMB fluctuations (including the CS)

are caused by a standard Gaussian and isotropic random field. On the other hand,

the alternative hypothesis (H1) is associated with the case in which the CS is due to a

physical process that does not produce a correlated pattern between temperature and

polarisation (such as topological defects) and it is embedded on standard Gaussian

and isotropic CMB fluctuations.

As shown in Vielva et al. (2011), the cross-correlation between the temperature and

the E-mode of polarisation around the location of the CS can be used to discriminate

between these two hypotheses. The H1 scenario would show a lack of correlation
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Figure 3.2 - Parameterization of the rotation of the Stokes parameters. This figure has

been taken from Komatsu et al. (2011).

between the temperature spot and the associated polarisation as compared to H0. In

this case, it is assumed that the CS is generated by a secondary anisotropy of the CMB,

modified by the evolution of a gravitational potential. As mentioned, this evolution

could be due to, for instance, a collapsing cosmic texture.

In practice, obtaining a reliable E-mode map is very complicated, since the full-sky

information cannot be recovered. Therefore, instead of considering directly the cross-

correlation as the product of temperature and polarisation radial profiles, as done in

Vielva et al. (2011), we use a locally defined rotation of the Stokes parameters:

Qr (θ) = −Q (θ) cos (2φ) − U (θ) sin (2φ)

Ur (θ) = Q (θ) sin (2φ) − U (θ) cos (2φ)
, (3.1)

where θ = θ (cosφ, sinφ) and φ is the angle defined by the line that connects the

temperature spot at the centre of the reference system and a position at an angular

distance θ from the centre, as is shown in Figure 3.2.

The new Stokes parameters are expressed in another coordinate system that is

rotated by φ respect to the Q and U frames. This definition was first introduced by

Kamionkowski et al. (1997) and it is a way to decompose the polarisation signal into

a radial and a tangential component in a local frame (note that the Stokes parameter

axes live in the tangential plane). The same definition is used by Komatsu et al.

(2011) to compare the Qr and Ur patterns around temperature cold and hot spots in
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the WMAP data.

To overcome the difficulty of extracting a flat patch around the spot, we transform

Q and U equivalently by rotating the map such that the temperature spot is located on

the north pole. In this particular configuration, the angle φ coincides with the longitude

of the sphere and the polarisation axes of Q are naturally radial or tangential with

respect to the origin of the reference system at the north pole. Therefore, we can make

the identification Q ≡ Qr.

A sky map of Qr is always referred to a centre position, so it is meaningless beyond

the local interpretation. The Qr radial profile µQr with respect to a centre position x

is defined as:

µQr (x, θ) =
1

Nθ

∑

i

Qr (xi), (3.2)

where the sum is extended over the positions xi which are at an angular distance

[θ − ∆θ
2 , θ + ∆θ

2 ] from the centre position x. The total number of positions considered

in the equidistant ring of width ∆θ is denoted by Nθ.

3.2.1 Stacking radial profiles around peaks

The stacked Qr radial profile, µ̄Qr , centred in locations of cold or hot temperature

spots, is related to the cross-power spectrum CTE
ℓ by the integral:

µ̄Qr(θ) = −

∫
ℓdℓ

2π
WT
ℓ W

P
ℓ

(
bν + bζℓ

2
)
CTE
ℓ J2(ℓθ), (3.3)

where J2 is the Bessel function of order 2, and WT
ℓ and WP

ℓ are spherical harmonic

transforms of the effective window functions (i.e. the combination of the experimental

beam, pixel window and smoothing functions) applied to the temperature and polari-

sation data, respectively. The terms bν and bζ are the two components of the bias that

must be taken into account between the number density contrast of peaks with a given

peak height ν and the underlying density field. While the constant term bν depends

only on the dispersion of the random field, the second term uses the information of the

first and second derivatives of ∆T , because they are necessary to identify the peaks.

In particular, the expressions of these terms were derived by Desjacques (2008). A

detailed recipe to compute all ingredients of the stacking angular profiles is supplied

in Appendix B of Komatsu et al. (2011).

Similarly, the stacked Ur radial profile, µ̄Ur , centred in cold or hot spots, depends
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Figure 3.3 - From left to right: stacked patches of T and Q (upper panels), and U and

Qr (bottom panels) Stokes parameters of hot peaks above 0σ of a simulated CMB map at

Nside = 512 and convolved by a Gaussian window function of FWHM = 0.5 degrees.

on the cross-power spectrum CTB
ℓ as follows:

µ̄Ur(θ) = −

∫
ℓdℓ

2π
WT
ℓ W

P
ℓ

(
bν + bζℓ

2
)
CTB
ℓ J2(ℓθ). (3.4)

In addition, the stacked temperature radial profile can be written as a function of

the temperature power spectrum CTT
ℓ :

µ̄T (θ) =

∫
ℓdℓ

2π

(
WT
ℓ

)2 (
bν + bζℓ

2
)
CTT
ℓ J0(ℓθ). (3.5)

where J0 denotes the Bessel function of order 0.

We show in Figure 3.3 the expected patterns for 〈T 〉, 〈Q〉, 〈U〉 and 〈Qr〉. The

corresponding Ur panel is not shown because this component averages to zero, since

CTB
ℓ is expected to be vanish for parity invariance of the standard CMB fluctuations.

These patches were calculated by stacking hot spots above the null threshold from a
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Figure 3.4 - Theoretical Qr angular profiles, computed from equation 3.3, for different

values of the threshold peak amplitudes, νt. The temperature field is always smoothed

with a Gaussian of FWHM = 0◦.5, whilst the polarisation is convolved with either the

same filter (black dashed lines), the Q-band WMAP beam (blue solid lines), the V-band

WMAP beam (purple solid lines), and the W-band WMAP beam (red dashed lines). The

grey lines represent the average computed from noiseless simulations smoothed a Gaussian

of 0◦.5 FWHM. This figure has been taken from Komatsu et al. (2011).

CMB simulated map at a HEALPix resolution of Nside = 512 and convolved with a

Gaussian window function of full width at half maximum, FWHM = 0.5 degrees. The

Qr Stokes parameter gives a direct measure of the tangential and radial polarisation

components around the reference centre. In particular, a positive value of Qr implies

radial polarisation, whilst a negative value corresponds to tangential polarisation. The

Qr angular profile is shown in Figure 3.4 for different threshold peak amplitudes in

temperature.

3.2.2 Physical motivation

The behaviour of the physical observables is reversed depending on whether the consid-

ered peaks are cold or hot spots. For instance, if we have an overdensity at θ = 0, then

the perturbation in the Newtonian gravitational potential, φN , is negative. In such
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3.2. CHARACTERISATION OF THE TE CROSS-CORRELATION

a case, the gravitational perturbation is propagated to the temperature fluctuations,

according to the Sachs-Wolfe effect: ∆T/T = φN/3, i.e. an overdensity in the centre

corresponds to a cold spot in the CMB temperature anisotropies (photons near the

centre are redshifted when they scape from the potential wells at the recombination).

On the contrary, if we have an underdensity region, the Newtonian perturbation is

positive and it corresponds to a hot spot in temperature.

According to Komatsu et al. (2011), the Qr physics is due to phenomena occurring

at different scales:

• Photon flows at angular scales of θ & 2θh, where θh denotes the angular size of

the radius of the horizon at the decoupling epoch. The WMAP team estimated

that θh = 1◦.2 (see Figure 3.4). Gravity is the only phenomenon that operates

at these scales. It is expected that, during the recombination, the photon fluid

moves according to a converging or a diverging velocity field, around cold and

hot spots, respectively. On the one hand, if we have an overdensity at θ = 0 (a

cold spot), then the photon fluid at θ & 2θh flows into the gravitational potential

well. This converging flow creates a quadrupole temperature anisotropy around

an electron located at θ ≥ 2θh. Photons are scattered to us from the surrounding

of the spot, due to the contrast between the velocity field of the spot and the

background field. This results into radial polarisation, i.e. Qr > 0. On the other

hand, if we have an underdensity region at the centre (a hot spot), then the pho-

ton fluid moves outward, producing tangential polarisation (Qr < 0). This region

is shown for a hot spot in the Qr panel of Figure 3.3 beyond the second ‘ring’.

Indeed, it corresponds to a negative value. See Coulson et al. (1994) for the

calculation of the polarisation patterns around temperature peaks. Other quali-

tative explanations can be found in Crittenden et al. (1995) and Hu and White

(1997). We can illustrate this for the case of a hot spot, as follows: the contribu-

tion of a quadrupole oriented as the configuration of θ = π/2 in Figure 1.2 can

be measured in all directions around the spot. Photons flow from the hot to the

cold regions of the scalar quadrupole. The intensity is maximized along the crests

and this corresponds to a polarisation perpendicular to them (tangential to the

spot). This pattern is shown in Figure 3.5. For cold spots the expected pattern

is aligned with the temperature troughs (i.e., radial with respect the spot).

• Photon flows at angular scales of θ . 2θh. Around cold spots, the photon fluid
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Figure 3.5 - Cross-correlation patterns between temperature and polarisation around hot

spots. Crests and troughs generated by the quadrupoles are represented by the coloured

background, so that the most intense blue corresponds to crests. The TE cross-correlation

pattern is plotted in yellow, and it is perpendicular to the crests (and tangential to the

spot). For cold spots the expected pattern is aligned with the temperature troughs (i.e.,

radial with respect the spot). The TB contribution is expected to be null. This figure has

been taken from Hu and White (1997).

flows into the gravitational potential well, compressing, such that the photon

temperature is increased. It slows down the rate of the fluid descent into the

gravitational potential well. Around hot spots, the photon fluid is expanding,

but the radiation pressure from the surrounding of the spot slows down the flow

at these scales.

• Flow reversal at angular scales of θ ≃ 2θA, where θA denotes the angular size

of the radius of the sound horizon at the decoupling epoch. The estimation of

the value for this characteristic size from the WMAP team is θA = 0◦.6. The

radiation pressure slows down the rate of the fluid descent into the gravitational

potential well and, finally, the pressure becomes large enough to reverse the

direction of the photon flow at scales of θ ≃ 2θA. This expanding fluid produces

tangential polarisation (i.e. Qr < 0). A similar line of reasoning, but with

the opposite sign, is used to explain the polarisation pattern around hot spots.

The photon fluid expands due to the gravitational potential hill until scales of

θ ≃ θA, at which the radiation pressure slows down the flow of the fluid and

reverses its direction until θ . 2θA, producing the largest ring shown in the Qr

panel of the Figure 3.3 that corresponds to radial polarisation. There is also a
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dip in temperature at scales of θ ∼ 1◦ around hot spots (which corresponds to a

bump for cold spots), which is associated to this compression and slowing down

transition.

• At scales of θ . 2θA, gravity takes hold again around cold spots, producing a

new ring of radial polarisation due to the photon inflow. Around hot spots, the

photon fluid is expanding at this scales, producing at scales θ ≃ θA the smallest

ring shown in the Qr panel of the Figure 3.3 which corresponds to tangential

polarisation.

Summarising, radial and tangential polarisation patterns are produced around cold

and hot spots, respectively, at angular scales larger than ∼ 2◦, where only gravity

affects to the photon fluid. However, on angular scales smaller than the sound horizon

size at the recombination, the CMB acoustic oscillations modulates the polarisation

pattern, such as both radial and tangential polarisation patterns occur around both

cold and hot spots. The size and the shape of the Qr rings reveal properties of the

primordial fluctuations, such that they could be used to constraint, for instance, the

contribution of non-adiabatic fluctuations.

3.2.3 Stacking of peaks as intense as the CS

Since we are considering only a particular very unlikely spot, the most important point

to justify our approach is the dependence shown in Equation 3.3, i.e. that the cross-

correlation information between temperature and E-mode polarisation is contained in

a quantity calculated in practice from the Qr radial profile.

We show in Figure 3.6, the mean value and dispersion of the Qr radial profiles

for two different cases computed with CMB simulations. The first one represents a

selection of profiles associated with positions xext, where a hot spot, at least as extreme

as the CS, is identified in the CMB temperature field. The selection criterion is a

threshold over 4.45 times the dispersion of the SMHW coefficients at a wavelet scale

R = 250 arc min in absolute value (see Vielva et al., 2004, for details). This limit value

is calculated as the amplitude (in absolute value) of the CS in the wavelet coefficient

of the combined map of two different frequency bands (Q + V) of the 9-year WMAP

data, degraded to a HEALPix resolution of Nside = 64 (Górski et al., 2005). The

second case corresponds to the Qr radial profiles referred to randomly selected central
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Figure 3.6 - Mean Qr radial profile at hot extrema positions (H0), with an amplitude

in the temperature maps, at least, as large as the one of the CS (solid blue line), and at

random positions (H1) in the temperature maps (dashed red line). Their corresponding

dispersion is shown by dotted lines.

positions xrnd in the CMB field. The highest discriminatory power regime seems to be

about a scale of θ ∼ 7◦.

In Figures 3.7 and 3.8, we show the stacked patterns for the standard Stokes pa-

rameters, and for Qr and Ur, respectively. Both cases are considered: the upper panels

corresponds to hot spot positions as intense in absolute value as the CS and in the

bottom ones random locations are plotted. Note that similar but symmetric results

would be obtained for cold spots. The pattern is different from that shown in Figure

3.3 because the involved angular scales are different.

The mean radial profiles are obtained by averaging over 11,000 simulations in both

cases: in one case using a set of simulations centred in a feature as extreme as the CS

and in another one taking random positions. To compute these radial profiles, the first

step we make is to filter the temperature map of the CMB Gaussian simulations with

the SMWH at a scale R = 250 arc min. Then, we search a feature as intense as the CS

in the wavelet coefficient map. If such a trait is not present, we discard this simulation

and generate a new one. Nevertheless, if a CS-like feature is found, we compute the Qr

maps centred in its location xext and calculate the radial profile µQr(xext, θ) referred

to this certain position. Moreover, the radial profile µQr(xrnd, θ) is computed taking a

random position as reference.

96



3.2. CHARACTERISATION OF THE TE CROSS-CORRELATION

deg

d
e

g

T (mK)

 

 

−20 −10 0 10 20

−20

−10

0

10

20

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

deg
d

e
g

Q (mK)

 

 

−20 −10 0 10 20

−20

−10

0

10

20
−1

0

1

x 10
−4

deg

d
e

g

U (mK)

 

 

−20 −10 0 10 20

−20

−10

0

10

20
−1

0

1

x 10
−4

deg

d
e

g

T (mK)

 

 

−20 −10 0 10 20

−20

−10

0

10

20 −1.5

−1

−0.5

0

0.5

1

1.5

x 10
−3

deg

d
e

g
Q (mK)

 

 

−20 −10 0 10 20

−20

−10

0

10

20
−1

0

1

x 10
−4

deg

d
e

g

U (mK)

 

 

−20 −10 0 10 20

−20

−10

0

10

20
−1

0

1

x 10
−4

Figure 3.7 - From left to right: stacked images of T , Q, U Stokes parameters. The upper

row corresponds to a stacking of 11,000 simulations in extrema positions (hot spots) and

the bottom one contains the analogous panels selecting random positions in temperature.
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Figure 3.8 - From left to right: stacked images of Qr and Ur Stokes parameters. The

upper row corresponds to a stacking of 11,000 simulations in extrema positions (hot spots)

and the bottom one contains the analogous panels selecting random positions in temper-

ature.
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3.3 Methodology

In this section, we adapt the formalism used in Vielva et al. (2011) to distinguish be-

tween the two hypotheses that we are considering: the standard Gaussian and isotropic

option (as null hypothesis, H0) and a non-standard model proposed as a superposition

of a contribution due to a physical mechanism which does not produce correlation

between temperature and polarisation, such as topological defects, and the CMB fluc-

tuations of the standard model (as alternative hypothesis, H1).

3.3.1 The estimator

Under the null-hypothesis assumption H0, the cross-correlation pattern between tem-

perature and the polarisation E-mode at positions xext (as mentioned, where a CS-like

feature is located in the CMB temperature map) is reflected in the Qr radial profile

µQr. We can represent the hypothesis with a vector ξH0 of nr components, where nr is

the number of rings considered at different distances θi from the centre xext:

ξH0(i) ≡ µQr(xext, θi). (3.6)

We use values of θ from 1◦ to 5◦, separated by 0◦.5, and from 5◦ to 25◦ separated by

1.0◦, which represent a total of 29 rings with ∆θ
2 = 0◦.5 of width. Notice that the first

five rings have been chosen to overlap in order to have a smoother characterisation of

the inner signal.

Under the assumption of the alternative hypothesis H1, the CS is not generated

by the standard Gaussian and isotropic field but arises due to a secondary anisotropy.

In this scenario, there is not any expected correspondence between the temperature

extreme and the polarisation signal. We can translate this fact considering random field

values (mutually consistent) in Q and U Stokes parameters. Therefore, the alternative

hypothesis can be expressed as:

ξH1(i) ≡ µQr(xrnd, θi). (3.7)

In both cases (γ = 0, 1), we can compute the mean value of these radial profiles

ξ̄Hγ and a covariance matrix CHγ as

ξ̄Hγ (i) =
1

Ns

Ns∑

n=1

ξHγ ,n(i) (3.8)
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CHγ (j, k) =
1

Ns

Ns∑

n=1

[
ξHγ (j) − ξ̄Hγ (j)

] [
ξHγ (k) − ξ̄Hγ(k)

]
, (3.9)

where Ns is the number of simulations considered to compute these estimators. In

particular, we take Ns = 10,000 per hypothesis.

3.3.2 The discriminator

Following the description in Vielva et al. (2011), we adopt the Fisher discriminant to

distinguish between the two scenarios. In the current analysis, different possibilities

could be taken into account in order to distinguish between the two hypotheses, such as

the use of a χ2. However, the Fisher discriminant is preferable because this procedure

is the optimal linear function of the measured quantities that maximises the separation

between the two probability distributions, g(τ |H0) and g(τ |H1), where τ is the value

of the discriminant.

All required information to characterise both hypotheses is synthesized in the two

vectors ξH0 and ξH1 , so they are the estimators that we use as a starting point. The

discriminator mechanism applied to N signals corresponding, for instance, to the null

hypothesis leads to a set of N numbers (called τH0). They are the result of combining

all the properties of H0 (i.e. ξH0, ξ̄H0 and CH0), but taking into account the information

related to H1 (i.e., ξ̄H1 and CH1). Conversely, the Fisher discriminant applied to N

signals described by the alternative hypothesis provides a set of N numbers (called τH1)

that are computed with the information of H1, but accounts for the overall properties

of H0.

In particular, we use the following expressions to calculate the τHγ values (see e.g.

Barreiro and Hobson, 2001; Mart́ınez-González et al., 2002):

τH0 =
(
ξ̄H0 − ξ̄H1

)t
C−1

totξH0

τH1 =
(
ξ̄H0 − ξ̄H1

)t
C−1

totξH1 ,
(3.10)

where Ctot = CH0 + CH1.

In our case, N = 1,000 is the dimension of the sample considered to construct

the distribution of the Fisher discriminant for each hypothesis ξHγ . Moreover, the

estimators ξ̄Hγ and CHγ are computed using 10,000 simulations, as we mentioned in

the previous section.
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3.4 Forecast for data sets

In this section, we explore the scope of the methodology using simulations. We have

used the 9-year best-fitting model of WMAP to generate two sets of CMB simulations

(that address both cases: extrema and random) following the steps described in Section

3.2. As we are only interested in angular scales larger than 1◦, the computation of Qr

maps and radial profiles has been performed at Nside = 64.

As mentioned, two sets of 1,0000 simulations have been employed to estimate the

mean value of the vectors ξHγ , which contains the information of the Qr radial profiles

µQr, and the covariance matrices CHγ . Other two sets of 1,000 simulations for each hy-

pothesis have been considered to compute the distribution of the Fisher discriminants

τγ .

Let us recall some basic notions of statistical hypothesis testing. The significance

level (or type I error), α, is the probability of rejecting a given null hypothesis, H0,

when H0 is true. The power of the test is the probability of not making a type II error,

i.e. the probability of rejecting the null hypothesis when the null hypothesis is false.

Ideally, a good test would have a low significance level and high power. Furthermore,

the p-value is the probability of obtaining an at least as extreme observation as the data

when H0 is true. The null hypothesis is rejected if, and only if, the p-value obtained

from the data is lower than the a priori established significance level.

We have quantified the discrimination power between the two hypotheses by con-

sidering the significance level for a fixed power of the test of (1 − β) = 0.5, i.e. the

fraction of the τH1 values that are greater than the median value of the τH0 distribution.

We have computed the significance level in the noise-free case considering different

maximum angular distances θmax for the profiles. We concluded that the significance

level decreases drastically until an angular distance around 20◦, where it reaches a

value of approximately 1% for larger angular scales.

In Figure 3.4, we show the distributions of the Fisher discriminants for three dif-

ferent cases. First of all, we present the noise-free case (noise amplitude σpol = 0)

in the left-hand panel. Secondly, we plot a case with a noise level as expected in

the QUIJOTE experiment (Rubiño-Mart́ın et al., 2012) (σpol ≈ 0.3µK per pixel of

Nside = 64) in the middle panel. And, finally, we represent a third case considering the

expected noise level in Planck (Planck Collaboration I, 2013) (σpol ≈ 1µK per pixel of

Nside = 64) in the right-hand panel. The significance levels for a power of the test of
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Figure 3.9 - Distributions of the Fisher discriminant for different levels of white noise,

from left to right: noise-free case, QUIJOTE-like and Planck -like levels. The solid blue

lines correspond to the distribution of the Fisher discriminant for the null hypothesis (H0).

The alternative hypothesis (H1) is represented by dotted red lines. The vertical lines mark

the median values of each distribution. The significance levels for a power of the test of

0.5 are: 0.010, 0.015 and 0.074, respectively.

0.5 are 0.010, 0.015 and 0.074, respectively.

To provide a more general picture of the scope of the methodology, we have studied

the evolution of the significance levels (for a power of the test of 0.5) to discriminate

between the two scenarios with increasing instrumental-noise level. The noise maps are

computed as white-noise realisations. We show the result in Figure 3.4. The vertical

lines, from left to right, correspond to the expected noise levels of QUIJOTE, Planck

and the 9-year WMAP data, respectively.

3.5 Application to the 9-year WMAP data

In this section, we show the results of applying the methodology to the case of 9-year

WMAP data. We have already mentioned that the CS is detected in the WMAP

temperature data with a SMHW filter at a wavelet scale of R = 250 arc min and has

an amplitude of 4.45σ in the wavelet coefficient map outside an extended version of

the temperature mask (see Figure 3.1). As in previous sections, we have considered

a limit value of 4.45σ to select CMB realisations with a spot as extreme as the CS.

However, the main difference between ideal simulations and those that we have used

in this application is that the instrumental-noise pattern is not uniform. Therefore,

we must ensure that the feature of our simulations has the same instrumental-noise

pattern as that surrounded the CS position.

Hence, we adopt a similar procedure to perform these simulations as in Section
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Figure 3.10 - Evolution of the significance level to reject the H1 hypothesis for a power

of the test of 0.5 with increasing instrumental-noise. The vertical lines, from left to right,

correspond to the expected instrumental-noise levels of QUIJOTE, Planck, and the 9-year

WMAP data, respectively.

3.2. The only difference with respect to the previous case is that, when we find a

spot as extreme as the CS, we rotate the original (T ,Q,U) simulation in such a way

that the feature is located at the CS coordinates (l = 209◦,b = −57◦). Furthermore,

we take into account the WMAP beam window functions of the Q1, Q2, V1 and V2

differencing assemblies (DAs). Maps for different DAs are optimally combined into a

single map using the Nobs matrices supplied by the WMAP team at the LAMBDA

web page1 (see, for instance, Jarosik et al., 2011):

Mt =

(
∑

i

N
(i)
Obs

)−1∑

i

N
(i)
ObsM

(i), (3.11)

where i is an index which accounts for the DAs, M (i) denotes the corresponding map,

and Mt represents the final combined map.

For the treatment of the data, we use a degraded version of the masks supplied

by the WMAP team: the KQ75 and the polarisation analysis one, respectively. These

masks only account for diffuse contamination. However, as the wavelet filter is applied

over the masked temperature map, it is necessary to employ an extended version of

this latter mask to exclude the contaminated regions before calculating the dispersion.

The procedure used to extend the temperature mask is very similar to that described

1http://lambda.gsfc.nasa.gov/
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Figure 3.11 - Mean Qr radial profile corresponding to spots as extrema as the CS in

WMAP -like simulations. Result at extrema positions (H0), with an amplitude in the

temperature maps, at least, as large as the one of the CS, are represented by the solid

blue line. The profile computed at random positions (H1) in the temperature maps is

plotted by a dashed red line. Their corresponding dispersion is shown by dotted lines.

The dot-dashed green line corresponds to the Q+V WMAP data profile. It has been

multiplied by −1 to be compared with the prediction for hot spots.

in Section 4.5 of Planck Collaboration XXIII (2013). We construct a first temporary

mask by extending the borders of the previous mask by a distance of 500 arc min

(twice R). A second temporary mask is obtained in two steps (this procedure was first

suggested in McEwen et al. (2005)): first of all, the auxiliary mask is convolved with

the SMHW at a wavelet scale of R = 250 arc min and, secondly, we impose that any

pixel of this second temporary mask with an absolute value lower than 0.01 is masked,

whereas the remaining ones are set to 1. Finally, the extended temperature mask is

computed by multiplying these two temporary masks.

We show the Qr mean radial profiles computed with 11,000 simulations in Figure

3.11. The profile predicted by the null hypothesis (H0) is plotted by the solid blue line,

whereas the dashed red line corresponds to the profile expected in H1. The dot-dashed

green line represents the Q+V WMAP data profile. It has been multiplied by −1 to

be compared with the prediction for hot spots.

The results of applying the Fisher discriminant methodology are shown in Figure

3.12. The distribution of the Fisher discriminant for the null hypothesis (H0) is repre-

sented by a solid blue line. The dashed red line corresponds to the distribution of the
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Figure 3.12 - Fisher discriminant for the WMAP case. The solid blue line corresponds

to the distribution of the Fisher discriminant for the null hypothesis (H0). The alternative

hypothesis (H1) is represented by dashed red lines. The significance level at a power of

the test of 0.5 is 0.32. The vertical dot-dashed green line marks the discriminant value

associated with the Q+V WMAP data, τdata = −0.04.

alternative hypothesis H1. The significance level (at a power of the test of 0.5) is 0.32,

which indicates that the hypothesis test is really bad in this case. The instrumental-

noise level is too high to obtain a strong finding. In fact, given that significant level, we

are unable to reject the null hypothesis independently of the obtained p-value (since

the probability of rejecting H0, being true, is 32%). The vertical dot-dashed green line

marks the discriminant value associated to the Q+V WMAP data, τdata = −0.04, so

that we obtain a fraction of 0.26 of simulations with a discriminant value as extreme

as τdata.
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Chapter 4

Searching for a dipole

modulation in the large-scale

structure of the universe

The acceptance of the cosmological principle requires that the universe, on suf-

ficiently large scales, is statistically isotropic and homogeneous. This assump-

tion is widely supported by both the results obtained by the ESA Planck satel-

lite (Planck Collaboration XV, 2013) and the galaxy catalogues generated by the

large-covering sky surveys carried out during the last decade, such as the SDSS

(York et al., 2000). However, several anomalies that seem to deviate from the

orthodoxy were detected in the WMAP data, and recently confirmed by Planck

(Planck Collaboration XXIII, 2013). These hints of anomalous behaviour in the CMB

observations include the detection of a non-Gaussian cold spot in the Southern galac-

tic hemisphere (e.g. Vielva et al., 2004; Cruz et al., 2005), an alignment between the

quadrupole and the octopole (e.g. de Oliveira-Costa et al., 2004; Schwarz et al., 2004;

Land and Magueijo, 2005a), the lack of large-scale power (e.g. Berera et al., 1998;

Spergel et al., 2003; Copi et al., 2007) or the so-called hemispherical asymmetry (e.g.

Eriksen et al., 2004c; Hansen et al., 2004; Park, 2004).

In this chapter, we focus on the characterisation of the North-South hemispherical

asymmetry, exploring two possibilities. On the one hand, the hypothesis in which this

particular anomaly is caused by a symmetry breaking occurred in the early universe.

We refer to this view as a presumed cosmological origin to this anomaly. This per-
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spective is assumed by several theoretical modifications of inflation models. On the

other hand, the case in which the hemispherical asymmetry is due to a secondary

CMB anisotropy, i.e. a late configuration which is interacting with the CMB photons

producing the projected anomalous pattern.

One way to address this problem is to check whether this asymmetry is presented in

the LSS distribution of the universe. The galaxy distribution is an exceptional observ-

able to collate a possible isotropy breaking, because it traces the gravitational potential

(see, for instance, Abolhasani et al., 2014). In the case that some catalogues were anal-

ysed and no preferred direction was found, the CMB asymmetry could be due to, for

instance, a secondary anisotropy located into a different redshift range than those

which were considered. In fact, several authors sought in the integrated Sachs-Wolfe

field the cause of the preferred axis found in the CMB (see, e.g. Francis and Peacock,

2010; Rassat and Starck, 2013).

In particular, we analyse here the galaxy distribution provided by NVSS1

(Condon et al., 1998). This survey is appropriate to carry out cosmological

analyses, such as cross-correlations with CMB data to characterise the inte-

grated Sachs-Wolfe effect (e.g. Boughn and Crittenden, 2004; Vielva et al., 2006;

McEwen et al., 2007; Schiavon et al., 2012; Giannantonio et al., 2012; Barreiro et al.,

2013; Planck Collaboration XIX, 2013) or to find constraints on primordial

non-Gaussianity (see, for instance, Xia et al., 2011; Giannantonio et al., 2014;

Marcos-Caballero et al., 2013).

We adapt the methodology proposed by Eriksen et al. (2007) on CMB data to

galaxy surveys, which trace the LSS. We analyse the NVSS data at a resolution of

∼ 2◦ for three different flux thresholds: 2.5, 5.0 and 10.0 mJy respectively. No evidence

for a dipole modulation is found (Fernández-Cobos et al., 2014). This result suggests

that the origin of the dipole asymmetry found in the CMB cannot be assigned to

secondary anisotropies produced at redshifts around z = 1. However, it could still have

been generated at redshifts higher or lower, such as the integrated Sachs-Wolfe effect

produced by the local structures. Other all-sky surveys, like the Wide-field Infrared

Survey Explorer (WISE ) catalogue, could help to explore with a high sensitivity a

redshift interval closer than the one probed with NVSS.

This chapter is structured as follows. A brief introduction about the hemispherical

asymmetry is presented in Section 4.1. The methodology is explained in Section 4.2.

1http://www.cv.nrao.edu/nvss/
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The NVSS data is described in Section 4.3. Finally, the results obtained from both

simulated and real data are presented in Section 4.4.

4.1 The hemispherical asymmetry

The hemispherical anomaly was discovered in the first-year WMAP data, in which

several estimators calculated on different regions of the sphere show an anisotropic

behaviour (see Section 1.8 and references therein). It seems that the CMB anisotropy

pattern in the Northern hemisphere has a lack of structure with respect to the South-

ern hemisphere. Inoue and Silk (2006) explored the possibility that the CMB anoma-

lies could be caused by the presence of local voids. In particular, they showed that

the North-South anisotropy is compatible with an asymmetric distribution of these

local voids between the two hemispheres. In a later paper, Hansen et al. (2009) ex-

tended the analysis of Eriksen et al. (2004c) and Hansen et al. (2004) to higher angular

multipoles, and confirmed this asymmetry. More recently, the Planck Collaboration

(Planck Collaboration XXIII, 2013) repeated the analysis of Eriksen et al. (2005), by

computing the two-, three- and four-correlation functions of the data, and they ob-

tained results in agreement with those provided with WMAP data. These hemispher-

ical differences have been supported by subsequent analysis (e.g. Santos et al., 2013;

Akrami et al., 2014).

Moreover, Gordon et al. (2005) proposed an effective model in terms of a dipole

modulation that would characterise the hypothetical case in which the statistical

isotropy is spontaneously broken in the fluctuations observed from a given position.

Bennett et al. (2011) explicitly distinguished between a hemispherical asymmetry, in

which the power spectrum changes discontinuously across a large circle on the sky,

and a dipole asymmetry, in which the fluctuations are smoothly modulated by a co-

sine function across the sky. Assuming the Gordon et al. (2005) parameterization,

Eriksen et al. (2007) estimated the amplitude and the direction of the modulation in

the 3-year WMAP data. They found evidence for a preferred direction that in galac-

tic coordinates points towards (l, b) = (225◦,−27◦). In a later paper, Hoftuft et al.

(2009) concluded that the best-fit modulation amplitude for ℓ ≤ 64 and the ILC of the

5-year WMAP data with the KQ85 mask is Am = 0.072 ± 0.022, and the preferred

direction points towards (l, b) = (224◦,−22◦) ± 24◦. Finally, the Planck Collabo-

ration, also following the methodology presented by Eriksen et al. (2007), detected
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this dipole modulation with consistent results with those obtained with the WMAP

data (Planck Collaboration XXIII, 2013). Indeed, the Bipolar Spherical Harmonic

(BipoSH) formalism has also been applied in Planck Collaboration XXIII (2013) to

demonstrate that a dipole term is sufficient to account for a general modulation.

Several theoretical proposals that try to explain this dipole asymmetry, such as

models with a modulation of the reionization optical depth or a modulated scale-

dependent isocurvature component, can also be found in the literature (see, e.g.

Dai et al., 2013, and references therein). For instance, Ackerman et al. (2007) studied

the possibility of an asymmetric pattern in the CMB as an imprint of a primordial pre-

ferred direction during inflation. A theoretical model developed within a framework of

single-field inflation was proposed by Donoghue et al. (2009). McDonald (2013) pre-

sented a modulated reheating model. An alternative model in which an spectator field

has a fast-roll phase was presented by Mazumdar and Wang (2013) and an inflation

version with a contracting phase was proposed by Liu et al. (2013). D’Amico et al.

(2013) analysed a model of inflation in which the particle production leads to a dipole

modulation. And, more recently, Liddle and Cortês (2013) proposed a marginally-open

model for the universe which could explain, in particular, the dipole power asymmetry.

4.2 The method

The Bayesian approaches computed with Monte Carlo (MCMC) samplers are widely

used in the CMB data analyses (e.g. Jewell et al., 2004; Wandelt et al., 2004;

Eriksen et al., 2004d; Chu et al., 2005). We employ here an adapted version of the

framework used by Eriksen et al. (2007) to characterise the dipole asymmetry in LSS

data.

A phenomenological model, like the one proposed by Gordon et al. (2005) for the

CMB data, is assumed to describe the fluctuations of the number density of galaxies

δ in terms of a modulation of the isotropic signal in the direction xm:

δ(x) = dk(x,xk) + [1 + dm(x,xm)] [s(x) + np(x)] , (4.1)

where δ(x) ≡ [n(x) − n̄] /n̄, being n(x) the number of counts integrated in the area

of the pixel centred in the direction x and n̄ the average number of counts per pixel.

The isotropic Gaussian random field of the number density fluctuations predicted by

the standard model is represented by s(x), while np(x) refers to the intrinsic Poisson
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noise of the galaxy count. The dipole terms are considered as di(xi,x) ≡ Ai cos θx,xi
,

with θx,xi
denoting the angular distance between the unitary vectors x and xi and

i = {k,m}. The subscript m refers to a dipole modulation with a preferred direction

xm, and the subscript k denotes the additive dipole term in the direction xk. This latter

term accounts for both the dominant kinetic component because of our local motion

and the residual dipole due to a partial-sky coverage. As the well known CMB dipole

anisotropy, a corresponding effect is also present in the number density of galaxies due

to a combination of Doppler boosting and relativistic aberration (see, for instance,

Singal, 2011; Gibelyou and Huterer, 2012; Rubart and Schwarz, 2013; Tiwari et al.,

2013).

The model depends on 6 parameters which determine the dimensionless amplitudes

of the dipole terms Ai and their orientations xi, which are parameterized by two angles.

Contrary to what happens in the CMB experiments, where the instrumental noise is

an extra contribution from the detector electronics, the noise term here represents an

uncertainty which is intrinsic to the measure. For this reason, the main difference

with respect to the model used by Hoftuft et al. (2009) is that we also modulate this

noise term. The average number of counts per pixel is large enough to consider that

the noise contribution is well described by a Gaussian distribution. The dimensionless

noise term is assumed to have variance σ2
p = 1/n̄.

The previous definition of the data set implies that the modulated fluctuations of

the number density of galaxies δ are well characterised by an anisotropic, but still

Gaussian, random field. The covariance matrix of these data can be expressed as

Cmod(xα,xβ) = fxα [Ciso(xα,xβ) + N(xα,xβ)] fxβ
, (4.2)

where fxj
depends on the dipole modulation parameters, fxj

≡ 1+Am cos θxj,xm (with

j = α or β), and N is a diagonal matrix that takes into account the Poisson noise

where all nonzero terms are equal to σ2
p.

The covariance matrix of the isotropic signal Ciso is constructed as

Ciso(xα,xβ) =
1

4π

ℓmax∑

ℓ=2

(2ℓ+ 1)CGG
ℓ Pℓ(cos θxα,xβ

), (4.3)

where CGG
ℓ is a theoretical model for the power spectrum of the data and Pℓ denotes

the Legendre polynomial of order ℓ. The noise term is large enough to solve the

regularization problems mentioned by Eriksen et al. (2007), so we do not need to add
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any artificial contribution. Applying a χ2 test to ensure the consistency between the

covariance matrix of the isotropic signal and the simulated maps, it was found that

the optimum value for ℓmax is 3Nside − 1, where Nside is an integer defined in the

HEALPix tessellation (Górski et al., 2005) so that the number of pixels needed to

cover the sphere is Npix = 12N2
side.

The parameters of the model are estimated by maximizing the posterior probability.

Since both the number density of galaxies and its intrinsic noise are assumed to be

Gaussian, the log-likelihood can be written as

− log L =
1

2

(
dTC−1

modd + log |d|
)
, (4.4)

ignoring an irrelevant constant. In our particular case, both the covariance matrix

Cmod and the data set d ≡ δ − dk depend on the parameters of the modelling. To

estimate the amplitude and the orientation of the dipole modulation, we marginalise

over the other parameters, including the three ones which characterise the amplitude

and direction of the additive dipole.

We use an adapted version of the CosmoMC2 code (Lewis and Bridle, 2002) to

sample the likelihood described by the Equation 4.4. In practice, the covariance matrix

Cmod depends on three parameters (Am, cos θ, φ), where θ is the colatitude and φ the

galactic longitude. Actually, the solution is degenerate because of the symmetry of

the problem. In case of detection, there would be a solution with positive amplitude

and a certain orientation, and its complementary, which corresponds to a rotation of

π in the direction and a sign change in the amplitude. To avoid this inconvenience,

we constrain the galactic longitude into a range of size π to select only a half of the

sphere. This π range for the galactic longitude is determined after exploring the whole

2π range with some preliminary runs. The final range is selected such as the maximum

value of the posterior of this parameter is approximately centred on it.

4.3 The NVSS data

We construct several dimensionless HEALPix (Górski et al., 2005) maps of the fluctu-

ations of the number density of galaxies δ(x) from NVSS. This catalogue is a 1.4 GHz

continuum total intensity and linear polarisation survey which explores the largest

sky-coverage so far (the sky north of J2000.0 δ ≥ −40◦) and gives reliability in or-

2http://cosmologist.info/cosmomc/
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der to consider that the objects which appear are extragalactic. Although active

galactic nuclei (AGN) are the dominant contribution in radio catalogues at 1.4 GHz,

Condon et al. (1998) showed that star-forming galaxies constitute about 30% of the

NVSS sources above 1 mJy. However, this portion decreases rapidly as higher flux

thresholds are considered. The star-forming galaxies of NVSS are nearby sources and

they might distort the global pattern (Planck Collaboration XIX, 2013). In particular,

three different cases are explored in this paper: we only take into account those sources

whose flux value is greater than 2.5, 5.0 and 10.0 mJy respectively. All these maps are

created at a HEALPix resolution of Nside = 32 and are shown in Figure 4.1.

In addition, it is well-known that the NVSS data present systematic effects due to

the adoption of two different configurations, depending on the declination angle (e.g.

Blake and Wall, 2002). We follow the procedure explained by Marcos-Caballero et al.

(2013) in order to correct the variation of the mean number density of galaxies with the

declination angle. The map is divided into 70 stripes which cover equal area. Taking

into account the mean value in each stripe, the galaxy counting per pixel is rescaled

so that the mean value in each band is the same than the mean computed within the

whole map. We only make this correction for the threshold of 2.5 mJy, because in the

rest of cases we assume that the systematic effects are negligible. We have carried out

a series of analyses to check whether this declination correction could either introduce

a fake modulation pattern or, conversely, mitigate a real one. Our simulations show

that this is not the case. Even more, we have also analysed the NVSS data without

any correction for the 2.5 mJy flux cut, and no difference has been found.

The exclusion mask has been constructed as a combination of two requirements. On

the one hand, we impose a threshold in declination (excluding pixels with δ < −40◦),

because NVSS only comprises observations performed from the Northern hemisphere

and the tropical latitudes. On the other hand, we exclude a region of 14◦ wide which

covers the galactic plane in order to discard a possible contamination from galactic

objects.

Finally, we consider the estimation of the galaxy power spectrum CGG
ℓ pro-

posed by Marcos-Caballero et al. (2013). Since there are difficulties to describe

theoretically the NVSS data due to a power excess presented at large scales,

many methods have been used to model the statistical properties of this sur-

vey (e.g. Dunlop and Peacock, 1990; Boughn and Crittenden, 2002; Ho et al., 2008;

de Zotti et al., 2010). Marcos-Caballero et al. (2013) performed a joint fitting of the
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NVSS power spectrum and the distribution of galaxies as a function of redshift in

the Combined EIS-NVSS Survey Of Radio Sources (CENSORS; Best et al., 2003;

Brookes et al., 2006). In particular, they used a gamma distribution in order to pa-

rameterize the redshift distribution of galaxies.

4.4 Results

In this section, we discuss the expected results of the method in the case in which

the LSS presents a dipole modulation like that found in the CMB. And, then, we also

present the application to the NVSS data.

4.4.1 Amplitude estimation forecast

We test the sensitivity of NVSS to detect a dipole modulation as that found in the CMB

data, by simulating a NVSS-like realisation. A flux threshold of 5.0 mJy, the model

proposed by Marcos-Caballero et al. (2013) and the Poisson noise are considered. We

use HEALPix to construct an isotropic Gaussian map at Nside = 32 of the δ field

from the theoretical power spectrum CGG
ℓ .

We include a multiplicative dipole modulation as that found by Hoftuft et al. (2009)

in the CMB temperature anisotropies, i.e. with an amplitude Am = 0.072 and a

preferred direction which points towards (l, b) = (224◦,−22◦). Since the propagation

of anisotropies, due to the the Sachs-Wolfe and the integrated Sachs-Wolfe effects, is

well described by a linear regime, one of the possible cases is that the relative amplitude

of the dipole modulation is similar to that found in the CMB.

A detection of a non-negligible dipole modulation is obtained with a sensitivity

of 5.5σ. The direction of the dipole modulation is recovered with an uncertainty of

17◦. The shapes of the marginalised likelihoods for the three parameters of the dipole

modulation are shown in Figure 4.2.

4.4.2 Application to the NVSS data

An estimation of the parameters which characterise a hypothetical dipole modulation

is computed for three different cases, with a flux threshold of 2.5, 5.0 and 10.0 mJy

respectively. We conclude that no detection of a dipole modulation is found in any
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Figure 4.1 - HEALPix maps of the NVSS galaxy number density fluctuations at Nside =

32, computed for different flux thresholds. From top to bottom, the maps correspond to

a flux threshold of: 2.5, 5.0 and 10.0 mJy respectively.
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Figure 4.2 - Marginalised likelihoods of the parameters of the dipole modulation model

for a simulated NVSS map with a flux threshold of 5.0 mJy and a dipole modulation

with an amplitude Am = 0.072 and a preferred direction which points towards (l, b) =

(224◦,−22◦).
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Threshold (mJy) n̄s Am

2.5 158594.34 0.003 ± 0.015

5.0 92273.41 0.011 ± 0.016

10.0 55496.39 0.007 ± 0.014

Table 4.1 - Marginalised amplitude of a dipole modulation in the NVSS for different flux

thresholds. The average number counts per steradian is denoted by n̄s.

case. The estimated values for the amplitude are shown in Table 4.1. All of them are

compatible with zero at a significance level less than 1σ.

This absence of dipole modulation contrary to the findings in the CMB tempera-

ture anisotropies suggests that the dipole asymmetry is not caused by a secondary

anisotropy located at z ∼ 1. The result does not support the hypothesis of an

anisotropic breaking during an early phase of the universe, because the modulation

should be linearly propagated to the LSS distribution. Then, a possible cause of the

dipole modulation found in the CMB could be sought in catalogs of nearby objects,

since it is more likely that the local structure is statistically deviated from the homoge-

neous and isotropic overall pattern. But this is not the only possibility. For instance,

there could be topological defects whose distribution generates an hemispherical asym-

metry at higher redshift. In particular, the number of textures expected by models is

sufficiently small to present an anisotropic distribution (Cruz et al., 2007).

As the mean value of the redshift distribution of NVSS is z̄ = 1.2, more local sur-

veys, such as the WISE (Wright et al., 2010) may be useful in forthcoming research. In

this sense, we also explored the Two Micron All-Sky Survey (2MASS ; Skrutskie et al.,

2006) data, by applying the same methodology that is described in the present pa-

per. However, the difficulty to avoid the very nearby structure prevented us to reach

any conclusion. This survey was used by several authors in order to reconstruct the

integrated Sachs-Wolfe field, which could trace a secondary anisotropy that define a

preferred axis on the sky (e.g. Francis and Peacock, 2010; Rassat and Starck, 2013).
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Discussion and conclusions

In light of the results recently presented by the Planck Collaboration, the observed

universe seems to be well described by the six-parameter ΛCDM model with an almost

flat geometry. However, in the context of these concordance model, the physics which

governs the history of universe is well understood from ∼ 10−10 seconds after the

Big-Bang to today. Before the electroweak unification scale, quantum effects begin to

acquire importance and the high-energy scales produce that we lose the experimental

reference. As showed in Section 1.5, the inflationary era, which was proposed at times

of & 10−34 seconds, solves a series of problems that arise from the standard Big-

Bang cosmology frame. In addition, inflation provides an effective mechanism which

generates primordial fluctuations with an almost flat power spectrum. As the most

ancient electromagnetic radiation which reaches us is the CMB, the early universe

cannot be directly observed with traditional methods.

One of the possible physical observables which can testify to an inflationary era

is the primordial B-mode of CMB polarisation that the standard models of infla-

tion predicts as a consecuence of the tensorial perturbations induced by a primordial

gravitational-wave field. If exists, the primordial B-mode signal is much smaller than

the E-mode signal. In addition, this situation is exacerbated by the fact that the

signal-to-noise of the CMB polarisation data is much worse than the signal-to-noise

of the temperature data. Therefore, a B-mode detection requires a new generation

of CMB polarisation experiments with sensitivity improvements, such as QUIJOTE

(Rubiño-Mart́ın et al., 2012).

Furthermore, the existence of several large-scale anomalies, previously observed in

115



CHAPTER 5. DISCUSSION AND CONCLUSIONS

the WMAP data, has been confirmed with the Planck data. Mainly, there are two

possibilities to explain the origin of these statistical anomalies: a cosmological cause,

which should be search in the early epoch of the universe, such as during the inflation-

ary era; and the hypothesis that they have been generated during a later epoch, due to

a secondary anisotropy (e.g. Tomita, 2005; Cooray and Seto, 2005; Rakić et al., 2006).

The first possibility revives the interest in exotic models of inflation, as evidenced, for

instance, by the fact that several models have been proposed to explain the dipole

modulation observed in the CMB temperature anisotropies.

Therefore, the search for physical observables which reveal properties of the early

universe leads directly to the consideration of these large-scale CMB anomalies. At this

point, it is necessary to invest research effort to distinguish whether some of the CMB

anomalies implies modifications of the inflationary paradigm. In this line of work,

two different analysis related to two CMB anomalies have been included in the present

thesis. On the one hand, we present in Chapter 3 a methodology that could distinguish

whether the Cold Spot is generated by a secondary anisotropy or not, by exploring

the cross correlation between the temperature and the E-mode of polarisation. On

the other hand, we present in Chapter 4 an analysis of the dipole modulation in the

large-scale structure of the universe, motivated by the fact that such a modulation

was found in the CMB temperature fluctuations and it could be propagated to the

large-scale distribution via the linear regime of the Sachs-Wolfe effect.

5.1 Conclusions from the internal template cleaning

We introduced an internal template cleaning method for polarisation data which uses

a wavelet decomposition on the sphere. Among its advantages, there is the possibility

of multiresolution analysis, which allows an effective variation of the spectral index

in the sky. A much lower computational time is needed than with other widely used

continous wavelets. In addition, a good treatment of incomplete-sky coverage is given

because of the compact support of the HEALPix wavelet.

The result of the MITC method is a set of some cleaned maps at several frequencies

that can be used, for instance, to verify whether any detected feature of the data is

actually monochromatic or not. The exclusive use of internal templates allows us

to analyse the maps without making any prior assumptions about the foregrounds

in polarisation. However, although the implementation that is shown in Chapter 2
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makes use of only internal templates, it can be trivially extended to deal with external

templates as well.

We performed an analysis of 7-year WMAP data and we obtained outcomes that

are compatible with the results of the WMAP team. Furthermore, we have evidence of

better cleaning of the Q-band map at large scales and we obtained cleaned maps that

are at least as good as those that the WMAP team supplies for V and W bands. Let us

remark that our approach does not make use of any additional template, everything is

obtained from the WMAP data. We checked that, although we used noisier templates,

the instrumental noise levels of the final cleaned maps are lower than those of the maps

provided by the WMAP team.

High-resolution maps were also analysed. In agreement with the WMAP team, we

found an E-mode detection at ℓ ∼ 400, as predicted by the standard ΛCDM model. We

also found that the B-mode level is compatible with zero. These independent results

are a confirmation of the result already presented by the WMAP team.

5.2 Conclusions from the polarisation analysis of the Cold

Spot

We presented a procedure in terms of hypothesis testing to distinguish between two

different scenarios that might be behind the nature of the CS. On the one hand, the

case in which this feature is merely a very extreme fluctuation of the Gaussian isotropic

random field compatible with the standard inflationary model predictions, considered

as the null hypothesis H0. On the other hand, as the alternative hypothesis H1, the

proposal which considers the CS as due to a contribution that does not present a cor-

related pattern between temperature and polarisation (such as a secondary anisotropy

produced by, for instance, topological defects), and is superimposed to the standard

Gaussian field. The basis of the method consists in optimising the differences in the

cross-correlation patterns between the temperature and the polarisation E-mode, esti-

mated via the Qr Stokes parameter.

We explored the possibilities of this methodology in terms of the instrumental-

noise levels. For experimental sensitivities that can be reached at present, we obtained

promisingly low significance levels (at a power of the test of 0.5) to reject the alternative

hypothesis. In particular, the estimation of this value is 0.010, 0.015 and 0.074 for an
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ideal noise-free experiment, Planck -like and QUIJOTE-like noise levels, respectively.

These results are very similar to those obtained by Vielva et al. (2011) in the case where

full-sky coverage is assumed, so we are not losing effectiveness due to the considering

of an exclusion mask.

Furthermore, we applied the method to the particular case of WMAP data, obtain-

ing a significant level of 0.32. The instrumental-noise level is too high to discriminate

between the two hypotheses. The estimated significance levels were computed assum-

ing that the temperature is anomalous, but, in this case, the analysis of the polarisation

data does not add anything else with respect to the result obtained by considering only

temperature data. However, it is expected that this method will be useful when dealing

with data sets provided by the current generation of CMB polarisation experiments,

such as Planck or QUIJOTE.

5.3 Conclusions from the seach of a dipole modulation in

the LSS

After the confirmation of the CMB statistical anomalies by the Planck results

(Planck Collaboration XXIII, 2013), the LSS provides an alternative observable to

study the origin of these deviations. In particular, an asymmetry usually parame-

terized as a dipole modulation across the sky was detected by several authors in the

CMB temperature anisotropies. In Chapter 4, we adapted the method described by

Eriksen et al. (2007) to deal with LSS data.

Two possibilities were considered: the asymmetry could be due to an intrinsic

isotropy breaking occurred in the early universe or it could be caused by a secondary

anisotropy induced by an anisotropic distribution of the local galaxy distribution. If

different LSS surveys presented a sort of dipole modulation with a similar preferred

direction than that observed in the CMB temperature anisotropies, it would be an

indicator that the cause of this anomaly has to be sought in the physical mechanisms of

generation of primordial fluctuations. But, if this preferred direction was not detected

at all in LSS data, the CMB asymmetry could be due to, for instance, a secondary

anisotropy located in a more local or further galaxy distribution than the one traced

by the surveys we are considering.

The methodology is proven reliable with a NVSS-like simulation with a dipole am-
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plitude as intense as that measured in the CMB data. However, no preferred direction

is detected in the NVSS data for three different flux thresholds: 2.5, 5.0 and 10.0 mJy

respectively.

Assuming a linear propagation of the dipole modulation hypothetically generated

during an early phase of the universe, the apparent absence of detection in the LSS

at z ∼ 1 suggests that the dipole power modulation found in the CMB had to be

generated in a late cosmological epoch different from this one. Avoiding other consid-

erations, those models based on anisotropic modifications of standard inflation (e.g.

Donoghue et al., 2009; McDonald, 2013; D’Amico et al., 2013) might be compromised

to reconcile their predictions with observation. This result motivates forthcoming

studies with other surveys which explore the more local structure distribution. A de-

tection of a dipole modulation in the nearby galaxy distribution might explain the

CMB asymmetry in terms of a secondary anisotropy.

5.4 Future work

The recent detection of B-mode polarisation in the CMB anisotropies claimed by

BICEP2 opens doors to countless studies of the early universe. The confirmation

and characterisation of the imprint of tensor perturbations would provide information

about the energy scale of the inflation. Polarisation experiments, such as Planck, QUI-

JOTE, POLARBEAR or EBEX, will be crucial to collate results and reach consistent

conclusions. In particular, the component separation approach presented in Chapter 2

will be applied in the context of the QUIJOTE Collaboration to perform a foreground

cleaning of the CMB polarisation.

Furthermore, some of the procedures presented in this dissertation are already

being used within the Planck Collaboration in the context of the polarisation analysis.

In particular, the author is involved in aspects of peaks statistics with stacked angular

profiles as those described in Chapter 3, to test the statistical properties of the CMB

polarisation. The stacking analysis can be also used to explore candidates of clusters

or voids selected to study the integrated Sachs-Wolfe contribution. In addition, the

Qr Stokes parameter analysis is also being applied to probe whether the Cold Spot

could be caused by a secondary anisotropy which does not have any imprint in the

cross correlation TE.

Regarding to the study of the dipole modulation, we are applying the methodology
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presented in Chapter 4 to other catalogues, such as 2MASS or WISE. The main ob-

stacle to study catalogues with nearby objects is that the field of density fluctuations

is not sufficiently characterised, because the non-linear evolution of local structures

generates homogeneity and isotropy violations. However, if we have information about

the redshift of each source, we can make a selection in intervals of closeness and carry

out a detailed seach of a dipole modulation in the number density distribution of each

particular subset of sources. As it seems that there is no dipole modulation at redshift

z ∼ 1, the ability to select sources would became interesting in the case in which this

anomaly is caused by a secondary anisotropy located at another particular redshift.
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Chapter 6

Resumen en castellano

La formulación de la relatividad general suministró las herramientas teóricas que per-

mitieron concebir como rama de la ciencia el estudio del universo como un todo. Hoy

en d́ıa, tras un siglo de desarrollos y observaciones, la cosmoloǵıa no solo se ha con-

solidado a través del estudio de los llamados observables cosmológicos, que permiten

extraer las cantidades en las que se apoya nuestra descripción del cosmos; sino que

está experimentando una era de precisión, en la que la calidad de las observaciones es

tan buena que los análisis permiten afinar los valores de los parámetros cosmológicos

con una incertidumbre del orden de una parte entre cien (Planck Collaboration XVI,

2013).

6.1 Introducción

En este momento, el modelo ΛCDM constituye la descripción f́ısica más aceptada

de nuestro universo observable. Se trata de una parametrización del modelo de la

Gran Explosión, que incluye una fase temprana de inflación cósmica. Además de la

existencia de materia bariónica, tiene en cuenta una componente de materia oscura fŕıa

y la contribución dominante de enerǵıa oscura, que seŕıa responsable de la expansión

acelerada que se observa en el universo actual.

Concretamente, el marco matemático modeliza el universo como si fuera un fluido

que se distribuye de manera homogénea e isótropa. La métrica de Robertson-Walker

da cuenta de estas propiedades y permite que la componente espacial dependa del

tiempo. Su aplicación en las ecuaciones de campo de Einstein da lugar a un conjunto
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de soluciones, conocidas como ecuaciones de Friedmann, que rigen la dinámica de la

expansión. La primera evidencia de la expansión del universo llegó de la mano de

Edwin Hubble, quien observó que la velocidad con la que las galaxias se alejan de

nosotros aumenta con la distancia (Hubble, 1929).

Sin embargo, el entusiasmo inicial que catapultó a la cosmoloǵıa al estatus de cien-

cia, se vio parcialmente empañado cuando una serie de observaciones —originalmente,

las discrepancias entre la masa del cúmulo de Coma deducida a partir de su lumi-

nosidad y la calculada a partir del movimiento de las galaxias que lo integran; y,

posteriormente, las curvas rotacionales de las galaxias o el análisis del efecto de lente

gravitatoria inducido por estructuras masivas— indicaron que algo podŕıa estar fallan-

do en la descripción de la gravedad. La interpretación que la corriente dominante ha

acabado dando a esta serie de evidencias es la existencia de materia oscura, una com-

ponente adicional de materia que no interacciona electromagnéticamente y, además,

debeŕıa suponer el 26,8% del contenido total de enerǵıa del universo. A pesar de todo,

el modelo cosmológico se asentó sobre una sólida base observacional, integrada princi-

palmente por los análisis de la radiación de fondo cósmico de microondas (RFCM), la

nucleośıntesis primordial y la estructura a gran escala del universo.

Durante la década de los ochenta, una serie de problemas motivaron la hipótesis de

que el universo temprano habŕıa pasado por una fase de inflación cósmica (Starobinsky,

1980; Kazanas, 1980; Guth, 1981; Sato, 1981). Por ejemplo, un breve periodo de

expansión exponencial explicaŕıa por qué la geometŕıa actual del universo parece casi

plana, sin recurrir a imponer condiciones iniciales muy restringidas. También seŕıa

la razón de que regiones que actualmente no se muestran conectadas causalmente

muestren propiedades tan similares. Además, la inflación cósmica proporciona un

mecanismo f́ısico para “congelar” las fluctuaciones cuánticas que tuvieron lugar ins-

tantes después de la Gran Explosión, permitiendo que se transmitan al potencial gra-

vitatorio y generen por inestabilidad, no solo las anisotroṕıas de la RFCM, sino toda

la estructura a gran escala que podemos ver hoy en el universo.

6.1.1 La radiación de fondo cósmico de microondas

La RFCM es la radiación electromagnética más antigua que es posible observar. Fue

emitida unos 380.000 años después de la Gran Explosión, la llamada época de la recom-

binación o del desacoplo, cuando la expansión del universo hizo bajar la temperatura lo
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suficiente como para que los primeros átomos neutros pudieran formarse y la radiación

electromagnética fuera por primera vez liberada del fluido cósmico. Esta radiación fue

emitida desde todas partes y pérmea el universo. Actualmente se puede medir aquella

que nos llega desde las regiones situadas a la distancia que recorre la luz en el inter-

valo de tiempo transcurrido desde la época del desacoplo hasta hoy. Fue detectada

por primera vez por Arno Allan Penzias y Robert Woodrow Wilson, cuando, en 1964,

observaron un exceso de temperatura en sus medidas en el rango de microondas. La

señal, que parećıa homogénea en el cielo y no variaba con el tiempo, no pod́ıa explicarse

ni como interferencias urbanas, ni como una emisión galáctica o un error sistemático

(Penzias and Wilson, 1965). Al contactar con el grupo de Robert Dicke en Princeton,

dieron sentido a sus medidas a la luz de la interpretación cosmológica (Dicke et al.,

1965).

Tras alcanzar este hito observacional, la RFCM acaparó gran atención en el campo,

ya que el análisis de sus propiedades estad́ısticas permite estimar los valores de los

parámetros del modelo cosmólogico. En primer lugar, como resultado de que el flui-

do cósmico estuviera en equilibrio termodinámico, la RFCM presenta un espectro de

cuerpo negro que se corresponde con una temperatura de 2,725 K. El experimento

FIRAS, a bordo del satélite COBE, fue el primero en medir este espectro (Mather et al.,

1994). Sin embargo, aunque la RFCM pueda aparentar verdaderamente homogénea

e isótropa en un primer momento, existen pequeñas desviaciones de ese valor medio

de temperatura del orden de una parte entre cien mil en función de la dirección en el

cielo en que se mire. El experimento DMR, también a bordo del satélite COBE, fue el

primer instrumento en obtener una imagen de estas diferencias en todas las direcciones

del cielo (Smoot et al., 1992). Estas anisotroṕıas son una huella de las fluctuaciones

primordiales que dieron lugar a la estructura a gran escala del universo que obser-

vamos en el presente. Para el escenario de una cosmoloǵıa homogénea e isótropa, se

espera que las propiedades estad́ısticas de las desviaciones sean independientes de la

posición e invariantes bajo rotaciones. De hecho, el modelo estándar predice —y las

observaciones confirman— que las fluctuaciones presentes en la RFCM siguen una dis-

tribución gaussiana. En este caso, el espectro angular de potencia contiene toda la

información estad́ıstica encerrada en las anisotroṕıas. De ella se pueden estimar los

parámetros cosmológicos, que dan cuenta del contenido de enerǵıa del universo, su

edad o su geometŕıa.

Además, la RFCM está linealmente polarizada debido a la anisotroṕıa cuadrupolar
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en procesos de dispersión de Thomson. Aunque los detectores miden directamente la

polarización en términos de los parámetros de Stokes, cuya configuración depende de

la orientación de la base de polarización y se describe matemáticamente en términos

de un campo de esṕın 2; puede descomponerse en dos modos escalares que no depen-

den de un sistema de coordenadas local. En analoǵıa con la descripción del campo

electromagnético, el modo E mide las componentes de gradiente (bien radiales, bien

tangenciales) y el modo B da cuenta de las componentes rotacionales. Mientras que,

desde su primera detección por DASI en 2002 (Kovac et al., 2002), el modo E ha sido

caracterizado por diferentes experimentos; la detección del modo B se ha vuelto un reto

técnico mucho más complejo. La componente rotacional de la polarización primordial

solo podŕıa generarse debido a la existencia de perturbaciones tensoriales en el universo

temprano, como las ondas gravitacionales predichas por el modelo estándar de inflación

(Polnarev, 1985). Como el modelo no predice la amplitud del modo B, determinado

por la escala de enerǵıa a la que tendŕıa lugar la fase inflacionaria, una detección del

modo B primordial supondŕıa, no solo una prueba observacional de inflación cósmica,

sino una ventana a la f́ısica de enerǵıas propias del universo temprano.

El desarrollo de experimentos que permitan el estudio estad́ıstico de las anisotroṕıas

de la RFCM requiere, por tanto, de unos detectores lo suficientemente precisos como

para ser sensibles a estas desviaciones. Además, la señal cosmológica no es la única

emisión que encontramos en el cielo cuando exploramos el rango de las microondas. Los

datos obtenidos contienen en realidad la superposición de otras componentes galácticas,

como la radiación de sincrotrón, la radiación de frenado, la emisión de polvo térmico

o la radiación anómala; y extragalácticas, como las fuentes puntuales. El problema

de la separación de componentes es un paso previo crucial para la identificación de

la señal de la RFCM, en particular para la selección de modelos y la estimación de

parámetros cosmológicos a partir de ella; y se vuelve aún más importante en el caso de

los experimentos de detección del modo B de polarización, ya que la intensidad de la

señal deseada es mucho menos intensa que la de los contaminantes. Podemos encontrar

un amplio catálogo de metodoloǵıas en la literatura, utilizadas para extraer la RFCM

de los datos brutos. Algunos se basan en modelos para describir el comportamiento

de cada componente y ajustan cierto número de parámetros, pudiendo separar las

diferentes contribuciones. Otros solo asumen algunas caracteŕısticas de la componente

cosmológica, sin asumir ninguna condición sobre el resto de contribuciones, y calculan

una estimación de la primera basándose en un criterio estadśtico, como la minimización
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de la varianza. En este sentido, en el Caṕıtulo 2 de esta tesis doctoral se presenta un

método de ajuste de plantillas que opera en el espacio de una ond́ıcula que permite un

análisis por diferentes resoluciones.

Pese a que el estudio de las anisotroṕıas de la RFCM ha contribuido de ma-

nera inestimable a consolidar el modelo cosmológico estándar, todav́ıa existen una

serie de anomaĺıas estad́ısticas detectadas a gran escala en los mapas de fluctua-

ciones de la RFCM. Entre ellas encontramos una carencia de potencia a multi-

polos angulares bajos (Planck Collaboration XV, 2013), un alineamiento entre el

cuadrupolo y el octopolo (Tegmark et al., 2003), un valor de la varianza menor del

esperado (Monteseŕın et al., 2008), una región particularmente fŕıa en el hemisferio

sur galáctico (Vielva et al., 2004), una asimetŕıa en la potencia observada en dife-

rentes hemisferios, una correlación entre las fases de los coeficientes de armónicos

esféricos correspondientes a grandes escalas (ver, por ejemplo, Räth et al., 2007) o

una asimetŕıa de paridad (Land and Magueijo, 2005b). Estas anomaĺıas fueron detec-

tadas primero en los datos del satélite WMAP y confirmadas recientemente por Planck

(Planck Collaboration XXIII, 2013). En el Caṕıtulo 3 se presenta un estudio que com-

bina anisotroṕıas de temperatura y polarización para intentar arrojar luz acerca de la

naturaleza de la aśı llamada Mancha Fŕıa. La asimetŕıa por hemisferios se trata en el

Caṕıtulo 4 en un contexto de estructura a gran escala del universo.

6.1.2 La estructura a gran escala del universo

El modelo cosmológico estándar es capaz de explicar la estructura jerarquizada a gran

escala observada hoy d́ıa en el universo (cúmulos de galaxias, vaćıos, estructuras fila-

mentosas, etc.) por inestabilidad gravitatoria debida a las fluctuaciones primordiales.

La evolución de estas fluctuaciones puede ser descrita por teoŕıa lineal de perturba-

ciones hasta la época en la que alcanzan el orden de la unidad. En la práctica, el

cartografiado de galaxias se considera un buen trazador de la distribución espacial de

los halos de materia oscura, basándose en la premisa de que alĺı donde hay luz hay ma-

teria —consideración que, por otro lado, parece de acuerdo con los resultados obtenidos

usando simulaciones. Es de esperar que algunas de las propiedades estad́ısticas de la

distribución de fluctuaciones se transmitan a la estructura a gran escala. Por ejem-

plo, aún a pesar de que la RFCM que medimos se emite a distancias muy lejanas

respecto a los lugares en los que trazamos la estructura a gran escala, la contribución

a bajos multipolos angulares de la RFCM debida al efecto Sachs-Wolfe integrado está
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correlacionado con la distribución de galaxias.

En la etapa actual del universo, la formación de estructura se ve seriamente afectada

por la expansión acelerada, asociada a una componente dominante de enerǵıa oscura

que debeŕıa dar cuenta del 68,3% de la enerǵıa total del universo. La aceleración en

el ritmo de expansión del universo fue inferida a finales de la década de los noventa a

partir de observaciones de supernovas de tipo Ia (Riess et al., 1998; Perlmutter et al.,

1999). Sin embargo, la naturaleza de esta nueva componente sigue siendo un misterio.

Una de las interpretaciones más extendidas consiste en ver la componente de enerǵıa

oscura como la contribución de la enerǵıa del vaćıo, considerada en las ecuaciones

de campo de Einstein como una constante cosmológica. No obstante, la densidad de

enerǵıa correspondiente a la contribución de enerǵıa oscura es 120 órdenes de magnitud

más pequeña que la estimada a partir de los cálculos del modelo estándar de la f́ısica de

part́ıculas. Una alternativa es considerar la componente de enerǵıa oscura como una

contribución con presión negativa, diferente de la enerǵıa de vaćıo, modelizada por una

ecuación de estado dinámica. Esta contribución, a veces denominada quintaesencia,

debe estar asociada a uno (o varios) campos cuánticos. Describir sus interacciones

con la materia ordinaria requiere de un ajuste fino para reproducir las observaciones

y su evolución podŕıa inducir variaciones en los valores de las llamadas constantes

f́ısicas universales. Otras interpretaciones se alejan de esta versión sustancialista, que

prodiga que no conocemos el contenido de la mayor parte del universo, en virtud de la

posibilidad de que estemos localizados en una región caracterizada por contener menor

densidad de materia, o de que la descripción de la gravedad que facilita la relatividad

general no sea adecuada para escalas cosmológicas.

Además del cartografiado de galaxias, se utilizan otros observables cosmológicos

para caracterizar esta componente de enerǵıa oscura. La huella de las oscilaciones

acústicas presentes en el fluido cósmico define una escala caracteŕıstica en la función

de correlación a dos puntos de la distribución de galaxias y se considera una de las

mejores evidencias observacionales para comparar distancias cosmológicas. El efecto

lente gravitatoria débil también es utilizado para probar hipótesis acerca de la enerǵıa

oscura, ya que tanto la historia de la expansión del universo como el crecimiento de

estructuras puede ser inferido de las correlaciones entre las formas de una gran muestra

de galaxias.
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6.2 Ajuste de plantillas internas en multirresolución

En el Caṕıtulo 2 de esta tesis se presenta un método de ajuste de plantillas para estimar

la componente de la RFCM que aprovecha la capacidad que ofrece una ond́ıcula basada

en el teselado de HEALPix para operar a diferentes resoluciones (ver Casaponsa et al.,

2011). Entre sus ventajas se cuentan su fácil implementación y la rapidez de los cálculos

que implican; pero, sobre todo, el hecho de no necesitar asumir a priori ningún modelo

que describa el comportamiento de los diferentes contaminantes. Se basa únicamente

en la consideración de que la componente de la RFCM no cambia a lo largo del espectro

de microondas. El método ofrece además la posibilidad de obtener mapas limpios para

diferentes frecuencias, que permitan verificar si un objeto determinado se presenta

monocromático o no (algo que resulta útil, por ejemplo, para el estudio de algunas

anomaĺıas como la Mancha Fŕıa). Además, sin excluir la posibilidad de combinar

diferentes experimentos, el uso de plantillas internas evita posibles inconsistencias entre

conjuntos de datos que surjan por no caracterizar adecuadamente los posibles efectos

sistemáticos. En realidad, el método presentado constituye los primeros pasos del

método SEVEM, una de las cuatro metodoloǵıas utilizadas por la Colaboración Planck

en su análisis (Planck Collaboration XII, 2013). Este trabajo demuestra su utilidad

en datos de polarización, mostrando una aplicación a los datos de los primeros 7 años

de WMAP, tanto a baja resolución como a la máxima que suministra la colaboración.

Frente a los mapas de RFCM que suministra WMAP utilizando un ajuste a plantillas en

el espacio real que recurre a datos externos, nosotros obtenemos unos mapas de calidad

similar (con evidencias de mejoras para la banda Q) usando solo los diferentes canales

del satélite. Pese al uso de plantillas más ruidosas, los mapas resultantes muestran

menor varianza que los productos de WMAP. En los mapas de alta resolución se

obtienen resultados simulares, recuperando el pico acústico del modo E de polarización

en torno al multipolo 400, mientras que el espectro angular de potencia del modo B es

compatible con cero.

6.3 Explorando la naturaleza de la Mancha Fŕıa con la

polarización de la RFCM

En el caṕıtulo 3 se presenta un procedimiento en términos de test de hipótesis para

arrojar luz acerca de la naturaleza de la Mancha Fŕıa observada en las anisotroṕıas de
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la RFCM. En particular, el método permite distinguir entre dos escenarios diferentes:

por un lado, el caso en que la Mancha Fŕıa se deba meramente a una configuración

improbable de las fluctuaciones primordiales del campo gaussiano; por el otro, el caso

en que la Mancha Fŕıa se deba a una contribución en temperatura que no presente con-

trapartida polarizada (como la esperada de una anisotroṕıa secundaria como un vaćıo

cósmico o una textura), superpuesta a las fluctuaciones primordiales. La correlación

cruzada entre temperatura y modo E de polarización se considera a través de Qr, una

rotación muy particular de los parámetros de Stokes Q y U que orienta los ejes de

polarización de tal forma en torno a la posición de la Mancha Fŕıa que la polarización

se observe en términos radiales o tangenciales.

Se explora teóricamente la capacidad del método en función del nivel de ruido ins-

trumental del experimento. Para las sensibilidades t́ıpicas alcanzadas por experimentos

en marcha se obtienen valores de significancia —una manera de cuantificar cómo somos

capaces de distinguir entre ambos escenarios a partir de los datos— prometedores.

Concretamente, valores del 1%, 1,5% y 7,4% para un experimento ideal sin ruido,

la sensibilidad que se espera alcanzar con Planck y la que se espera con QUIJOTE,

respectivamente.

Además, la metodoloǵıa es aplicada al caso particular de los 9 años de datos de

WMAP, obteniendo una significancia para distinguir entre escenarios del 32%. Es

decir, que somos incapaces de distinguir entre ambas hipótesis debido a los elevados

niveles del ruido instrumental de los datos.

6.4 Buscando una modulación dipolar en la estructura a

gran escala del universo

Tras la confirmación por parte de Planck de la existencia de anomaĺıas de gran escala

en las anisotroṕıas de RFCM, la estructura a gran escala del universo representa una

alternativa para estudiar el origen de esas desviaciones estad́ısticas. Una de estas

anomaĺıas es una modulación dipolar detectada ya en los datos de RFCM suministrados

por el satélite WMAP. En el Caṕıtulo 4 de esta tesis se estudia la posibilidad de

encontrar esta modulación en la estructura a gran escala del universo.

Se consideran dos posibilidades: que la asimetŕıa se deba a procesos que ocurren

en el universo muy temprano, durante la fase de inflación cósmica (donde tendŕıan
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cabida modelos de ruptura espontánea de simetŕıa o inflación anisótropa), o que la

modulación observada sea debida a una distribución anisótropa de la distribución de

galaxias local. En el caso de que diferentes cartografiados de galaxias (con mayor o

menor profundidad) presentaran un tipo de modulación similar a la encontrada en las

anisotroṕıas de la RFCM, seŕıa un indicador de que la causa de esta anomaĺıa habŕıa

de buscarse en la f́ısica del universo temprano. Si, por el contrario, la modulación no

se observara en la estructura a gran escala trazada por determinado cartografiado de

galaxias, la anomaĺıa de la RFCM podŕıa ser debida a, por ejemplo, la contribución

de una anisotroṕıa secundaria, localizada en una zona más local, o más lejana, de la

que estemos considerando.

La metodoloǵıa ajusta la amplitud y las coordenadas que definen una dirección

privilegiada en caso de que los datos presenten una modulación dipolar. Se prueba

en una simulación de fluctuaciones de la densidad numérica de galaxias esperada en

NVSS, a la que se le añade una modulación dipolar en la misma dirección y tan intensa

como la detectada en las anisotroṕıas de la RFCM. Para los datos reales de NVSS se

consideran tres umbrales de flujo: 2,5; 5,0 y 10,0 mJy. Sin embargo, no se encuentra

ninguna evidencia de una dirección privilegiada en ellos. Esta ausencia de modulación

en NVSS parece sugerir que la modulación observada en la RFCM se haya generado

en una época tard́ıa, como resultado de una anisotroṕıa secundaria.
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Release of the Sloan Digital Sky Survey. ApJS, 182:543, June 2009. doi: 10.1088/

0067-0049/182/2/543.

A. A. Abolhasani, S. Baghram, H. Firouzjahi, et al. Asymmetric sky from the

long mode modulations. Phys. Rev. D, 89(6):063511, March 2014. doi: 10.1103/

PhysRevD.89.063511.

L. Ackerman, S. M. Carroll, and M. B. Wise. Imprints of a primordial preferred

direction on the microwave background. Phys. Rev. D, 75(8):083502, April 2007.

doi: 10.1103/PhysRevD.75.083502.

V. Acquaviva, N. Bartolo, S. Matarrese, et al. Gauge-invariant second-order per-

turbations and non-Gaussianity from inflation. Nuclear Physics B, 667:119–148,

September 2003. doi: 10.1016/S0550-3213(03)00550-9.

R. J. Adler, J. D. Bjorken, and J. M. Overduin. Finite cosmology and a CMB cold

spot. ArXiv e-prints: gr-qc/0602102, February 2006.

N. Afshordi, A. Slosar, and Y. Wang. A theory of a spot. J. Cosmology Astropart.

Phys., 1:019, January 2011. doi: 10.1088/1475-7516/2011/01/019.

Y. Akrami, Y. Fantaye, A. Shafieloo, et al. Power Asymmetry in WMAP and Planck

Temperature Sky Maps as Measured by a Local Variance Estimator. ApJ, 784:L42,

April 2014. doi: 10.1088/2041-8205/784/2/L42.

A. Albrecht, P. J. Steinhardt, M. S. Turner, et al. Reheating an inflationary universe.

Physical Review Letters, 48:1437–1440, May 1982. doi: 10.1103/PhysRevLett.48.

1437.

131



BIBLIOGRAPHY

A. Albrecht, R. A. Battye, and J. Robinson. Detailed study of defect models for

cosmic structure formation. Phys. Rev. D, 59(2):023508, January 1999. doi: 10.

1103/PhysRevD.59.023508.

Ralph A. Alpher and Robert C. Herman. On the relative abundance of the ele-

ments. Phys. Rev., 74:1737–1742, Dec 1948. doi: 10.1103/PhysRev.74.1737. URL

http://link.aps.org/doi/10.1103/PhysRev.74.1737.

P. K. Aluri and P. Jain. Parity asymmetry in the CMBR temperature power spectrum.

MNRAS, 419:3378–3392, February 2012. doi: 10.1111/j.1365-2966.2011.19981.x.

G. Amelino-Camelia. Quantum Spacetime Phenomenology. ArXiv e-prints: 0806.0339,

June 2008.

L. Amendola, S. Appleby, D. Bacon, et al. Cosmology and Fundamental Physics

with the Euclid Satellite. Living Reviews in Relativity, 16:6, September 2013. doi:

10.12942/lrr-2013-6.

L. Anderson, E. Aubourg, S. Bailey, et al. The clustering of galaxies in the SDSS-III

Baryon Oscillation Spectroscopic Survey: baryon acoustic oscillations in the Data

Release 9 spectroscopic galaxy sample. MNRAS, 427:3435–3467, December 2012.

doi: 10.1111/j.1365-2966.2012.22066.x.

R. G. Arendt, N. Odegard, J. L. Weiland, et al. The COBE Diffuse Infrared Back-

ground Experiment Search for the Cosmic Infrared Background. III. Separation of

Galactic Emission from the Infrared Sky Brightness. ApJ, 508:74–105, November

1998. doi: 10.1086/306381.

N. Arkani-Hamed, P. Creminelli, S. Mukohyama, et al. Ghost inflation. J. Cosmology

Astropart. Phys., 4:001, April 2004. doi: 10.1088/1475-7516/2004/04/001.

J. V. Arnau, M. J. Fullana, L. Monreal, et al. On the microwave background

anisotropies produced by nonlinear voids. ApJ, 402:359–368, January 1993. doi:

10.1086/172139.

M. Axelsson, Y. Fantaye, F. K. Hansen, et al. Directional Dependence of ΛCDM

Cosmological Parameters. ApJ, 773:L3, August 2013. doi: 10.1088/2041-8205/773/

1/L3.

132

http://link.aps.org/doi/10.1103/PhysRev.74.1737


BIBLIOGRAPHY

C. Baccigalupi, F. Perrotta, G. de Zotti, et al. Extracting cosmic microwave back-

ground polarization from satellite astrophysical maps. MNRAS, 354:55–70, October

2004. doi: 10.1111/j.1365-2966.2004.08168.x.

P. Baldi, G. Kerkyacharian, D. Marinucci, et al. Asymptotics for spherical needlets.

Annals of Statistics, 37:1150–1171, 2009. doi: 10.1214/08-AOS601.

R. B. Barreiro and M. P. Hobson. The discriminating power of wavelets to detect non-

Gaussianity in the cosmic microwave background. MNRAS, 327:813–828, November

2001. doi: 10.1046/j.1365-8711.2001.04806.x.

R. B. Barreiro, P. Vielva, A. Marcos-Caballero, et al. Integrated Sachs-Wolfe effect

map recovery from NVSS and WMAP 7-yr data. MNRAS, 430:259–263, March

2013. doi: 10.1093/mnras/sts600.

J. D. Barrow and A. R. Liddle. Perturbation spectra from intermediate inflation.

Phys. Rev. D, 47:5219, June 1993. doi: 10.1103/PhysRevD.47.R5219.

N. Bartolo, E. Komatsu, S. Matarrese, et al. Non-Gaussianity from inflation: theory

and observations. Phys. Rep., 402:103–266, November 2004. doi: 10.1016/j.physrep.

2004.08.022.

S. Basak and J. Delabrouille. A needlet ILC analysis of WMAP 9-year polarization

data: CMB polarization power spectra. MNRAS, 435:18–29, October 2013. doi:

10.1093/mnras/stt1158.

M. M. Basko and A. G. Polnarev. Polarization and Anisotropy of the Primordial

Radiation in an Anisotropic Universe. Soviet Ast., 24:268–272, June 1980.

E. S. Battistelli, R. Rebolo, J. A. Rubiño-Mart́ın, et al. Polarization Observations

of the Anomalous Microwave Emission in the Perseus Molecular Complex with the

COSMOSOMAS Experiment. ApJ, 645:L141–L144, July 2006. doi: 10.1086/506254.

D. Baumann. TASI Lectures on Inflation. ArXiv e-prints: 0907.5424, July 2009.

N. Benitez, R. Dupke, M. Moles, et al. J-PAS: The Javalambre-Physics of the Accel-

erated Universe Astrophysical Survey. ArXiv e-prints: 1408.4720, March 2014.

C. L. Bennett, R. S. Hill, G. Hinshaw, et al. First-Year Wilkinson Microwave

Anisotropy Probe (WMAP) Observations: Foreground Emission. ApJS, 148:97–

117, September 2003. doi: 10.1086/377252.

133



BIBLIOGRAPHY

C. L. Bennett, R. S. Hill, G. Hinshaw, et al. Seven-year Wilkinson Microwave

Anisotropy Probe (WMAP) Observations: Are There Cosmic Microwave Back-

ground Anomalies? ApJS, 192:17, February 2011. doi: 10.1088/0067-0049/192/

2/17.

D. P. Bennett. Cosmic Microwave Background Anisotropies in the Global Monopole

and Texture Theories of Cosmic Structure Formation. In American Astronomical

Society Meeting Abstracts, volume 24 of Bulletin of the American Astronomical So-

ciety, page 1264, December 1992.

A. Berera, L.-Z. Fang, and G. Hinshaw. Attempt to determine the largest scale of pri-

mordial density perturbations in the universe. Phys. Rev. D, 57:2207–2212, February

1998. doi: 10.1103/PhysRevD.57.2207.

F. Bernardeau and J.-P. Uzan. Non-Gaussianity in multifield inflation. Phys. Rev. D,

66(10):103506, November 2002. doi: 10.1103/PhysRevD.66.103506.

P. N. Best, J. N. Arts, H. J. A. Röttgering, et al. CENSORS: A Combined EIS-NVSS

Survey Of Radio Sources - I. Sample definition, radio data and optical identifications.

MNRAS, 346:627–683, December 2003. doi: 10.1046/j.1365-2966.2003.07125.x.

M. Betoule, E. Pierpaoli, J. Delabrouille, et al. Measuring the tensor to scalar ratio

from CMB B-modes in the presence of foregrounds. A&A, 503:691–706, September

2009. doi: 10.1051/0004-6361/200911624.

F. Beutler, C. Blake, M. Colless, et al. The 6dF Galaxy Survey: baryon acoustic

oscillations and the local Hubble constant. MNRAS, 416:3017–3032, October 2011.

doi: 10.1111/j.1365-2966.2011.19250.x.

N. Bevis, M. Hindmarsh, and M. Kunz. WMAP constraints on inflationary models with

global defects. Phys. Rev. D, 70(4):043508, August 2004. doi: 10.1103/PhysRevD.

70.043508.

F. Bezrukov and M. Shaposhnikov. The Standard Model Higgs boson as the inflaton.

Physics Letters B, 659:703–706, January 2008. doi: 10.1016/j.physletb.2007.11.072.

F. Bezrukov, G. K. Karananas, J. Rubio, et al. Higgs-dilaton cosmology: An

effective field theory approach. Phys. Rev. D, 87(9):096001, May 2013. doi:

10.1103/PhysRevD.87.096001.

134



BIBLIOGRAPHY

BICEP2 Collaboration. Detection of B-Mode Polarization at Degree Angular Scales

by BICEP2. Physical Review Letters, 112(24):241101, June 2014. doi: 10.1103/

PhysRevLett.112.241101.

P. Bielewicz and A. Riazuelo. The study of topology of the Universe using multipole

vectors. MNRAS, 396:609–623, June 2009. doi: 10.1111/j.1365-2966.2009.14682.x.

P. Bielewicz, H. K. Eriksen, A. J. Banday, et al. Multipole Vector Anomalies in the

First-Year WMAP Data: A Cut-Sky Analysis. ApJ, 635:750–760, December 2005.

doi: 10.1086/497263.

P. L. Biermann, J. K. Becker, G. Caceres, et al. The WMAP Haze from the Galactic

Center Region Due to Massive Star Explosions and a Reduced Cosmic Ray Scale

Height. ApJ, 710:L53–L57, February 2010. doi: 10.1088/2041-8205/710/1/L53.

P. Binétruy. Dark energy and fundamental physics. A&A Rev., 21:67, October 2013.

doi: 10.1007/s00159-013-0067-2.

C. Bischoff and the CAPMAP Collaboration. New Measurements of Fine-Scale CMB

Polarization Power Spectra from CAPMAP at Both 40 and 90 GHz. ApJ, 684:

771–789, September 2008. doi: 10.1086/590487.

C. Blake and J. Wall. A velocity dipole in the distribution of radio galaxies. Nature,

416:150–152, March 2002.

C. Blake, E. A. Kazin, F. Beutler, et al. The WiggleZ Dark Energy Survey: mapping

the distance-redshift relation with baryon acoustic oscillations. MNRAS, 418:1707–

1724, December 2011. doi: 10.1111/j.1365-2966.2011.19592.x.

A. Bonaldi and S. Ricciardi. Forecast of B-mode detection at large scales in the

presence of noise and foregrounds. MNRAS, 414:615–620, June 2011. doi: 10.1111/

j.1365-2966.2011.18425.x.

A. Bonaldi, S. Ricciardi, S. Leach, et al. WMAP 3-yr data with Correlated

Component Analysis: anomalous emission and impact of component separation

on the CMB power spectrum. MNRAS, 382:1791–1803, December 2007. doi:

10.1111/j.1365-2966.2007.12477.x.

S. Boughn and R. Crittenden. A correlation between the cosmic microwave background

and large-scale structure in the Universe. Nature, 427:45–47, January 2004. doi:

10.1038/nature02139.

135



BIBLIOGRAPHY

S. P. Boughn and R. G. Crittenden. Cross Correlation of the Cosmic Microwave

Background with Radio Sources: Constraints on an Accelerating Universe. Physical

Review Letters, 88(2):021302, January 2002. doi: 10.1103/PhysRevLett.88.021302.

R. Bousso, D. Harlow, and L. Senatore. Inflation after False Vacuum Decay: Obser-

vational Prospects after Planck. ArXiv e-prints, September 2013.

M. H. Brookes, P. N. Best, R. Rengelink, et al. CENSORS: A Combined EIS-NVSS

Survey of Radio Sources - II. Infrared imaging and the K-z relation. MNRAS, 366:

1265–1288, March 2006. doi: 10.1111/j.1365-2966.2005.09916.x.

M. Bucher, A. S. Goldhaber, and N. Turok. Open universe from inflation. Phys. Rev. D,

52:3314–3337, September 1995. doi: 10.1103/PhysRevD.52.3314.

R. R. Caldwell, R. Dave, and P. J. Steinhardt. Cosmological Imprint of an Energy

Component with General Equation of State. Physical Review Letters, 80:1582–1585,

February 1998. doi: 10.1103/PhysRevLett.80.1582.

C. Caprini, R. Durrer, and T. Kahniashvili. Cosmic microwave background and helical

magnetic fields: The tensor mode. Phys. Rev. D, 69(6):063006, March 2004. doi:

10.1103/PhysRevD.69.063006.

J.-F. Cardoso, M. Le Jeune, J. Delabrouille, et al. Component Separation With Flexible

Models–Application to Multichannel Astrophysical Observations. IEEE Journal of

Selected Topics in Signal Processing, 2:735–746, November 2008. doi: 10.1109/

JSTSP.2008.2005346.

S. M. Carroll. Quintessence and the Rest of the World: Suppressing Long-Range

Interactions. Physical Review Letters, 81:3067–3070, October 1998. doi: 10.1103/

PhysRevLett.81.3067.

B. Carter. Anthropic principle in cosmology, pages 173–179. April 2006.

B. Casaponsa, R. B. Barreiro, A. Curto, et al. Wilkinson Microwave Anisotropy Probe

7-yr constraints on fNL with a fast wavelet estimator. MNRAS, 411:2019–2025,

March 2011. doi: 10.1111/j.1365-2966.2010.17832.x.

L. Cayón, J. Jin, and A. Treaster. Higher Criticism statistic: detecting and identifying

non-Gaussianity in the WMAP first-year data. MNRAS, 362:826–832, September

2005. doi: 10.1111/j.1365-2966.2005.09277.x.

136



BIBLIOGRAPHY
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M. Cruz, P. Vielva, E. Mart́ınez-González, et al. Anomalous variance in the WMAP

data and Galactic foreground residuals. MNRAS, 412:2383–2390, April 2011. doi:

10.1111/j.1365-2966.2010.18067.x.

B. Czech, M. Kleban, K. Larjo, et al. Polarizing bubble collisions. J. Cosmology

Astropart. Phys., 12:023, December 2010. doi: 10.1088/1475-7516/2010/12/023.

L. Dai, D. Jeong, M. Kamionkowski, et al. The pesky power asymmetry. Phys. Rev. D,

87(12):123005, June 2013. doi: 10.1103/PhysRevD.87.123005.

Z. G. Dai, E. W. Liang, and D. Xu. Constraining ΩM and Dark Energy with Gamma-

Ray Bursts. ApJ, 612:L101–L104, September 2004. doi: 10.1086/424694.

G. D’Amico, R. Gobbetti, M. Kleban, et al. Large-scale anomalies from primordial

dissipation. ArXiv e-prints:1306.6872, June 2013.

S. Das and D. N. Spergel. CMB lensing and the WMAP cold spot. Phys. Rev. D, 79

(4):043007, February 2009. doi: 10.1103/PhysRevD.79.043007.

R. L. Davis, H. M. Hodges, G. F. Smoot, et al. Cosmic microwave background probes

models of inflation. Physical Review Letters, 69:1856–1859, September 1992. doi:

10.1103/PhysRevLett.69.1856.

A. de Oliveira-Costa, M. Tegmark, L. A. Page, et al. Galactic Emission at 19 GHZ.

ApJ, 509:L9–L12, December 1998. doi: 10.1086/311754.

A. de Oliveira-Costa, M. Tegmark, M. Zaldarriaga, et al. Significance of the largest

scale CMB fluctuations in WMAP. Phys. Rev. D, 69(6):063516, March 2004. doi:

10.1103/PhysRevD.69.063516.

139



BIBLIOGRAPHY

G. de Zotti, M. Massardi, M. Negrello, et al. Radio and millimeter continuum surveys

and their astrophysical implications. A&A Rev., 18:1–65, February 2010. doi: 10.

1007/s00159-009-0026-0.

J. Delabrouille and J. F. Cardoso. Diffuse source separation in CMB observations.

ArXiv e-prints: astro-ph/0702198, February 2007.

J. Delabrouille, J.-F. Cardoso, M. Le Jeune, et al. A full sky, low foreground, high

resolution CMB map from WMAP. A&A, 493:835–857, January 2009. doi: 10.1051/

0004-6361:200810514.

J. Delabrouille, M. Betoule, J.-B. Melin, et al. The pre-launch Planck Sky Model: a

model of sky emission at submillimetre to centimetre wavelengths. A&A, 553:A96,

May 2013. doi: 10.1051/0004-6361/201220019.

V. Desjacques. Baryon acoustic signature in the clustering of density maxima.

Phys. Rev. D, 78(10):103503, November 2008. doi: 10.1103/PhysRevD.78.103503.

R. H. Dicke, P. J. E. Peebles, P. G. Roll, et al. Cosmic Black-Body Radiation. ApJ,

142:414–419, July 1965. doi: 10.1086/148306.

G. Dobler. A Last Look at the Microwave Haze/Bubbles with WMAP. ApJ, 750:17,

May 2012. doi: 10.1088/0004-637X/750/1/17.

G. Dobler, D. P. Finkbeiner, I. Cholis, et al. The Fermi Haze: A Gamma-

ray Counterpart to the Microwave Haze. ApJ, 717:825–842, July 2010. doi:

10.1088/0004-637X/717/2/825.

S. Dodelson, W. H. Kinney, and E. W. Kolb. Cosmic microwave background mea-

surements can discriminate among inflation models. Phys. Rev. D, 56:3207–3215,

September 1997. doi: 10.1103/PhysRevD.56.3207.

J. F. Donoghue, K. Dutta, and A. Ross. Nonisotropy in the CMB power spectrum in

single field inflation. Phys. Rev. D, 80(2):023526, July 2009. doi: 10.1103/PhysRevD.

80.023526.

A. G. Doroshkevich, Y. B. Zel’dovich, and R. A. Syunyaev. Fluctuations of the mi-

crowave background radiation in the adiabatic and entropic theories of galaxy for-

mation. Soviet Ast., 22:523–528, October 1978.

140



BIBLIOGRAPHY

B. T. Draine and A. Lazarian. Magnetic Dipole Microwave Emission from Dust Grains.

ApJ, 512:740–754, February 1999. doi: 10.1086/306809.

J. S. Dunlop and J. A. Peacock. The Redshift Cut-Off in the Luminosity Function of

Radio Galaxies and Quasars. MNRAS, 247:19, November 1990.

R. Durrer. Gauge invariant cosmological perturbation theory. A general study and its

application to the texture scenario of structure formation. 1994.

R. Durrer. Topological defects in cosmology. New A Rev., 43:111–156, July 1999. doi:

10.1016/S1387-6473(99)00008-1.

R. Durrer. The Cosmic Microwave Background. September 2008.

G. Efstathiou. Myths and truths concerning estimation of power spectra: the case for

a hybrid estimator. MNRAS, 349:603–626, April 2004. doi: 10.1111/j.1365-2966.

2004.07530.x.

G. Efstathiou, S. Gratton, and F. Paci. Impact of Galactic polarized emission on

B-mode detection at low multipoles. MNRAS, 397:1355–1373, August 2009. doi:

10.1111/j.1365-2966.2009.14995.x.

D. J. Eisenstein, I. Zehavi, D. W. Hogg, et al. Detection of the Baryon Acoustic Peak

in the Large-Scale Correlation Function of SDSS Luminous Red Galaxies. ApJ, 633:

560–574, November 2005. doi: 10.1086/466512.

D. J. Eisenstein, D. H. Weinberg, E. Agol, et al. SDSS-III: Massive Spectroscopic

Surveys of the Distant Universe, the Milky Way, and Extra-Solar Planetary Systems.

AJ, 142:72, September 2011. doi: 10.1088/0004-6256/142/3/72.
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