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A Vega.

¢Anudasi los lazos de las Rlyades o desatas las cuerdas delddf
¢ Haces salir las ffadas a su tiempo y gas a la Osa y sus cachorros?

¢, Conoces las leyes de los cielos? ¢ Regulas su dominio sobre la tierra?

Job 38,31-33
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Prologue

The observation and the analysis of the Cosmic Microwave BackgrouktB)Cadiation is a
crucial task to understand the early Universe and its properties. Tihabiservations of this radiation
(and its subsequent analysis) have allowed to know with more accuraage¢haf the Universe (about
13.8 billion of years), the percentages of the composition of the Univerged’ of baryonic matter,
~ 26.8% of dark matter and the remaining 68.3% of dark energy) and other cosmological parameters
(Planck Collaboration et al., 2015e).

When observing the sky at the microwave frequency range, we cana@abination of different
components, e.g., Galactic and extragalactic diffuse and compact emissibms&rumental noise,
besides the CMB itself. In order to study and characterise, any, or atheske component, it is
important to develop techniques that separate them from the observatiotalewie detect with our
instruments. In the case of the extragalactic objects, that appear most ofikienpsint sources due
to their distance from us and the relatively poor angular resolution of therements, linear filters are
suitable devices to detect them. Besides, their detection is not only interestérgdee them from the
CMB data, but also to study the point sources themselves. In the literatuesateemany examples
where filters have been successfully used to detect point sources.

Until the advent of experiments like WMAP and Planck, there was a lack ofrimdtion about
extragalactic compact sources in the frequency range 20-1000 @plzhat has been recently started
to be covered with those experiments. Linear filters have been widely ajipltedse experiments,
showing their efficiency. The literature also shows that most of times theite@sused has been
single-frequency, i.e., filters deal with only one frequency each time.s& kangle-frequency tech-
niques, according to the latter results, have shown to be near the limit of @rrmance and capac-
ity. While we wait for future higher resolution experiments we can devel@ptoels that improve the
detection of fainter sources, tools that can be used in the future with therhiggolution experiments
as well.

To achieve this goal, in this Thesis | will introduce a multifrequency linear filtenrethod. The
use of two or more channels in a simultaneous way allow us to take into accouetavailable
information that is ignored in the single-frequency methods. In the casésofliesis, the additional
information used will be the cross-power spectrum of the noise, spatahiation of the point sources
(like the fact that one source is located in the same point in the sky at twoeatifffequencies) and

the parametrisation of the spectral behaviour of the point sources likeex peov. The multifrequency

Xl



linear filter to be presented in this Thesis uses all this information in a natuyal tgaperformance
is compared with the matched filter applying both techniques (the single- and ttidrequency) in

a set of realistic simulations of the Planck sky, showing the results in the CBapéecuracy in the
recovered flux density and spectral index, percentages of spuanol®al detections, etc, are better in
general with the multifrequency method than with the matched filter.

Once the efficiency and power of the multifrequency method has been,testdtibe applied to
real data, in particular the channels V and W (61 and 94 GHz, respgtiiveghe WMAP 7-year data.
After some considerations (in particular the antenna beams) that must bédrtakaccount respect to
the Planck case mentioned in the previous paragraph, and explained naetailrin the Chaptdrl4,
the multifilter tool obtains, in a totally blind search, a number of 1&®&tragalactic objects at both
channels simultaneously, to be compared with the 22 detections at 94 Ghimirdind search with
the WMAP 3-year data (bpez-Caniego et al., 2007).
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Chapter 1

INTRODUCTION

In the last years, several experiments have produced importantcdvancosmology. The ‘Concor-
dance Model’, the currently most accepted model in cosmology that is bagbd inflation and on the
ACDM model (where they are included the cold dark matter and a cosmologiesiant), is widely
supported by different observations of the Cosmic Microwave BackgtqCMB), the accelerating
expansion of the Universe measured with distant supernovae anddkeestaie structure of the Uni-
verse. According to the most recent results (Planck Collaboration e0d5¢2, the baryonic matter
constitutes thet.9% of the energy density of the Universe; the dark matter (non-baryonadhyeén-
teracting matter) constitut@$.8% of the energy density of the Universe; and the remai®i§% is
the ‘dark energy’, with an equation of state close to a cosmological cansiath responsible of the
current accelerating expansion of the Universe. Very little is knowmiathe dark matter and energy
and investigating the properties of these components is one of the chaltdragssnology in the next
years. Dark matter must be ‘cold’, in the sense of low energetic or notivistir particles (at least in
its majority), because these kind of particles were necessary to form tistusés that have collapsed
into the form we observe nowadays. If the dark matter was ‘hot’ (or &varm’), the particles of dark
matter could collapse and form structures but with less accumulation thavetise

1.1 TheACDM Model and the Cosmic Microwave Background

About 13,800 million years ago (Planck Collaboration et al., 2015e), theeldsg was born in a ‘big
explosion’ called the Big Bang, origin of the space-time as we know it.

Let us imagine the evolution of the Universe in a temporal line where we cam ttire different
epochs of its history (see Figdrell.1). Immediately after the Big Bang, wiheddlanck Era(( < ¢ <
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Figure 1.1 - This illustration summarises the almost 14-billion-year long history of ouvésse. It
shows the main events that occurred between the initial phase of the ,ostmere its properties
were almost uniform and punctuated only by tiny fluctuations, to the ridetyasf cosmic structure
that we observe today, from stars and planets to galaxies and galaterslu@opyright: ESA. Taken
from http://www.esa.int/spaceinimages/Images/2013/03/Pla nck_history_

of_Universe_zoom


http://www.esa.int/spaceinimages/Images/2013/03/Planck_history_of_Universe_zoom
http://www.esa.int/spaceinimages/Images/2013/03/Planck_history_of_Universe_zoom

1.1. THE ACDM MODEL AND THE COSMIC MICROWAVE BACKGROUND

10~%3s). In this epoch, it is commonly accepted that the four fundamental interactiere unified
and, for this reason, it is out from our knowledge since we do not hatveeory that reconciles the
guantum mechanics and the general relativity.

Whent ~ 10730 s, the early Universe underwent, for a brief period of time {0732 s), an
exponential expansion that increased the linear dimensions of the Baivgm factor of at leag?®
(Guth,1981). This period is, for this reason, called ithigation and it was inserteéd hocin the
Big Bang model to solve some open questions in that moment, such as the remitdine flatness
problems. The first one talks about how it is possible that the Univerdatistikally homogeneous
and isotropic according to the cosmological principle. Without inflation, it ispassible to explain
how two points located at opposite directions in the sky can be causally c@edneHowever, we
know from observations that all the regions on the horizon sphere gteogame statistical properties.
The inflation solved this problem, connecting them in the epoch previous teteésated expansion
caused by it. With respect to the flatness problem, the question is why the @asitydis so close to
the one that is necessary to have a flat Universe (flathess confirmi feuccessive experiments for
the observable universe). According to Friedmann equation (Friedtf2a):

—3kc?

-1 _ 2 _
(Q 1)pa S

(1.1)

The right side of the equation is constanty the speed of light;7 is the gravitational constant and
k is the curvature parameter). In a Universe with inflation, the scale fadtehaves like:* and the
factor pa? (with p the total density of the Universe) grows quickly, allowing an arbitrary initéle
for Q (the ratio between the current density and the critical density), since théanflcan reduce it

until almost zero.

The inflation is generated by a hypothetical scalar field whose associaticgwould be the
inflaton. According to this postulate, and before the inflation, the inflaton ¥ieldld be at a high
energy state. Then, and due to quantum fluctuations, a phase transttimeadand the inflaton de-
scended to the lowest energy state. This action produced the expogeotiadf the scale factor, the
so-called inflation. Moreover, this inflationary process had to prodedeigpations in the metric, that
have propagated until the present time in the form of gravitational wavessilidy of these waves is
one of the most challenging goals of modern observational cosmologiheawmitection of primordial
B-modes is nowadays a very active field of research (see sécfioh.1.2.3)

If we continue this journey through the history of the Universe, when3 minutes the light nuclei
were formed (the so-callggrimordial nucleosynthesjsbasically hydrogen~ 75%) and helium ¢
25%) (Alpher et al., 1948a). There are small quantities of another light nsetdi as lithium. Also we

3
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Figure 1.2 - CMB anisotropies measured by Planck by means of the Spectral estimadion

Expectation-Maximization method. Copyright: ESA. Taken from_PlanckaBoration et al.
(2015b).

have the leptons and the radiation. At this point, the four fundamentafeggearated and the Universe
continued as a hot plasma composed by very energetic photons thatoméneiously interacting with
electrons and baryons. In this way, at those temperatures, it was impossitorm stable atoms
because the most energetic photons ionised any atom that would fornt aptie. The Universe
continued its expansion anrd380,000 years after the Big Bang it had cooled down to a temperature
of ~ 3000 °C. At that moment, protons and electrons could form atoms (recombinatiornikerse
became transparent (decoupling) and the photons travelled freely ungitéisent time. The relative
differences in the temperature of these photos with respect to the mean atunpearf the CMB as
measure today;-2.73 K, are the so-called anisotropies of the Cosmic Microwave Backdr(g.,
Figuré1.2) . Nowadays, one can measure the photons coming from aayiatirof the sky to have a
mean temperature @f7255 4+ 0.0006 K (Eixsen, 2009).

After decoupling, we have atoms, other elementary particles and photee8itig free through
the space. These are the so-calliedk agesbecause at this epoch the first stars had not yet formed.
At a redshift betwee < z < 20 (between 150 millions and one billion of years after the Big Bang),
matter started to form the first stars. These first stars ionised the hydaogethe Universe reverted
from a neutral state to an ionised plasma again. This epoch is known @scahisation

4



1.1. THE ACDM MODEL AND THE COSMIC MICROWAVE BACKGROUND

The detection of the CMB in 1964 by Arno Penzias and Robert Wilson of AL&lboratories
Penzias and Wilson (1965) was a crucial support of the Big Bang Yhdgy that time two differ-
ent models coexisted and tried to explain the Universe and its origins: the/tokthe Big Bang
Alpher et al. [(1948a) and the theory of the Steady-State Bondi and G8#8); Hoyle [(1948). The
theory of the Big Bang, as it was shown, tried to explain the Universe &qrimordial ‘big explo-
sion’ and how the atoms formed in a hot expanding Universe. George WaRalph Alpher and
Robert Herman studied the thermal evolution of the Universe and predieeadirrent temperature of
the Universe and the photons of the relic radiation after thousands of mitifoyears to b&l” ~ 5 K
(Alpher et al.| 1948hb, 1949).

However, the Steady-State Theory, in its stricter version, proposeththatniverse remains sta-
tionary in its dynamical magnitudes (density, geometry, etc) and in its statistimaénties, like the
galactic counts. Therefore, as a consequence the Universe shoklthiosame in the past and the
present in every region of the space. The expansion of the Uniiseselear fact since Hubble dis-
covered the recession of all the other galaxies (‘nebulae’ in that ¢gbietbble, 1929). Therefore,
the Steady-State Theory had to introduce a certain mass creation rate to méataame appear-
ance through the time. This theory suffered a serious blow with the disco¥éne CMB mentioned
previously.

Fifteen years after Gamow and his team formulated the basics of CMB cogmd@aike and
Zel'dovich rediscovered independently the theory of the primordial esipho Dicke, Peebles, Roll
and Wilkinson realised the importance of this relic radiation and decided to buddignna to search
for it. At that time, after an informal meeting with Penzias and Wilson that told theoutatheir
discovery, they determined that the excess of signal detected was dwernuocitowave background
radiation (Penzias and Wilson, 1965; Dicke etlal., 1965).

In the last decades, an increasing number of experiments have studieMBieadiation and its
properties. It has been found that this radiation is very uniform ancdisictall over the sky, roughly to
1 partin 100,000. The Big Bang Theory plus the inflation is the most natodaldwitive explanation
to these facts, although several theoretical and observational issuemito be explained. A notorious
aspect of this primordial radiation is the fact that it is the most perfect tidadig known in the Universe
(see Figuré 113).

In the 1970s, several cosmologists such as Zel'dovich, Harrisof|ézeand Yu realised that the
Universe should have small inhomogeneities in the matter distribution in ord&pkairethe current
structure of the Universe. Sunyaev declared that these inhomogenaitigd have left an imprint
in the CMB. These inhomogeneities were detected on the whole sky by thedbiitd Microwave
Radiometer (DMR) instrument on the COBE satellite in the early 1990s Smoot(&9aR).
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Figure 1.3 - CMB frequency spectrum obtained with the FIRAS instrument on COBE 8619s
one can see, the experimental data fit perfectly to the theoretical miditiel lblack body at T=2.725

K. The error bars were amplifie¢D0 times in order to be seen. Taken from Fixsen et al. (1996).
Copyright: The American Astronomical Society, reproduced with pesimisof the authors.

Later, BOOMERANG! de Bernardis et/al. (2000), MAXIMA Hanany et 1000) and Tenerife
Gutierrez et al.[(2000) experiments determined in the late 1990s that the ceredtthe Universe
is close to zero, result confirmed by WMAP in 2003 Bennett et al. (2003).

The anisotropies of the CMB are the angular fluctuations in the temperattiris oddiation field.
In order to deal with these fluctuations in a statistical way, we may interpnet #isea realisation of a
random field on the sphere and use the spherical harmonics formulatieadolz them:

BL(0,0) = L0 — 50 Sy amYun(0,0),
(1.2)

apm = [T de [T sin(0)do Y, (6, 6) AL

If the temperature fluctuations are statistically isotropic, the varianeg,pfdoes not depend on

< agmaz/m/ >= ng@gl(smm/, (1.3)

where the averages must be taken over statistical ensembles. The quéhtitiesheangular power

spectrunof the temperature field.
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Dy[1K?]

If the fluctuations are Gaussian, it is sufficient to know the power specfsecond order mo-
ment) and it can be accurately calculated for the inflationary models ast@ofun€the cosmological
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Figure 1.4 -Power spectrum of temperature fluctuatiobs,= £(¢+1)CF ™ /2r estimated by three
different experiments: the Atacama Cosmology Telescope (ACT), théhSole Telescope (SPT),
and Planck, wher€'” are obtained from ef_1.3. The dashed grey line corresponds to tiekBla
best fit model. The horizontal axis is in logarithmic scale ug te 50. The figure has been taken
from|Planck Collaboration et al. (2015h). Copyright: ESA.

parameters (Seljak and Zaldarriaga, 1996).

Checking the Figure 1.4, we can observe three regions:

e At large angular scales (or equivalently, small valueg)pfve see plateau This is due to the
fact that correspond to sizes on the last scattering surface largaththaorizon at the epoch of
decoupling and therefore, not connected in a causal way. For tsigirg@o structure is expected
at these scales. However, we can observe a deficit o lpawer: the CMB power spectrum
observed by Planck seems low at small valueg,dh particular in the rangé < ¢ < 30
(Planck Collaboration et al., 2014c). It does not have any important ingpettte cosmological

parameter estimation, strongly determined by the high-multipole range.

e Intermediate regions3() < ¢ < 1000) correspond to regions with size less than the horizon.

7



CHAPTER 1. INTRODUCTION

Matter and radiation inside these regions are causally connected. Befatecoupling, acoustic
oscillations occured in the baryon-photon fluid due to the competition betweegrdhitational
force and the radiation pressure when the fluid collpased into the gravahtiatls, resulting
acoustic peaks in the Figute 1.4. The position of the peaks is determined lgedneetry
(Kamionkowski et al., 1994), the first ih~ 200, the size of the horizon at the decoupling time.

e At smaller scales, temperature fluctuations are damped due to the fact theplileg is not
instantaneous (or what is the same, the last scattering surface has a Wit value i\ z ~
100). Therefore, fluctuations with sizes smaller than this width will be reducemthmr photons
coming from different parts of the surface. Also, the ‘Silk damping’ (Si868), where photons
coming from overdensed regions, dragging the baryons with them andtlsimg the density
fluctuations of photons and baryons, is other effect to be taken intaiatco

A crucial aspect to be considered when the power spectrum is medsuhectosmic variance
derived from the fact we only have one Universe and one sky tore@seThis limitation is more
notorious at small values éf introducing always a variance %C‘% in the calculations for Gaussian
temperature fluctuations. A closely related aspect is#mple varianceEven if we imagine a full-
sky experiment (like WMAP and Planck), we must discard some highly congdedrregions, like
those close to the Galactic plane. This introduces a factor in the errormqﬁ@w, where f,, is
the fraction of the sky covered. These two error sources are alpragent and are independent of
resolution and sensitivity of the experiment.

Additionally, there are several anomalies not entirely clarified and na&reed in the CMB power
spectrum. Let us show briefly:

e Low-multipole alignment was firstly detected by Tegmark et al. (2003). Th&@&dtropic ran-
dom field assumption results in a statistical independence of the prefege@dssociated to the
guadrupole { = 2) and the octupole/(= 3). IPlanck Collaboration et al. (2014d) estimated an
angular distance between both axes betv§eand13°, depending on the component separation
method used.

e Low variance Monteséar et al. (2008) claimed a low value of the 3-year WMAP temperature
data with respect to that expected from Gaussian simulations, resultneedfiny Cruz et al.
(2011) and Planck Collaboration et al. (2014d). The authors argagdththe cosmological pa-
rameter estimation is not affected by low multipoles, simulations based on thetbest@DM

model could differ from data at large angular scales.

8



1.1. THE ACDM MODEL AND THE COSMIC MICROWAVE BACKGROUND

e Cold Spot. A particular cold region in the Galactic southern hemisphere wastee by
Vielva et al. (2004) in the first-year WMAP data. The authors obsermezkaess of kurtosis at
scales~ 10° with respect to the distribution expected from isotropic and Gaussian simuation
Many possible explanations have been suggested for the Cold Spot, dide(inoue and Silk,
2006) or underdensed regions (Finelli etlal., 2014) to cosmic textureg &L al.| 2007).

e Hemispherical power asymmetry. Several estimators applied over thedastigta of WMAP
revealed that the CMB temperature anisotropy pattern near the Galactiemnmoh@misphere
has a lack of large scale features with respect to the southern hemis@uwednn et al. (2005)
proposed a model in terms of a dipole modulated field. The preferred dimdafiauising the
3-year WMAP data was, in Galactic coordinatés—= —27°,1 = 225°) (Eriksen et al., 2007)
and(b = —22°,1 = 224°) £ 24° in the 5-year WMAP data (Hoftuft et al., 2009). The analysis
carried out by the Planck Collaboration shows consistent results (P@aitdboration et al.,
20144d).

e Phase correlations. If the spatial distribution of the CMB anisotropies alledescribed by a
random Gaussian field, the angular power spectrum contains all the sthiisticmation. In
this case, the harmonic coefficients (se€ ed. 1.2) can be written as a camapiber with a real
and an imaginary part, whose phase is the arc tan of the ratio between thedrgaagid the real
part. These phases (fot # 0 andm > 1) should be independent and identically distributed anf
follow a uniform distribution in[—7, 7r]. The Planck Collaboration (Planck Collaboration et al.,
2014d) found evidences that the ldwphases are correlated. If true, this would indicate the
existence of non-Gaussianity in the fluctuations of the CMB.

e Parity asymmetry. Two kind of parity transformations are usually considéhedpoint-parity
reflections (between antipodal points in the sphere) and mirror reflectlmasigh a plane and
selecting a preferred direction in the sky). Land and Magueijo (200%5)jestuthe CMB and
found an evidence of odd point parity preference at fovalues. This result has been confirmed
by other works and Planck data. Planck Collaborationlet al. (2014d)uxtett that this asym-
metry cannot be attributed to the low quadrupolar moment, because it inetgase values of
£ ~ 22 — 25. Their study of the mirror parity revealed and anti-symmetry close to the ftarnd
the dipole modulation.
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1.2 CMB anisotropies

As it was previously commented, the CMB presents different types of ingermities, that can be
divided into two groups depending on their origin:

e primary anisotropies, which are due to effects that occurred at the moment of the last scattering
surface or before.

e secondary anisotropieswhich are due to the interactions of the CMB photons with hot gas or
gravitational potentials, between the last scattering surface and ther@bser

1.2.1 Primary anisotropies

The initial density fluctuations in the matter and radiation at the epoch of recatiirare the origin
of the CMB anisotropies. These fluctuations are also the origin of the lagje structures that we
observe nowadays: overdensed regions are the seeds of asragwditer gravitationally collapses to

form structures. We can distinguish betwestiabaticandisocurvaturefluctuations.

Adiabatic fluctuations are associated with a null variation of the specificgntifieach component

(2)-(20)

whereny,, npyr, n, denote the baryonic, dark mater and photon densities, respectively.

at each point:

By contrast, isocurvature fluctuations are characterised by a null fliimtuof total energy at each
point. According to the theory of General Relativity, is the energy, inclytire mass in this concept,
that causes space-time to curve. This is the reason to call isocurvatueseokind of fluctuations.
Mathematically, isocurvature fluctuations can be expressed as follows:

5(py + py + porr) = 0. (1.5)

Additionally, it is assumed the entropy per baryon is constant.

There are two main scenarios to explain these two initial seeds: inflation anbbgomal de-
fects. Inflation, as it was briefly explained, was a very short periotineé in the early Universe
where the scale factor grew exponentially. Inflationary models state thedtians were originated
from the quantum oscillations boosted exponentially in the inflation (Hawking2;1&uth and Pi,

10
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1982;| Starobinsky, 1932; Bardeen et al., 1983). Inflationary moldetsur adiabatic fluctuations
(Kolb and Turner, 1990) from a realisation of a homogeneous and @otaussian random field,
fully characterised by their power spectrutgk) = Ak™. Standard inflation predicts = 1 (Harrison,
1970; Zeldovich| 1972).

Topological defects scenarios consider cosmic strings, textures, atantght be formed dur-
ing symmetry breaking phase transitions in the early Universe as seeds tb peitiarbations
(Vilenkin and Shellard, 1994). These fluctuations are non-GaussihereTis also the possibility of
obtaining hybrid scenarios combining inflation and topological defects.

Photon density fluctuations are not the only source of primary anisotrdpi¢ise following para-
graphs, some of them will be briefly explained.

e Doppler effect, produced by the motion of the observer with respect to the comovingicated
system of the CMB. The ‘blueshift’ region will be observed in the directibthe motion, and
the ‘redshift’ region in the opposite direction. As a result we obtain a difidies anisotropy was
firstly detected in 1975 Corey and Wilkinsan (1976), but it was not un8ielhat COBE mea-
sured its amplitude in a precise wa/372 + 0.007 mK [Fixsen et al.|(1996). Strictly speaking,
the Doppler effect is more an observational effect than a primary aojsotr

e Sachs-Wolfe effect(SW), Sachs and Wolfe (1967), the most important physical process by

which the primordial density fluctuations left their imprint on the CMB in the forirsimall
variations in the temperature at scales larger than the horizon size at thedtisting § ~ 2°).
Its origin is the gravitational potentials at the last scattering surface, wiegrhtitons enter and
then leave the potential well at the epoch of recombination, gaining partefaigy and getting
blueshifted and then loosing it and getting redshifted. The effect is mstant across the sky
due to differences in the matter/energy density at the time of the last scattering.

At scales 0.1 < 6 < 2°, the anisotropies are related to causal processes occurring in the matter-
photon fluid until recombination. The coupling can be modelled through a hmacnogcillator that
generates the already mentiormobustic peak¢Hu and White [(1996)). The combination of gravity
and photon radiation pressure makes the perturbations to fluctuate.

Additionally, there are several physical processes that reduce thigwdepof the fluctuations,
mainly at smaller angular scales. One of these mechanisms is the ‘Silk dampin¢l $#), where
photons will travel from regions with a higher density to those with a lowesitigthrough diffusion,
dragging the electrons, that are coupled to the protons, with them via Conmpésaction. This

diffusion has the effect of damping out the fluctuations.
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1.2.2 Secondary anisotropies

As it was commented before, these anisotropies are produced due to tiaetiotes of the CMB
photons between the last scattering surface and us. The most impoftaig afe:

Gravitational effects

If the photons cross a region with a potential well that is evolving they @éxget a variation in their
energy due to the variations in gravitational redshift/blueshift along théir. pn the special case
where the potential well is due to linear density perturbations in a Univéfseaiht from the Einstein-
de Sitter one, this effect is known as the Integrated Sachs-Wolfe @fft). In an Einstein-de Sitter
Universe the ISW is equal to zero. Four different regimes can be dissingd for this mechanism:
early ISW when the potential decays between the decoupling time and the full matter diomjtee
ISW, when the potential decays due to the natural Universe expansiom@itag no longer dominates
the expansion/A or open models)Rees-Sciama effe(lRees and Sciama, 1968), which is due to non-
linear evolution of collapsing structures; and finally all the other gravitaki@akshift effects, including
gravitational lensing.

Scattering effects from reionisation

The reionisation is the epoch, after the recombination, where the firsistegsormed and ionised the
existing Universe at that time. During and after the reionisation, an inagasmber of free electrons
can interact and scatter with the CMB photons.

If we suppose that the Universe becomes reionised at a given riedsbértain fraction of CMB
photons will be scattered by free electrons. It means that one particMBrgboton observed from a
given direction has not necessarily been originated from that direction.

Another effect that we have to take into account is tBanyaev-Zel'dovich effect (SZ)
Sunyaev and Zeldovich (1972). This effect is produced when CM&aquts, during their passage
through hot ionised gas (mainly in the inner regions of cluster of galaxres$¥eattered by the hot
electrons in the intra-cluster gas (inverse Compton effect). If we sepihas a certain fraction of the
CMB photons that are travelling through the cluster are scattered to higbeegies, the final result is
an appreciable change in the CMB spectrum. This effect has a ch#tactEequency dependence

12
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that makes it easier to detect galaxy clusters. Mathematically, the CMB intehaitige is given by:

(kTems)?

AL =2
(he)?

yog(x), (1.6)

wherek, h andc are the Boltzmann, Planck constants and the speed of light (in the mediup®ctes
tively, andx = hv/ktoarg. The spectral form of this effect is described by:

g(x) = z*e*[z - coth(z/2) — 4]/(e® — 1)?, 1.7)

which is negative (positive) at values ofsmaller (larger) than;y, = 3.83, that corresponds to a
frequency oy = 217 GHz.

The Comptonisation parameter is

kT,
ve= [ S sneor (L.8)
mc

wheren, and T, are the electron density and temperature, respectivelyis the Thomson cross
section, and the integral is over a line of sight through the plasma.

1.2.3 Polarisation of the CMB

Another aspect to be considered in the analysis of the CMB is its polarisasosn electromagnetic
radiation, the CMB can be polarised and the study and analysis of this pdilamisvill allow us to
better understand the CMB and the mechanisms that originated it. By conitfashevintensity, the
polarisation is only generated by scattering (excluding the lensing effeeisp the most direct probe
of the last scattering surface (also of the reionisation).

Through the Thomson scattering, let us suppose incident unpolarisedhaits the electron,
being the outgoing light polarised perpendicular to the plane of the scatt@aking into account two
incoming light directions, it is necessary to have some differences in thesityter the incident light
in order to have some degree of polarisation in the outcoming light, or in othelswibie electron must
see a quadrupole. This situation is only possible near the end of the reatimibjivhen a quadrupole
moment can be formed by the diffusion of photons into and out of the origihatland cold regions.
Recall that as photons from different temperature regions meet a temmgeirhomogeneity is con-
verted into an anisotropy. Nowadays, we observe the linear polarisattterpthat is the projection
of the quadrupole anisotropies at recombination epoch, like figure 1vissho

13
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Figure 1.5 -In this figure it is shown how the quadrupole anisotropies are transtbimte linear
polarisation. In the figure (a) we see how the orientation of the quadrugthieespect to scattering
direction?, determines the sense and the magnitude of the polarisation. It is alignedoldttrexd)
lobes. In the figure (b) we see the same but represented as a furfafiofiaden from Hu and White
(1997). Copyright: Elsevier B.V., reproduced with permission of ththars.

In general there are only three sources of quadrupole anisotraquialsir (density perturbations),
vectorial (vorticity in the plasma) and tensorial, directly related to gravitatisa&ks. The vectorial
perturbations are discarded in our scenario, remaining only the scdlée@sorial perturbations. And
only the tensorial perturbations are able to produce the so-dalladde whose detection (at a certain
level) would be an evidence of the gravitational waves produced durmgnftation excluding the
lensing effects.

But what is a B-mode? As it was said, the CMB, as electromagnetic radiatiorhe polarised.
The Stokes’ parameters have been intensively used to describe thisgi@arof the light. These
parameters are four:

I= |EZ’|2 + |Ey’27
Q= 1(|E:* — |Ey?),
U = jRe(E,E}),
V= %Im(ExE;),

(1.9)

where E, and E, are the Cartesian coordinates of the fildIf U = V' = 0 and@ # 0, light is
linearly polarised in one of the Cartesian axisQif=V = 0 andU # 0, then the linear polarisation
forms an angle oft5° with respect to the Cartesian axis. f = U = 0 andV # 0, the light is
circularly polarised.

According to the Helmholtz's theorem, any vector field that satisfies someemgtsirong con-
ditions can be decomposed into the sum of an irrotational and a nule-ein@rdields. By analogy
with the electric and magnetic fields, these fields are so-calleH #relB modes, respectively. For a

14
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didactic an intuitive introduction to CMB polarisation, see Hu and White (196d@)this websit@].

1.3 Galactic contamination

When the sky is observed at microwave and submillimetre frequencies, nat doly collect photons
from the CMB. There are many sources of contamination at these freigsehat must be taken into
account in order to make a proper study of the CMB and its anisotropiesoridin of a considerable
percentage of this contamination comes from our own Galaxy in the form fafsdifemission. In
addition, there are extragalactic sources (galaxies or clusters of galéhd are an important source
of contamination at small angular scales and emit as well at these frequencies

Finally, if our detection device is on the surface of the Earth or in our atneseplve have more
sources of contamination whose origin is the atmosphere itself. In the follquaregraphs we will
review the main sources of Galactic contamination (see Figure 1.7).

1.3.1 Synchrotron emission

Any charged particle accelerated in a magnetic field emits radiation. In theotam-relativistic
electrons we observe the well-known cyclotron radiation whose fregquéme frequency of gyration
in the magnetic field) is obtained to equal the centripetal and the magnetic Lsifentes:

qB

) (1.10)
ymc

WwpB =

whereq andm are the particle’s charge and mass, respectivlthe intensity of the magnetic field,

c is the light speed and the relativistic factor. In the relativistic case the emission is beamed into a
narrow cone ofAf = 2/~ of width, being more complex the spectrum and the pulse of radiation will
be observed in a time period much shorter due to, precisely, this beaminy &ffee spectrum will
spread over a broader region with a cut off at the ‘critical frequency

3
We = ifyszsina, (2.12)

wheresina represents the projection of the electron trajectory into a plane perpéardicuhe mag-
netic field B. If v increases, the pulses are shorter in time and more harmonics of the furidamen
contribute. Ify — oo, we need a large number of harmonics to describe the emission and thepenvelo

http://background.uchicago.edu/ ~whu/intermediate/Polarization/polar0.html
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of this emission approaches the form of a certain functi¢m). The power per unit frequency emitted
by each electron is:

Plo) = Y3 Bsina <‘*’> , (1.12)

2 mc? We

whereF(z) = z [,° K5/3(y)dy, beingK; 3 the modified Bessel function of 5/3 order.

Taking into account the Galaxy, the situation is more complicated: particle witreliff veloci-
ties are present and the magnetic field changes from a point to anotlean e demonstrated that,
assuming a random direction for the motion of the electrons with respect to teetiafield and a
power law describes the electron energy spectrum the synchrotron kityiiso

V3g¢® 3¢\ (p+1)/2 —(p—1)/2

Iv) = grme <4W3c5> LNoBs; v a(p), (1.13)
where L is the length along the line of sight through the considered emitting volupg; is the
effective magnetic field strength along the line of sight aiid) is a weak function of the electron
energy spectrum:

p 19 P 1 1
(2 2y ) 1.14
a(p) <4+12> <4+12)p+1’ (1.14)

wherel" is the Gamma function. Translating this luminosity in terms of brightness temperateire, w
obtain:

T(v) x v~ @32 = =5, (1.15)

As it can be seen in the Figure 1.7, the synchrotron is the dominating foredjtmelow 20 GHz.
For more details of this radiation, See Rybicki and Lightman (1979) and $(h889).

In addition, the radiation emitted by those relativistic electrons spiraling in a riadgred is
intrinsically highly polarised. Most of the energy is emitted in the plane of thetrel€s motion:
about seven times more than in the orthogonal plane. In the case of atlyerdgular magnetic field,
the synchrotron polarisation fraction may exc&eéth, although for realistic cases is significantly less.
WMAP found a polarisation fraction of- 3% in the Galactic plane ane 20% at high Galactic
latitudes (see cite Page et al. (2007)). There are other analysis thetpelarisation fractions as high
as50% on large angular scales (see Kogut et al. (2007), Vidal et al. (2015)
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Figure 1.6 - Maximum a posteriori synchrotron map in intensity derived from the joasetine
analysis ofPlanck WMAP and408 MHz observations (top) anélanckpolarisation amplitude map
at 30 GHz, smoothed to an angular resolution@f(bottom). Taken frorn Planck Collaboration et al.

(20154). Copyright: ESA.
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Figure 1.7 -Frequency dependence of the main Galactic contaminants of the CMBnhntansity
and polarisation. As one can see, betweefi0-90 GHz there is a window where the CMB domi-
nates over the other contaminants. The shadowed regions corraspgbedrequencies observed by
Planck. Taken frorhttp://www.cosmos.esa.int/web/planck/picture-galler y.
Copyright: ESA.
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1.3.2 Free-free emission

The Bremsstrahlungr free-free emission is an electromagnetic radiation produced whernrgecha
particle is decelerated in the Coulomb field of another charged particle. rlnase, these particles
are free high energetic electroriE ¢ 10* K) interacting with ions of the interstellar medium. This
radiation is poorly known, it is difficult to measure and dominates in a smallerafigrequencies
(around~ 50 GHz), where the other Galactic contaminants are minimum. As this radiation is in-
trinsically independent of the direction, it is unpolarised. For more detaithisfcomponent, see
Rybicki and Lightman|(1979) and Smoot (1998).

1.3.3 Thermal dust

The radiation that dominates the Galactic emission abov@0 GHz is the emission produced by
small grains of dust (just a fewm in size) in thermal equilibrium with the local radiation field, that
absorb the UV light from the interstellar medium and re-emit it in the far inérafEhese grains are
basically silicon and carbonate grains of different sizes and shap&sc{jrihe partial polarisation of
this emission comes from their non-spherical shape and their alignment wdtingxmagnetic fields)
and can cluster forming dust clouds. The thermal dust emission can bdleddaea modified black-
body radiation, the so called grey-body, because the dust thermal emissiptically thin in the
submillimetre range:

Sy = 1, B,{q, (116)

where S, is the flux density integrated over the clump solid ar@le (common to all frequencies),
7, = Ng,umpk., (v/v)? is the dust optical lenght anBl, is the well known Planck function at the
dust colour temperaturg. (T, ~ 20K):

2h? 1

2w
€ ewr —1

B(w,T) = , (1.17)

whereh, c andk are the Planck constant, the speed of light in the medium and the Boltzmarnardons
respectively.

In the optical length expressiotNy, is the Hy gas column density, = 2.33 is the mean mass
per particleyn gy the mass of the protom,,, the mass absorption coefficient at frequengyndg the
dust emissivity spectral index (typical values betwéed 5 < 2), dependent on the nature of the dust
grains (for more details seeéBert et al.|(1990)). We can rewrite the equalion]1.16 in the following
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way:

S, = AB,(T.)V°. (1.18)

This expression allows us to see more clearly the three quantities that adeteahined: the
amplitudeA, an effective temperatufE. and the spectral index.

Finkbeiner et al. (1999) obtained a multi-component model capable dfidiegcthe dust emission
betweenl 00 and3000 GHz. In this model they combine two grey bodies with different values of the
dust spectral indexl(67 and2.70) and temperature9 (4 and16.2 K, respectively).

This radiation is partially polarised due to the fact the dust particles arephetrisal and they
tend to align their major axes with the local magnetic field lines. Therefore, itsilsotion has to be
taken into account in the CMB polarisation data at high frequencies. Untiatitieal of Planck
the knowledge about this component was very poor. Nevertheles®ldmek collaboration has
found that the dust contamination in polarisation is greater than the expemtétbation: in fact,
(Planck Collaboration et al., 2015c) observed a maximum dust polarisa#iotioh of 18% in their
first analysis of the polarised dust emission based o83R&Hz channel.

For more detail of this emission se@&ert et al. (1990).

1.3.4 Spinning dust

In the last years, an anomalous Galactic emission at low frequenciesdraddtected. This emission
cannot be accounted as thermal dust or free-free emission. Moyesaweral studies have shown
a correlation with thermal dust Kogut (1999); Leitch et al. (1997); dedgdia-Costa et al. (1997);
Watson et al.| (2005). Draine and Lazarlan Draine and Lazarian &BP®roposed a process that
could explain this peculiar radiation. This process has a frequencyhdepee similar to that of the
free-free emission in a certain range of frequencies, but with a largersity, and is produced by ro-
tational electric dipole emission and, thus, has been napieding dustGénova-Santos et al. (2015)
reported upper limits for the polarisation fraction of this emissior @.3% and< 2.8% at 12 and 18
GHz, respectively.

1.3.5 CO emission

Some transitions between different energetic levels of the carbon moremddserved in the CMB
temperature data. The first seven CO rotational transitions are in thefregirange observed by the

High-Frequency Instrument éflanck which cover the range betwe#f0 and857 GHz. In particular,
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Figure 1.8 - Maximum a posteriori dust intensity map derived from the joint baseliradyais of
Planck WMAP and408 MHz observations (top) anBlanck polarisation amplitude map at 353
GHz, smoothed to an angular resolution4df (bottom). Taken from_Planck Collaboration et al.
(20154). Copyright: ESA.

21



CHAPTER 1. INTRODUCTION

the first three of them{ =1 — 0; J =2 — 1; J = 3 — 2), presented at15, 230 and 345
GHz, respectively. This kind of emission is considered a good tracereahtilecular component of
the interstellar medium since it is excited by collisions with and observable from the ground. See
Planck Collaboration et al. (2015a) for more details.

1.4 Extragalactic components

Over the last few years, a big effort has been devoted to the probldetexdting point sources in CMB
experiments. The main reason is that modern CMB experiments have reasloddion and sensi-
tivity levels such that their capability to estimate the statistics of CMB fluctuationiglatrhultipoles
is no longer limited by instrumental noise but by Galactic and extragalacticrimreg contamina-
tion. Among extragalactic contaminants, point sources are the most reéamnaller angular scales,
both in temperature Toffolatti et al. (1998); De Zotti et al. (1999); Hobsioal. (1999); De Zotti et al.
(2005) and in polarisation Tucci etlal. (2004, 20056pkez-Caniego et al. (2009). Although the point
sources are fainter in polarisation and not all of them are polarisedtex krowledge about them help
us to remove the lensing effect that, as it was mentioned, transforms the &€imo&-mode, contam-
inating the primordial B-mode. Moreover, the point sources are one ahtdst difficult contaminants
to deal with and, at least in the frequency range spanned by CMBimgu@s, one of the most poorly
known (but less with the arrival of Planck). Since the point sourcesacoinate the CMB radiation,
hamper the efforts of cleaning the CMB from Galactic foregrounds andditkenatically the statistics
of the CMB fluctuations (e.g., the Gaussianity), it is therefore mandatorytéziie maximum pos-
sible number of extragalactic point sources (EPS) and to estimate their fluthsifowest possible
error before any serious attempt to study the CMB anisotropies.

Until here, the point of view of scientists that study the CMB and see the poimtes as a disturb-
ing noise. But EPS are not only a contaminant to get rid of. The extragasmurces were, for many
years, the most powerful tool to study the distant Universe. In partidotem a cosmological point of
view, early surveys generated an important debate previously mentitreeBig Bang model versus
the Steady-State through the (integral/differential) source counts, theemwhbbjects per unit sky
area (above/in an interval) of flux density. In the Figuré 1.9, we canrebsle historical importance
of this discussion. The large plot it is taken from_Longair (1966) and eeaset of observational
points and two curves where at least one kind of sources show somefkawblution. The E-deS
curve is the one for an Einstein-de Sitter universe. As one can detthecebservational points tell us
something about some kind of evolution in the sources. This is preciselywéhage in the right-top

panel. Different curves that represent the source counts foreliffenodels are plotted. In particular,
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Figure 1.9 -In the large figure we show the source counts predicted by models witltievoin the
sources (curves c and d) and in an Eisntein-de Sitter universe (Eutte&y. The points represent the
observations as explained.in Longair (1966), where this figure is tak@nright-top panel shows the
source counts for different models: the Steady-State universe ifgaelbshed line; the dark energy-
dominated universe is the blue solid line; the green, black and red solidrépessent universes
with different values of2; and the black-dashed line is the real universe. The large figure was
taken from_Longair (1966) (Copyright: Royal Astronomical Societproduced with permission of
the author) and the right-hand panel frotp://www.astro.ucla.edu/ ~wright/A275.

pdf , reproduced with permission of the author.
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the Euclidean case has a slopd éfand it is the point where all the curves converge. The Steady-State
one is the blue-dashed line, the dark energy-dominated universe is thediid line and the curves
between these two represent universes with different valués dfhe black-dashed line is the real
curve of source counts. As it is pretty clear from the plot, the real chagea maximum that is not
present in the other curves and tells us that counts (extragalactic olgdtisith be see) underwent
some kind of evolution in the past, rejecting the Steady-State model. Howeveryvas said before,
this debate became obsolete when CMB radiation was discovered in 19&a$and Wilsan, 1965).

The study of EPS at microwave frequencies is also very interesting frerstéimdpoint of extra-
galactic astronomy. The current generation of CMB experiments is allowiagamobtain all-sky EPS
catalogues that is starting to fill in the existing observational gap in our kag®lef the Universe in
the frequency range from 20 to roughly 1000 GHz, gap that has oogntly started to be covered
by the Planck experiment, during the years of elaboration of this Thesisexjt to derive source
number counts and spectral indices, to study source variability andfdresre put constraints on the
models of galaxy formation and evolution. For all these reasons, it is veryrtam to develop suitable
tools to detect this kind of sources.

At this point, one could wonder the following: what is a point source? Reidiy is a technical
guestion: a point source is an object whose angular size is less thargthiarasize of the resolution
element. What is really interesting is the fact that they look like point sousesadthe distance from
us and to the relatively poor angular resolution of the experiments. Atélgeidéncies observed in this
Thesis & 30 — 100 GHz, coincident with WMAP), point sources are dominated down to milli-Jansk

(mJy) by the traditional radio sources, usually accepted be poweregpeyrsassive black holes in
AGNSs. At fainter flux densities it is observed as a flattening in the slope afdhmalised differential
counts, interpreted as the appearance of a new population: the standagalaxies (see Figuke 1]110).

For more details of the following discussion, see De Zotti et al. (2010);cdey (2002).

1.4.1 Radio sources

Radio sources are mostly active galactic nuclei (AGN), with a strong nematil emission originated
in the centre of these galaxies. This emission is synchrotron radiationqao by relativistic electrons
moving along magnetic fields. Observing the figure 11.10 we can obser@ Gitiz, the large variety
of objects that we can find.

Usually, radio sources spectra are described by a powerdavx( v7), where~ is the spectral
index. In general, sources with < —0.5 are classified asteep-spectruraources andlat-spectrum

21Jy=10Wm2Hz '=108 ergs ' cm 2 Hz™ L.
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Figure 1.10 - Predicted differential counts at 30 GHz according to De Zotti et al. (ROQpper
left-hand panel (classical radio sources): flat spectrum radicagsiédotted line); BL-Lacs (dashed
line); steep-spectrum sources (triple dot-dashed line). Upper rigittpanel: ADAFs (dotted line);
extreme GPS quasars and galaxies (dashed linefjay bursts afterglows (dot-dashed line). Lower
left-hand panel (star-forming galaxies): proto-spheroids (dotted lgpérals (dot-dashed line); star-
burst galaxies(dashed line). Lower right-hand panel: SZ effectatatiic scales (dotted line) and
on cluster scales (dashed line). The sum of contributions of each {zaslebwn by a thin solid
line. The overall total counts are indicated by a thick solid line. Copyrigh® B8produced with
permission of the authors.
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sources ifd > v > —0.5 (if v > 0 the source isnverted. Roughly speaking, steep-spectrum sources
are associated to extended objects while flat-spectrum ones with compatsoFrom a physical
point of view, it is appropriate to consider the integrated spectra as thi oéthe combination of dif-
ferent components of the radio source: therefore, a flat spectrumssigierposition of emitting regions
peaking over a broad frequency range (Kellermann et al., 1969adBrgpeaking, to radio telescopes
the steep-spectrum objects showed extended double-lobed struethilesthe flat-spectrum objects
were point sources, unresolved until the Very-Long-Baseline ketenfietry (VLBI) technique pro-
vided sub-arc-second mapping. The compact nature of flat-specturces led to the conventional
interpretation of synchrotron self-absorption at frequencies belowthg(s). In general, each source
has a flat-spectrum core and extended steep-spectrum lobes and this thaileepower law is only ap-
plicable in a limited frequency range. Obviously, the reality is usually more comple can observe
external absorption, self-absorption (producing spectra rising witfrélqeency) and energy losses of
relativistic electrons. In this context, when we talk about extended or ccinopgects, it refers to the
relative sizes of the emitting regions, but are viewed like point sourcesMA®/or Planck due to the
distance that separate them from us and to the relatively poor angurties of these experiments.

Only some of the closer objects are observed like extended objects byettpséments.

Keeping in mind the separation between flat and steep-spectrum soarpasticular kind of
sources that can be observed at those frequencies at#aiters These sources are characterised
by their high variability, their extremely compact size (therefore, their flatsp across a wide range
of frequencies) and the relativistic jet that we observe, characternigigerved both in intensity and in
polarisation. If we observe the Figlrell.10, we can notice in the uppendefi-panel the theoretical
contribution of the steep and the flat (FSRQs and BL Lacs) spectrurnesote the differential counts
at30 GHz. Blazars are the main contributions at higher flux densities.

In addition to the steep spectrum objects, two classes of ultra steep-spaciices{ < —1.3)
have been discovered. The first one is related to galaxy clusters. etbad class is very radio-
luminous and are mostly identified with very high redshift radio galexies Klatredr 2006). There-
fore, the selection of these class of sources is a very effective wayddiigh redshift radio galaxies
Miley and De Breuck (2008).

In very compact regions, synchrotron self-absorption can occtw upry high radio frequencies,
giving rise to sources with spectral peaks in the GHz range. At high tadimosities, these source
are calledGHz Peaked SpectrufGPS) sources. These powerful and compact radio sources with
a spectrum peaking at GHz frequencies are identified with both galaxieguasars. It is widely
accepted that GPS sources correspond to the early stages of the evofystmverful radio sources,
when the radio emitting region grows and expands within the interstellar meditine dfost galaxy,
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before plunging out into the intergalactic medium and becoming an extendiedstairce. An evidence
that these sources are young came from VLBI measurements of ptigpagealocities. Speeds of up
to ~ 0.4c were measured, implying dynamical ages10® years. There is a clear anti-correlation
between the peak (turnover) frequency and the projected linear s@®8fsources, suggesting that
the process (probably synchrotron self-absorption) responsibteddurnover depends simply on the

source size.

At these high frequencies, the presence of spectral peaks at low ksitiesadue to strong syn-
chrotron self-absorption may be indicative of radiatively inefficientaiion, thought to correspond,
as it will be shown, to late phases of the AGN evolution (ADAF/ADIOS objdutigfly explained be-
low). Both the GPSs and the latter objects, with theray bursts (mentioned below) are shown in the
upper right-hand panel of the Figure 1.10. As one can see, their aatignkio the differential counts
is below to the traditional radio sources at 30 GHz.

1.4.2 Sunyaev Zel'dovich effects ang—ray bursts

Focusing in the Figuife 1.10, one can notice that there are two additiortabeions that, in principle,
are not related to the traditional radio sources. The first one comdspo the Sunyaev-Zel'dovich
effect already explained in (see section 1.2.2). There are some edgances of statistically signifi-
cant detections &0 GHz of arcminute scale well in excess of predictions for primordial anipaso
of the CMB (by observations of the Cosmic Background Imager, CBl s(Maet al., 2003) and the
Berkeley-lllinois-Maryland Association Array, BIMA, (Dawson et alQ@2)). Although extragalactic
sources are the main contributions to the fluctuations to that angular scake®ains a substantial
residual contribution to the CBI signal (De Zotti et al., 2004; Holder, 200Rerefore, the most prob-
able contribution is the thermal SZ effect (Gnedin and Jaffe, '2001). ©wttier hand, an important
SZ signal is associated to the formation of the proto-spheroidal galadeséstion 1.414), since the
gas inside these objects is expected to have a large thermal energy, leaalithgtectable SZ signal.

The second contribution comes from the afterglow emission ofythey bursts (GRB). These
GRBs are flashes of gamma rays coming from very energetic explosidnsareobserved in distant
galaxies. These phenomena are the most brightest known events in treeddniTheir duration can
oscillate between fraction of seconds until several hours. Usually, ttie lourst is followed by less
energetic ‘afterglow’ emitted at longer wavelengths.

Most observed GRBs are believed to consist of a narrow beam of stadtion released during
a supernova or hypernova. A subclass of GRBs, the ‘short’ baspear to originate from a different

process, may be due to the merger of binary neutron stars.
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The sources of these GRBs are usually billions of light-years away fsimyplying, as was said
before, that they are extremely energetic. These events are alsaaverpnly a few per galaxy per
million of years. The low time frequency of these events and their extremelyasigbciated energy
have been proposed as the origin of some massive extinction events irsthe pa

GRBs were firstly detected by the American Vela satellites. These satelliteslesagmned to detect
covert nuclear weapons tests, in particular from the USSR. In the latis18&y detected a flash of
gamma radiation different from any known weapon signature. After disogany terrestrial origin,
the results were published in 1973 (Klebesadel et al.,|1973).

The afterglows of the GRBs can me modelled as synchrotron emission fraoetedating blast
wave in an ambient medium, maybe the interstellar medium of the host galaxy (\Wa9ay;
Wijers and Galama, 1999; daAros, 1999). The radio flux above the self-absorption bregk &t
GHz, is proportional to/}/3 up to a peak frequency that decreases with time. This implies that surveys
at different frequencies probe different phases of the expamditme blast wave. Due to their high
brightnesses, GRB afterglows may be detected at high redshifts anceegotle important tracers of
the early star formation in the Universe, and of the absorption propeftibe intergalactic medium
across the reionisation phase.

The models that describe the different populations of radio and IR/sulgpataxies use the so-
calledsource number count®iumber of sources per stereo-radian and per flux interval) that teke in
account the number of objects from a certain population and their cordsyy flux. Regarding the ra-
dio sources, number counts have been obtained from VLA observétiorery low flux limits (~ uJy)
at 1.41, 4.86 and 8.44 GHz Muxlow et al. (2005) and the models behayevedirat this range of fre-
guencies. In the last years, several groups have studied the atisesvat frequencies below 8 GHz
and proposed models that explain these observations and, to a certagn,dedrapolate the number
counts to higher frequencies. De Zotti et al. (2005); Tucci et al. 120hproves the existing models.
In|De Zotti et al. [(2005), the authors studied the contributions to the coyrdgffberent source popu-
lations in the range 20-30 GHz. This work is based on new evolutionary Istmiehe flat-spectrum
radio quasars (FSRQ), BL Lac objects and steep-spectrum sodxdesction-Dominated Accretion
Flows/Adiabatic Inflow-Outflow Solutions sources (ADAF/ADIOS) andlggahases ofy-ray burst
afterglows were also considered in that study. The authors also tookcicwoiat the synchrotron and
free-free emission when estimating the counts of different populatiortamfagming galaxies.

In Tucci et al. (2011) the authors focussed on blazars spectraddha@hate the mm-wavelenght
number counts at brightest fluxes (see figurel1.10). In the most nexziits (Massardi et al. (2011);
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Optical Emission Line Properties

Type 2 (Narrow Line) Type 1 (Broad Line) Type 0 (Unusual)
g’, Radio-quiet: Sy 2 sy 1
g NELG
i IR Quasar? 050 BAL QS0? Black
) Hole
= Spin?
g
FR I BLRG BL Lac Objects
g Radio-loud: NLRG { Blazara{ ]
14 FR II SSRQ (FSRQ)
FSRQ \ 4

v

Decreasing angle to line of sight

Table 1.1 -AGN taxonomy. Table where it is shown the dependence of the objectvthabserve
respect to the viewing angle with the line of sight. Taken from Urry and Rat@1995). Copyright:
Astronomical Society of the Pacific, reproduced with permission of thigoast

Planck Collaboration et al. (2011b,a) and the results shown in the Chpibexrd is a clear steepening
in blazar spectra with emerging spectral indices betwe@’ and—1.2. The authors interpreted this
spectral behaviour as the consequence, at least partially, by thegiomfiom the optically-thick to
optically-thin regime in the observed synchrotron emission of AGN |iets (Marsd 996). A ‘break’
in the synchrotron spectrum of blazars above which the spectrum bestesp is predicted by models
of synchrotron emission from inhomogeneous and unresolved relatijgicBlandford and Knig!,
1979; Konigl, 11981; Marscher and Gear, 1985). In this context, the most rel@aameter is the
dimension of the (approximated homogeneous and spherical) regiomséspmf the emission at the
break frequency, being related to the distance of the emitting region to thecd@Nn a conical jet.
This distance should be parsec-scales at least for FSRQs;-ardpc for BL Lac objects. This model
is able to predict the number counts and the spectral index distribution in theainfleom 5 to 220
GHz.

In the previous subsections we have seen the large variety of objeetvetist GHz range, and
briefly commented some of their characteristic properties. At this point wenzke a deliberation
and wonder if they are a reflect of different objects or, in some waytingber of ‘different’ objects is
more reduced and we see different physical aspects of the same djenigh several years, different
efforts have been made in this direction until the model unification of AGNs|(sey and Padovani
(1995)). The Active Galactic Nuclei are galaxies whose very compagdenhave an extremely high

activity and are brighter than the rest of the galaxy. At the centre of thieméhere is a supermassive
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Figure 1.11 -Scheme (not to scale) where it is shown the unification model of AGNst & be
seen, the great variety is due to the viewing angle respect to line of sigith|Brry and Padovani

). Copyright: Astronomical Society of the Pacific, reproducill permission of the authors.

black hole whose gravitational potential energy is the ultimate source of tine IA@inosity. Mater
pulled toward the black hole looses angular momentum through viscous atemtiprocesses in an
accretion disk, which glows brightly at ultraviolet and perhaps soft Xwavelengths. Hard X-ray
emission is also produced very near the black hole, perhaps in connefitioa pervasive sea of hot
electrons above the disk. If the black hole is spinning, energy may becwedralectromagnetically
from the black hole itself. Strong optical and ultraviolet emission lines aréymexd in clouds of gas
moving rapidly in the potential of the black hole, the so-calbedad-line clouds The optical and
ultraviolet radiation is obscured along some lines of sight by a torus ofghsl@ast well outside the
accretion disk and broad-line region. Beyond the torus, slower movingislof gas produce emission
lines with narrower widths. Outflows of energetic particles occur along ¢kespf the disk or torus,
escaping and forming collimated radio-emitting jets and sometimes giant radieesaunen the host
galaxy is an elliptical, but forming only very weak radio sources when tfs galaxy is a gas-rich

spiral. For more details, sEe Urry and Padd\)am(hdii);_d_ejwpo

According to this model, we observe the different objects depending ovidhéng angles, as it
can be seen in Figute 1]11. Tablel1.1 gives a brief summary of the diffeibgacts that we observe
as a function of the line of sight in the unification model. Depending of this veethave one of the
different classes of AGNs shown in the Tablel 1.1. If the angle betweeinthef sight and the jet is

30



1.4. EXTRAGALACTIC COMPONENTS

~ 0°, we observe a very compact and variable object with flat spectra thalbasify adlazar, where
are included the BL Lac objects and the flat-spectra radio quasars @SRRerefore, according to
the unification model (Figufe 1.11 and Tablel1.1), the blazars are AGNsendr@ntation in the sky is
almost perpendicular to the line of sight. When increasing the angle of sitihtegpect to the jet, we
firstly observe the region calldatoad line regionBLR), where due to the proximity to the black hole,
the rotational velocities are responsible of broad emission lines in the spécth@ angle between
the line of sight and the jet increases, the torus obscures the BLR andlyvebserve thaarrow line
region(NLR). Here, the rotational velocities are lower and therefore the emifiniemare narrower.

Regarding the GPS sources, the identification of these sources is a ket as the study
of the early evolution of radio-loud AGNs. Also, ADAF (see Rees &t|a@82))/ADIOS (see
Blandford and Begelman (1999)) objects, as already mentioned, arghthtau correspond to late
phases of the AGN evolution, with luminosities below a few per cent of the Btminlimit. Ob-
servations at this range of radio frequencies are crucial to study thetd@es of the AGN evolution,
where the radiation/accretion efficiency is small.

1.4.3 Star-forming galaxies

The radio emission of star-forming galaxies is mostly synchrotron from vedaiti electrons inter-
acting with the galactic magnetic field, but with significant free-free contribstivom the ionised
interstellar medium. The radio emission of star-forming galaxies correlates eithstlar formation
rate (Helou et all, 1985; Condon, 1992; Garrett, 2002), and this msocteq if we think young stars are
responsible for dust heating and for the generation, via supernoisgchrotron emitting relativistic
electrons. The cross-over between synchrotron plus free-fresiemiprevailing at cm wavelengths,
and thermal dust emission generally occurs at 2 — 3 mm, so at tens of GHz (frequencies observed
by WMAP and Planck), there are contributions for both components: theeioassociated to normal
late-type galaxies and starburst galaxies at low to moderate redshiftsttdretdathe hight-redshift
population detected by sub-mm surveys (‘SCUBA galaxies). The relagtween radio emission and
star-formation rate is linear (Yun et/al., 2001) in the rang® < L, (60 m) < 10325 erg st Hz ™!

Liaci. = 1.16 x 1072L,,(60um). (1.19)

At L,(60p m) < 1030 erg s Hz 1, it is found that fluxes are lower that corresponding with the
equation above written, but can be fit with a little correction. At lower fluxesptily way is replacing
the linear relation by a more complex equation (see equation|15 of De Zotti(20a0)).

There are different contributions to the global far-IR luminosity. In Lurasand Ultra Luminous
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Infrared galaxies, the emission is dominated by warmed dust, associatedawrfibrsiation. However,
infrared ‘cirrus’ emission, heated by older stars, is more important in gel&ith lower star formation

rates (see next section).

As one can see in the lower left-hand panel of the Flguré1.10, their cotbribat 30 GHz is
important at low flux densities, being the number of differential counts alblog traditional radio
sources.

1.4.4 Dust-emission galaxies

The IR/sub-mm emission is produced by the dust, that absorbs UV andlapticaion, re-emitting
it in the far-infrared. In this range of frequencies, the models availai#e/gears ago did not match
the latest observations with SCUBA and MAMBO. Then, a new kind of sssiappear at those fre-
guencies. This implied that a new population of sources could have bemvelied, associated to
high-redshift one detected by sub-mm surveys (‘SCUBA galaxieslowing|Granato et all (2001),
and.Granato et al. (2004), the ‘'SCUBA galaxies’ are interpreted de-ppheroidal galaxies (the pro-
genitors of present day early-type galaxies and of massive bulgasafalaxies) in the process of
forming most of their stars. The model proposed by the authors for theygelemation takes into
account the hierarchical clustering. In this hierarchical clusteringeetrdark matter halos, located in
the places where the quantum perturbations were magnified during the mflatid will provide the
gravitational well to attract baryonic matter), build up through merging fromaler objects. Diffuse
gas within the dark matter halo falls down into the star-forming regions at a ratel¢pends on the
dynamic and cooling times. Part of this gas condenses into stars, at aaateagtrolled by the local
dynamic and cooling times. Due to supernovae and the active nuclei, gafealsaheir feedback,
heating it and possibly expelling it from the potential well: this supernovérgs more effective in
shallower potential wells, being, obviously, the star formation faster inddrgls. In addition, the
radiation drag on the cold gas decreases its angular momentum, entering é@s&nair around the
central black hole, increasing its mass and the nuclear activity. The highetar formation rate is,
the higher the radiation drag and, consequently, the faster is the losgudamomentum of the gas
and the inflow to the central black hole. In turn, the kinetic energy cargreziflows driven by active
nuclei through line acceleration can inject in the interstellar medium a suffi@reount of energy to
unbind it and stop the star formation (the same mechanism injects in the inter galadiiem a sub-
stantial fraction of metals). Therefore, the larger is the halo, the moreibtied star-formation epoch.
This implies that star-formation activity of the most massive galaxies quicklynagscforz < 3. A
‘quasar phase’ follows (lastin)” — 10® years), and a long phase of passive evolution of galaxies en-

sues, becoming rapidly very red objects (Extremely Red Object). Interteexdid low mass spheroids
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have lower star formations rates and less extreme optical depths, butxtemsiee in time (we could
talk about an anti-hierarchical baryonic collapse). They show up amhyBreak Galaxies.

The authors in Cai et al. (2013) proposed a hybrid model for the evalofigalaxies and AGNs in
the IR. Forz > 1.5, the proto-spheroidal galaxies in the process of forming most of theirrsteias
are the dominant population and we already have a physical model (Getre., 2004). At lower
redshifts, the contribution of this population fades and almost disappears d. At these redshifts,
the late-type galaxies are the dominant. The epoch-dependent luminositipfuof these galaxies has
been modelled in terms of two populations: the ‘warm’ (starburst) and ‘calofnfal) galaxies, with
different spectral energy distributions and evolutions. Simple truncaiegmplaw models have been
adopted for these galaxies. ‘Cold’ galaxies evolve weakly only in luminosityle ‘warm’ galaxies
evolve both in luminosity and in density. For the proto-spheroidal galaxiéswibrked out, for the
first time, the evolving luminosity functions of these objects as a whole (stellay8BN component).

Below z = 1.5, the far-IR emission of the proto-spheroidal galaxies and the assogiéed fade
out quickly. However, AGNs can be reactivated (by interactions, fargle). This last phase of the
AGNs have been phenomenologically described in an analogous way taetgpde galaxies.

Therefore, we can observe that above 358, the main contributors to the CIB (Cosmic Infrared
Background) are the proto-spheroidal galaxies. In this wavelengtierahe late-type galaxies only
dominate the counts at the brightest (‘cold’ galaxies) and the faintestrifigalaxies) flux densities.
But these galaxies become important when wavelength decreases, teimgudt below 25@m. This
strong variation with wavelength in the composition of IR sources implies sppoditictions for auto-
and cross-power spectra of the source distribution. This model prediigh cross-correlation only
at high wavelengthsX500 zm). Below this wavelength, the correlation weakens and it is expected
small values for CIB fluctuations at 100 and 506. In the HerschQ!SPIRE wavelength range,
cross-correlation has been measured and the results are in gooshagreéth the model.

According to this model, the AGN contribution to the CIB is always sub-dominarg.maximal
in the mid-IR where it reaches 8.6% at A6 and 8.1% at 24m. The AGN contribution to the counts
is also always subdominant. The CIB is estimated ByhBrmin et al. (2011), obtaining a total value
equal to 23.% 0.9 nW nT2 sr-!. The fraction of lensed sources is below’d@t 500m and about
50% in the mm domain. It is important to say that the contribution of the CIB (firstly deteby
Puget et al.[(1996)) is the 50% over the extragalactic background Egit)( the relic emission due to
galaxy formation and accretion processes since the recombination toaysvadhe EBL is the second
background radiation in importance after the CMB.

3http://sci.esa.int/herschel/
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As it was said previously, star formation takes place in an early epogh2) and for a brief period
of time, in particular for the proto-spheroidal galaxies. Due to their higbhiéd, there is a significant
probability that these sources to be gravitationally lensed. The detectiofaafeanumber of these
sources is important in order to study a relevant cosmological aspétasube matter distribution in
the high-z Universe. The authors In_Mancuso et al. (2015) predict the radiotsaf star forming
galaxies down to nJy levels along with redshift distributions down to the detelatiits of the phase
1 Square Kilometre Array-mid telescope (SKA1-mid) and of its precursBigh predictions were
obtained by coupling epoch dependent star formation rate (SFR) fusotiih relations between
SFR and radio (synchrotron and free-free) emission. The SFR fusctiere derived taking into
account both the dust obscured and the unobscured star-formatioojibining far-infrared (FIR),
ultra-violet (UV) and Hy luminosity functions up to high redshifts. The South Pole Telescope (SPT)
counts of dusty galaxies at 95 GHz were revisited to perform a detaildgsésaf the spectral energy
distributions. The results obtained by the authors show that the deep&$t/8HKD surveys will detect
high-z galaxies with SFRs two orders of magnitude lower compared to HerschvelysurThe highest
redshift tails of the distributions at the detection limits of planned SKA1-MIDveys comprise a
substantial fraction of strongly lensed galaxies, in particular the prediistidrat in a survey down to
0.25uJy at 1.4 GHz will detect-1200 strongly lensed galaxies per square degree, at redshifts up to
10. The SKA1-MID will thus provide a comprehensive view of the stamfation history throughout
the re-ionisation epoch, unaffected by dust extinction.

In addition, with the upcoming James Webb Space Telescope, we will be abdentoine data
from the far infrared with the optical and the near infrared, expandimdgoowledge in this field.

One aspect for which Herschel is particularly well suited is the study adthiition of galaxies at
high redshifts. Taking spectroscopic observations with Keck | Low Ré&sa Imaging Spectrometer
and the Keck Il DEep Imaging Multi-Object Spectrograph ap24from 36 Herschel-SPIRE 250-500
micron selected galaxies (HSGs) ak2z < 5, Casey et all (2012b) obtain individual source lumi-
nosities range from log(lz/L -))=12.5-13.6 (corresponding to star formation rates 500-90Q0\v).
Therefore, lower limits on the contribution of HSGs to the cosmic star formatitendensity can
placed at (£ 2)x 1072 Mu/yr h* Mpc™3 atz ~ 2.5, which is> 10% of the estimated total star
formation rate density (SFRD) of the Universe from optical surveyse ddntribution at ~ 4 has
a lower limit of 3x 1073 Mg/yr h* Mpc™3, > 20% of the estimated total SFRD. In_Casey et al.
(2012a), for a sample of 767 Herschel-SPIRE selected galaxies (H$&50, 350, and 500 micron
spectroscopically observed by Keck, the luminosity function and impliedfataration rate density
contribution of HSGs at < 1.6 are estimated and found overall agreement with work based pm24
extrapolations of the LIRG (Luminous IR Galaxies), ULIRG (Ultra-LumindRsSGalaxies) and total
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infrared contributions (Casey et al., 2012b).The authors in Casey(@DaRa) significantly increased
the number of spectroscopically confirmed infrared-luminous galaxies-at 0 and demonstrates the
growing importance of dusty starbursts for galaxy evolution studies anduite:up of stellar mass

throughout cosmic time.

As it was mentioned before, theoretical models like Granatolet al. |(20@djgbthat the star for-
mation age is stopped due to the outflows from the active nuclei that ejecttérsta@liar medium.
However, in_Harrison et al. (2012) the authors do not find strong eceléor suppressed star forma-
tioninL, > 10" erg s’ AGNs atz ~ 1—3, although Barthel et al. (2012) show symbiotic occurrence
of star formation and black hole driven activity for three archetypabrgdlaxies at redshifts 1.132,
1.575, and 2.474 with inferred star formation rates of hundreds of solssaager year. The authors
in IRodighiero et al.[(2011) show the lesser importance of starburst ificstaation atz = 2. Two
main modes of star formation are known to control the growth of galaxiedatwvedy steady one in
disk-like galaxies, and a starburst mode in outliers from this steady seej(s®e Elbaz et al. (2011)
to know how to separate the starburst mode from a normal sequeneequlitors show that starburst
galaxies represent only0% of the cosmic SFR density at~ 2. Only when limited to SFR> 1000
M@ /yr, these sources significantly contribute to the SFR density: @@%).

The work Planck Collaboration etlal. (2015f) is other example of a stuttysogarly Universe. By
using a novel method based on a component separation procedurausimbpination of Planck and
IRAS data, the authors try to select the most luminous cold submillimetre souitbespactral energy
distributions peaking between 353 and 857 GHZ a¢8olution. A total number of 2151 Planck high-
source candidates (PHZ sources) were detected in the cleanest oétfiensky, with flux density at
545 GHz above 500 mJy. Embedded in the CIB, their redshift & These objects can be divided in
two populations~3% of them were identified as strongly gravitationally lensed star-formingigsla
(prediction already done hy Negrello et al. (2007)) and the rest agseaverdensities of dusty star-
forming galaxies withz > 2 and may be considered as proto-cluster candidates. Therefore, this
catalogue is complementary to the Planck Sunyaev-Zeldovich CataloguekRlataboration et al.,
2014b) and may contain the progenitors of today’s clusters. Hence thekRl#st of High-redshift
Source Candidates opens a new window on the study of the early agesotdie formation, and the
understanding of the intensively star-forming phase at high-

The result shown in Planck Collaboration et al. (2015f) was confirmetidierschel Space Ob-
servatoryof the ESA. In_Planck Collaboration et al. (2015g), taken 234 souristimguished by ex-
treme brightness in the Planck all-sky submillimetre and millimetre maps (Planck Caitadvoet al.,
20144a) in the redshift range= 2 — 4, about 97% are consistent with being overdensities of galaxies
peaking at 35Q:m or 500:m whose photometric redshifts peakzat- 2. The corresponding total star
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formation rates could b x 103M@ yr—! per overdensity at > 2. The remaining% are candidate
lensed systems at redshifts> 2.2.

As one can deduce, a correct detection of the point sources is aldaskiathe counts provide
important information that allows us to study the evolution of these sources. d&elopment of
sophisticated tools to detect the point objects is growing and applied to the Ha¢agoal of this
Thesis is to use a mulitifilter (see sectlon 2.9.1) that, taking into account multifieguirgformation,
reduces the detection limit at the flux density. Of course, as it was saiibpsty, there are more
components than CMB and point sources, and a correct separaticedisch€T his is briefly discussed
in the next section.

1.5 Component separation methods

As it was pointed out in the previous pages, when the sky is observedsa tlequencies, we have
several components contributing to the measured signal. In fact, this is a copnotdem in any
observation. We have to separate the desired signal from other conpdnat are always present and
we have to remove. Obviously, the term ‘signal’ or ‘noise’ depends orsoentific goals. Scientists
interested on the statistical analysis of the CMB want to obtain a CMB signkdasas possible, using
tools and methods that remove any other contribution to the total signal. Byasgrnitrthis Thesis the
interest is focused on the extragalactic point sources, consideringpae” the rest of components,
even the CMB itself. There are many other scientists that study the distributitihre afust in the
Galaxy, etc. And the devices developed to separate one signal frahreamall be, naturally, different,

because different are the components to be studied (or removed).

Some of the techniques used for the separation of diffuse componetie doiowing:

e ILC: Internal Linear Combination consists in a weighted linear combination ofrdiftefre-
guency maps (very suitable in CMB experiments). It is easy to implement amthwet need
any assumption about the physical foreground behaviour. The weiggach channel is calcu-

lated minimising the variance of the final combination.

e ICA: Independent Component Analysis assumes the signal is composedertihon-Gaussian
statistically independent components. It is quite usual in CMB experimentbaktathe CMB
and the instrumental noise are Gaussian. Since the instrumental noise aaly b&atistically
characterised, the estimation of the CMB power spectrum is bias-coriege average level.
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In practice, it is quite difficult to find a representation where the comporaetindependent.
Therefore, many procedures try to find representations where theocemis are as independent
as possible. One of the methods based on ICA is the Spectral Matchind\dSIZICA), se-
lected by thé”lanckCollaboration, and that offers mutual decorrelation instead of indeperde

between components.

e Maximum Entropy Method : As we will see in the sectidn 2.1, if we have a reasonable prior
knowledge about the data, we can insert this information in our analysis Bajies’ theorem
provides a suitable framework in this case (seé edq. 2.6). In this casetithater of a particular
component is obtained by maximising the posterior probability. Or equivaldytijaximising
the product of the likelihood and the prior (the numerator in the equation &dkies’ theorem),
since the evidence (the denominator) is a normalisation factor without arificagie in the cal-
culations. One particular example of this procedure is the Maximum Entrolydd¢MEM, see
Hobson and Lasenby (1998)), where the prior has the entropic fBis) o exp[aS(s, m)],
beings the signal vectonm a model vector to whick defaults if there is not data, a constant
that depends on the scaling of the problem &nitie cross-entropy of andm. And again, the
goal is to estimate the components that maximise the product of the likelihood aexttbpic
prior.

The structure of the Thesis is as follows: in the Chdgter 2 there is a briedirttion of filtering and
detection methods commonly used in the detection of point sources. After tha,isha justification
of the introduction of multifrequency filters, in particular the matched multifilter (MMhe method
used in this Thesis. In the Chapkér 3 (Lanz et al., 2010), the MMF is chdmkapplying this tool in
Plancksimulated maps with point sources at frequencies closed at WMAP. The edditthr is also
used in the same simulated maps to check the efficiency and robustness dfithérMihe Chaptelrl4
(Lanz et al.| 2013), the MMF is used in real WMAP 7-year data (chanheisd W in a simultaneous
way), covering the whole sky, verifying if the MMF improves another took/pusly used to detect
point sources. Then, there are shown some conclusions of the woeg st like some future and
interesting prospects to be done with the MMF. Finally, a brief summary writtepamiSh will be in
the last chapter of this Thesis.
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Chapter 2

Filtering and detection methods

In this chapter it will be discussed the detection problem and the devicasaladhat one can usually
find in order to help the detection process. But first of all, it is conven@iritroduce some aspects
related to the hypothesis test. The first question that emerges is: whatpethésis test? A hypoth-
esis test is a statistical procedure whereby the veracity (or not) of anvgohlypothesis is validated.
The hypotheses are usually asseverations about the characterisgpopiilation or several popula-
tions. Obviously, if a hypothesis can be rejected, there must be (at legsbther complementary and
disjoint hypotheses in the case of be rejected the first one. Usually, shéypothesis is called the
null hypothesisHy, being the second thaternative hypothesed/, Hs,.... As it has been raised
here, the hypothesis test is, in an intuitive way, something that is done alweogtiay, and not only in
the scientific context: if we think in a detective that has a set of clues, Heeomsist decide between
several hypotheses according to those clues; the jury trial must deefdedn the innocence (null
hypothesis by legal imperative) and the guilt (alternative hypothesish @icaused person based on
clues, statements, etc. Of course, science isfamtbe) more rigorous and it is compulsory a system-
atic procedure, with tested statistical tools that allow the researcher to destidleen the hypotheses.
Hereinafter, in order to simplify, it will be considered the binary case witly bmo hypotheses: the
null and the alternative hypotheses. Focusing our attention in the casis dhisis, when a region
of the sky is analysed, two hypotheses can be confronted: thewat Eny source in the map (null
hypothesis) or, by contrast, there is at least one source (alterngpeghesis).

Once clarified what is a hypothesis, the next challenge for the resgdscto avoid as much as
possible to make errors in the election of the hypothesis. Preciselgtestoris a rule that allows
us to decide between the two hypotheses stated above (that is, there i$ sopode at a given point
of the sky or not). Keeping in mind the goal of this Thesis, two are the possibbes than can be
made in the test hypothesis: one could say that there is a source in the melpogse the alternative
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hypothesisH;) when this source is due to spurious effects: this kind of error is celied of type |
or ‘false positive’ and it only depends on the statistics of the backgranddhe detector chosen. By
contrast, one can say that there is not any source in the map (we cheasélthypothesisH,) when
actually there is a source (or more) in the same map: this is catted of type Il or ‘false negative’.
The error of type | is directly related to threliability, as will be explained below. Reliability tells
us the percentage of real sources over the total number of detectibeserior of type Il is related
to thecompletenesdecause it tells us the number of dismissals we have: in the case of this, Thesis
the number of real sources that we are not able to detect (above rafgixedensity, as explained
below) and does not appear in our catalogue. This error depende atatistics of the background,
the detector chosen and the properties of the signal we want to deteqirdiiebility of rejectingH
when it is actually true (i.e., the probability of making the error of type 1) is Ugukenoted by and

1 — «ais the significance level. On the other side, the probability of accepting thbypdthesis when
it is actually wrong is usually denoted I#; Therefore,l — 5 is the probability of rejecting the null
hypothesis when it is wrong, or equivalently, the probability of acceptiegalternative hypothesis

when it is true, the testing power.

Once the null hypothesis is formulated, it is necessary to have strongieeslagainst it if finally is
rejected. Therefore, first of all is necessary to establish an intehedent is normal to have variations
due to random effects. This region is so-called éleeeptance regioand the null hypothesis is not
rejected inside this region: at this point it must be clarified one aspetto reject the null hypothesis
is not equivalent to accept.itlf these variations are larger, they could fall outside this acceptance
region and we must reject the null hypothesis, accepting the alternativeTdris region is so-called
therejection region How large are these regions will depend on the value wk choose.

In the figurd Z.1L we can see two different situations. In the first of bothcan see the rejection
region is formed by two disjoint areas located in the tails. This occurs wheruthkypothesis is type
u = k and the alternative hypothesis is, therefqreZ k. This kind of tests are callebilateral or
two-tailed The second one presents a rejection region that is only in one side (ingilmie fi is on
the right, but the discussion of this paragraph is completely symmetric if theiogjeegion was on
the left). This case corresponds when null hypothesis is type(<)k, and therefore, the alternative
hypothesis ig: < (>)k. This kind of tests are calleghilateral or one-tailed

It has been introduced the hypothesis test, the acceptance and rejegimmsrand the possible
errors we can make. Obviously, it would be desirable to reduce as muabsaible both types of
errors. Butitis difficult, or even impossible, to achieve this goal, as onsea in the figurie 2.2. In this
figure we observe two distributions: the one at the left with a mean yadggial to zero and the second
one in the right with different values fqor. The purple tails of the distribution on the left represents

40



of2 of2 o

Figure 2.1 - Figure where they are shown the acceptance (grey areas) and rejegfions for an
arbitrary value ofx and for a bilateral test (left) and a right-sided unilateral test (right).

the intervals where the null hypothesis is rejected, being the rest of th¢hmse values for which the
null hypothesis is accepted. At the same time, we see the distribution on thethighttistribution
has two different values fot, and depending on these values andhe area ofg will increase or
decrease (red areas), or in other words, the probability of choosénguthhypothesis when it is false
will increase. As, in principle, we are not able to know the real valyg afcrucial aspect is to develop
some tools that allow us to decrease as much as possible the red areaswhlssee below, in the
context of point source detection, filters are suitable tools that help asaem both distributions and
therefore, reducing the red areas. Only to clarify this point, filters redue noise level or increase
the signal, narrowing the distribution on the left. As will be seen below, thisiShaeals with this
problem, developing and adapting a multifrequency tool that improves thiaatkastic.

Once seen that is impossible to eradicate the two types of errors at the samangnean wonder
which one is more tolerable in the sense that is less damaging for our sciewwifsc @bviously, not all
the scientists search the same goals, therefore some of them would dadicaterthe sources of one
type of error and another scientists avoid the other type. Focusing aghia point source detection
framework, one could think in the scientist that studies and analyses theicahtisoperties of the
CMB. As was commented in the section]1.4, point sources are the most digtadnitaminants at low
angular scales (or high values©f For this reason it is desirable to detect the higher number of point
sources and discard the corresponding pixels from the statistical enadlys even better to allow the
entrance of spurious objects in the catalogue and eliminate the correspgixdiggthan to analyse
the sky with real objects that have not been removed. There are mamyegians in the sky that are
masked or discarded from the analysis, like the Galactic plane, and siginglygt is not important to
remove some pixels corresponding to spurious sources.

By contrast, we could find the scientist that wants to study the sources tlvesiaed use a cata-
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Figure 2.2 - Representation of the possible values to have an error of type Il (ead)dfior a given
parametey:. The closer is the distribution on the right to the supposed value under liiteypath-
esis, the higher is the probability to have this kind of error (false negative)

logue with a set of sources with their positions and flux densities as ameéerkle needs a catalogue
whose reliability is as high as possible because when he or she applidésérvation time, he cannot
waste the time observing regions in the sky where there is not any reat.olojebis case, reliability
is much more important than completeness.

Until here, we have briefly seen what is a test hypothesis, the main typasoos we can make
and the acceptance (and rejection) regions. The hypothesis tests dandee in two groups: the
parametric and thenon parametric tests. The parametric tests validates a hypothesis that concerns a
parameter of the distribution of a random variable, such as the mean vadusn éxample, we could
say that the mean height of a population is 175 cm. Then, we could calculatectire height of a
sample of this population and say if the value of 175 cm is true or not (atem gignificance level):
this is a parametric test. The non-parametric tests, by contrast, does noytelhg about a particular
parameter but a statistical characteristic of the distribution of a randonbiaria

Now, it would be time to make the test. Usually, we have a sample and we want tamihp
with respect to a known population. The first step would be to establish thandithe alternative
hypotheses, mutually exclusive. After that, it is necessary to know whpatditest we have (unilateral
or bilateral) and fix the acceptance and rejection regions from the sigriédavel. Depending on the
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chosen significance level, our acceptance region will increase oceeéinally, we choose a statistic
(random variable with known probability distribution) whose values for tma@e to be tested allow
us to determine if the null hypothesis is accepted.

(Press et all, 1992a) shows in some of their chapters many hypothdsesgheir implementa-
tion in the corresponding programming language. Some of the most commansgiec tests are:

e Z-test: one of the most common between the parametric tests is the Z-test, wbidbrthe
distribution of the statistic can be approximated by a normal function undeuthkeypothesis.
Because of the central limit theorem, many statistics are approximated by al mistribution
for large samples. The expression for this statistic and the rejection refgiobdateral and
unilateral tests are the following:

5 — L—Ho.
= o
Zeap < —Za/2 OF Zeap = 742 (Dilateral test), (2.1)

Zeap < —Za OF Zegp > 2o (Unilateral tests),

wherez is the sample meapy is the hypothesised population mearis the (known) population
standard deviatior; the sample size;.,, the experimental value of the statistic and, the
theoretical values of the statistic that define the acceptance registhe distance to the mean
in relation to the standard deviation.

o t-test: if the variance is unknown, the z-test is substituted by-teet where theknownpopu-
lation standard deviation (see €q.]2.4),s substituted by thealculatedstandard deviation of
the sample. Here, the distribution that follows the statistic if the null hypothesigdsigrthe
Student’s t-distribution. The number of degrees of freedom4is1. The rejection criteria are
the same that before, taking into account the changes here commented.

e 2 —test for the variance: in this case, the distribution of the statistic i frdistribution. The
statistic and rejection criteria (for bilateral and unilateral tests) are the fiolgpw
X2 =(n—1)%;
0
Xeap < X321 O Xeap = X291 (bilateral test), 2.2)
Xeep = Xoun—1 9" Xexp < Xi_am—1 (unilateral tests),

wheren is the sample sizes? is the standard deviation of the sample arfdis the known
variance of the populatiorxgxp is the experimental value of the statistic ang.,,—; the theo-

retical values of the statistic that define the acceptance region. As weean the expression
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above written, the statistic gives us an idea about the ratio between bothoesri@he one of the
sample and the population) times the degrees of freedom1().

The tests above explained contrast a parameter of a sample with resppoptadation. If we want
to compare two samples it is possible to extrapolate them, as well as new tests &ppeof the most
know is theF-test used to contrast the variances of two samples. The statistic used in theddRea
rejection criteria are:

2
S .
F=3;
2 2 2 2 -
Flop S FL gy img2 OV Foy 2 Fopp 1, (bilateral test), (2.3)

F2, > F2, 9O FZ, < F . .. o (unilateral tests),

erp = €xTp —

wheren; is the size of the samples? is the standard deviation of the samplé«“fxp is the experimental
value of the statistic andl, ., 1,2 the theoretical values of the statistic that define the acceptance
region. As we can see in the expression above written, the statistic is theattiedn both variances
and follows theF" probability distribution.

Finally, in order to finish this brief (and incomplete) summary of hypothesis, tiegsntroduced a
non-parametric one: thidann-Whitney U-testipplied over two independent samples. It is contrasted
the equality of both samples. Let us suppaseandn, the sizes of both samples. The observations
are ordered in only one serie, specifying the original sample. From therguantitied/; andU, can
be easily obtained:

ni(ni+1)
2

Up = ning — T,

na(matl) (2.4)
2

Us = nine T2,

wherer; andr, are the sum of the ranks of both samples. The stafistie min(Uy, Usy) is compared
to the valuelU (n1, ns, o), perfectly tabulated. Finally, the null hypothesis (both samples come from
the same population) will not be rejectedif< U(n1,n2, o) and rejected otherwise.

Another non-parametric test that is widely known and used i&Ktismogorov-Smirnov (K-S) test
It contrasts if a sample of data come from a given distribution. The K-S stalisdiatifies the distance
between the empirical distribution function of the sample and the cumulative distalfunction of
the reference distribution. The null hypothesis is that our sample followssfieeence distribution.
The expression for the statistic is the following:

Dy = sup|Fn(z) — F(z)], (2.5)
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where F,, and I’ are the empirical and the cumulative distributive functions, respective}yis the
supreme of the set of distances. The null hypothesis will be rejected it D., whereD, depends
on the significance level previously chosen. With some variations, the KtSdeves as a goodness of
fit test.

In order to clarify all the concepts introduced until here in this chapteutaihe hypothesis test,
let us imagine a simple example: in a given food for children it is specified tkatvthrage protein
content is at least2%. In order to verify this asseveratioh) of these foods are analysed, obtaining
a mean value equal #% with a standard deviation &5%. Can we say that the specifications are
correct taking into account the chosen sample at a significance legeliodnd supposing a normal
distribution for the protein content? First of all, both hypotheses must bilissiad:

e null hypothesisHy: the sample mean is equal to the specified for the fdagd:(u > 42%).

e Alternative hypothesisi{;: the sample mean is different to the specified for the fdéd (u <
42%).

In this example, mean values are checked and the variance of the nortriaudin is unknown.
Therefore, it is used the parametric t-teat.= 10, = 40 ands = 3.5. The statistic isit, 1 =
(z — po)/s/+/n. The experimental value af= —1.81. Meanwhile, the corresponding value toht
the chosen significance leveldist ¢5.9 = —1.833. Therefore, the null hypothesis is not rejected and
the specifications for the protein content of the food are accepted.

Until here, some aspects about the hypothesis tests and the decisionrbeywetheses have been
shown. Hereinafter, the discussion will be centred in the goal of this wthekdetection of compact
objects. In this context, we could establish the null hypothesis as follbhere is not any source in the
map The alternative hypothesis would say the opposite. But as commented baforost of cases it
is required a previous step that makes easier the final decision betwsathdses. Focusing in the case
of point source detection, we usually observe in the same region of treegkyal components that are
mixed and where these sources are embedded in. And excepting the iglokssburces, most of them
are difficult or impossible to detect them directly from the data. Several taole been developed
in order to favour the posterior detection of point sources (many of thesatifilters): the Mexican
Hat Wavelet, the matched filter, the scale-adaptive filter, Bayesian agmeaetc. Some of them will
be introduced in the next paragraphs. Our statistics will be the value ofltiredi field at a given
pixel and we have a right-sided tailed unilateral test. By analogy with théqus&y seen hypothesis
tests, we establish our acceptance region for values of the filtered fleld be, beings the standard

deviation of the filtered field. As it will be see below, this kind of detector ferasholdingdetector
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because it separates the acceptance and rejection regions in functienvafiue of the intensity at
each pixel.

Regarding the detection of compact objects, three statistical figures ofareentainly considered:
reliability, accuracyandcompletenessReliability and completeness have been already outlined before
in this same chapter. Let us see briefly what are each one in a more sgmegu Reliability (for a
given detection criterion) can be definedas= 1 — n./(nq+n.), wheren, is the number of spurious
detections ana; is the number of true positives. According to this definition, if we do not tzaue
spurious detectionk = 1, it means is completely reliable. By contrast, if all our detections are false
(spurious),R = 0 and we do not have any real detection.

Completeness is the ratio, for a given detection criterion, between the tregtatk objects over
the total number of real object€ = ny4/(ng + nm), Whereny, as before, is the number of true
positives andh,, is the real objects NOT detected, missed by the catalogue. If we have agc&talo
with a completeness of 0.99 over 0.5 Jy, it me@®% of the sources- 0.5 Jy are in our catalogue. Of
course, this implies that one per cent of the real sources are not detecte

Accuracy refers to the goodness of the estimation of the intensity/flux (ateyintensity) of the
sources that have been detected.

The ideal situation is to achieve good values for these three estimatorss &lained before, the
real world is not as ideal as we would desire and we must find a comproetisedn them according
to our goals.

At this point it is necessary to establish more clearly the difference, éefatlined, between
filtering and detectionbecause they are intrinsically linked but are not the same. A filter is a device
that selects in any way the frequencies which we are interested on. Oth#rehand, detection is a
rule that we establish and that allows us to decide if there is a source ortnotlySpeaking, we can
try to detect an object without any previous prefiltering step. Howewtatifig without the detection
step has not so much sense. In many cases both are complementary ahdfiligsuning is used to
‘help’ the detector to decide about the presence of sources, in partidoda the sources are too faint
to be detected directly from the data. In this case, it is necessary the ysdiliering step to reduce
the fluctuations of the noise and make easier the detection process. Wieeis theource with known
profile and amplitude embedded in a Gaussian noise, it can be demonstratée thatimal detector
is a thresholding over a linear combination of the data that is the matched fikesésgori 2.5). In
general, even if the amplitude is unknown, the matched filter works as filtedetedtor.

Of course, the degree of difficulty of the detection is directly related to tatistcal knowledge
of the signal and the noise. If we know the pdf's (probability density fions) of both, we would
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be able to develop a detector with better performance than if some of thegpdftsiknown, or very
difficult to deal with them. Some assumptions about the signal and the noisedhbe made, and if
these assumptions were wrong (or not very close to reality), our restétsnis of reliability, accuracy,
etc, may be disastrous. By contrast, detectors with not very strong asosabout the noise and
the signal can be distant from the optimal detector, but are very robastst our poor knowledge
of the pdf’'s. If we were in descending order from the methods that use mformation about the
noise and the signal to those that make less assumptions about the data,sterivilith the Bayesian
framework, optimal if we know perfectly the statistical behaviour of the nargethe signal. Posterior
simplifications (it means loss of statistical information) will translate into loss ofiigidaut in practice
gain of robustness against possible dangerous assumptions abcatkfedoind and/or the signal. For
example, the drop of the a priori knowledge of the n-PDF of the sourdElead to Neyman-Pearson
detectors. Then the relax of the n-pdf of the background and tryingaracterise it in terms of its
second order statistics will lead to the well known matched filter. If we alsp dry knowledge
about the covariance matrix of the background, dealing with only the digmeof thel —pdf of the
background, this will lead to the use of band-pass filters with fixed wawefike the wavelets. For

more details of this discussion see Herranz and Vielva (2010).

The next sections in this chapter will be distributed as follows: the starting poihbe the
Bayesian techniques, then the Neyma-Pearson rule will be introducddharfiltering techniques
will finish this chapter, remarking the necessity of introducing a new methedn#iched multifilter
(MMF). As one can see, the order goes from the optimal devices (optimad Know perfectly the
statistical behaviour of the noise and the signal) like the Bayesian tools, umfilltdring methods,
more distant from this optimality, but more robust in the sense of variationisasfges in he statistical
properties of the signal and/or the noise.

2.1 Bayesian approaches

Bayesian techniques provide a natural way to take into account the dwdidétrmation about the
statistical distribution of both the sources and the noise. Until now, unfatebn there are not so
many works that deal with this problem into the Bayesian framework. Basitaiyhave been the
reasons of this lack: the poor knowledge we had about the statisticantiespof the extragalactic
sources at sub-mm frequency range. On the other hand, mappingsieei@oprobability density of
the sources (see €q. P.6) is often a very expensive task from a cdiopataoint of view.

In the last years, with the advent of experiments that cover the whole styeisub-mm fre-

guency range, our knowledge about the extragalactic sources isngralay by day. Respect
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to the second point, (Afgeso et al., 2011a) propose a procedure, in contraposition to others lik
(Hobson and MclLachlan, 2003; Carvalho €etlal., 2009, 2012), thatiie simple. First of all, in order

to introduce the Bayesian framework to the reader, let us write the Bayss'deim that encourages this
methodology:

P(6|D)  P(D|0)P(6), (2.6)

whereP(0|D) is theposterior, P(D|0) is thelikelihoodand P(0) is theprior. In terms of probability,
the posterior is the probability of getting the model(in our case it could be the position, the ampli-
tude, etc. of the point sources) given the dd?a,The likelihood represents the probability of getting
the data given the model. And the prior the probability of getting the model.

Different strategies are used in the Bayes’ theorem framework in ¢odéetect point sources.
One could maximise the posterior distribution to locate the sources in the map arftithdensities.
It is quite simple and for this reason reasonably easy to implement making ssoma@®ons. But
one could try to obtain the whole distribution of probability, allowing us to get nmdi@mation like
expected values, marginalise over variablesThis section will be subsequently divided in two parts:
the first one will refer to Maximum a posteriori methods, taking as exampléesaet al.[(2011a).
The second part will be dedicated to full samplers methods like the PowekeSti€arvalho et al.,
2009, 2012).

2.1.1 Maximum a posteriori methods

If the data set is a discrete map§;, pixels, we can write the following expression:

y =Ta+n, 2.7)

wherer is anNp;, x N matrix (being/NV the number of sources) whose columns are the lexicograph-
ically ordered versions ol replicas of the map of the beam pattern, (in vector form), each shifted
on one of the source locations;is the lexicographically ordered versions of the discrete maps of the
generalised noi@(in vector form);a is the N —vector containing the fluxes of the sources. Therefore,
y is the lexicographically ordered version of the discrete map (in vector &srmell).

The unknowns are the source locations (included in the majritheir fluxes (included in the
vectora) and the number of source¥,. At this point one can definR as theN x 2 matrix containing

LIn this Thesis, and if it does not say otherwise, glemeralised noises everything that is not the signal (point sources)
like the foregrounds, the CMB, the instrumental noise, etc.
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the locations of the sources.

By the Bayes’ theorem (see €q. 12.6), the posterior distribution that isddokean be expressed
as follows:
p(N,R,aly) o« p(y|N,R,a)p(N, R, a). (2.8)
It is pretty clear that, know®V, R anda are independent on it. Hence, the prior can be factorised
in this way:
p(N,R,a) = p(R,a|N)p(N) = p(R|N)p(a|N)p(N). (2.9)

Now, one can write explicitly the expressions for the different terms of thog:p

P(RIN) = S 2
N pw: » _%
palN) o ] [ < ) ] : (2.10)
a=1
p(N )\N —A

The first equation takes into account the number of possible distinct lidgidafations in a discrete
Nyiz—pixel map. The second one shows (bepng positive number), in a phenomenological way,
the power law behaviour of the strong sources with exponeand the uniform distribution of the
weak sources, separated by a flyyxand a conditional prior with the form of the generalised Cauchy
distribution (Rider, 1957). Finally, the third term is the Poisson distribution, with the expected
number of sources in the map.

Keeping in mind the expressién 2.8, the likelihood function derives from kysips associated
to the data model. In the mentioned paper_of ifggo et al.| (2011a), the authors assumed that the
generalised noise(in eq.[2.T) is a Gaussian random field with mean equal to zero at a givanamse
matrix, C. This is only true if the only terms taken into account are the CMB and the insttiaine
noise, excluding other foregrounds because they have been retnpwesing component separation
methods, for example (see seclioml.5). The likelihood can be expressed a

Ta)!C™l(y — 7a)

y_
p(yIN. R, ) o eap[ - .

]. (2.11)

With the prior and the likelihood characterised, there is only one step to mag&alctdate the pos-
terior by multiplying both the prior and the likelihood and find the valueR oA and NV that maximise
the posterior. The eq. (12) of Algso et al.[(2011a) is the negative log-posterior that results from
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multiplying the three priors and the likelihood above mentioned. In the papeauters minimise
this negative log-posterior with respect to the fluxes to estimate them. It imdihewetected sources
must be in the peaks of the matched filtered maps, that appear naturally intesgrAnd finally, the
authors choose the number of sources that minimise the negative logiquoistethe estimated fluxes
previously obtained. The authors carry out simulations of Planck bet@@and 100 GHz, only with
CMB and point sources and compare their method with the matched filter viithtAreshold (see
sectior Z.2). In general, they obtain better levels of completeness with tlesiBayapproach and no
spurious sources from 0.7, 0.8, 0.55 and 0.3 Jy at 30, 44, 70 andH@0dSpectively.

2.1.2 Full samplers: Powell Snakes as example

Carvalho et al. (2009) deals with the problem of extragalactic point saletection from a a Bayesian
point of view as well. The starting point is obviously the Bayes’ theorera ¢sg 2.6). The unknowns
are again the position, the flux and the size of each source. The pri@tdsiéad in four terms (one
for each unknown), which is equivalent to say any of these quantitiesl&pandent of each other.
The authors assume uniform distributions for all the priors, although ttheithemselves say in the
paper this assumption is not realistic for the flux and the size and was takeatadont in a posterior
work (Carvalho et all, 2012).

The authors assume the same statistical properties for the backgrouAdgideso et al. (2011a),
therefore the likelihood is the same, but they re-write the log-likelihood in aughy that the compu-
tational cost is considerably reduced (see section 3.3/from Carva#ho(2009)).

The approach used in that work consists of launching a set of downhiiimisiations in order to
detect the local maxima (not the global maximum) in the posterior. The end-gfodaich minimisa-
tion will be a local maximum in the posterior, giving the optimal parameters foretected object. A
Gaussian approximation will be used around the peak and the detectioegextor rejected accord-

ing to an evidence criterion (see section 2.2):

_ Pr(Hy)
0= Poiiily) ” (2.12)

where the objects are randomly Poissonian distributed and assumed arcofésipmmetric loss’: an

undetected source is as bad as a spurious source.
If the detection is positive, the source is subtracted from the map befonextteninimisation.

The first step is to pre-filter the map with a matched filter (that will be introduceedtior 2.5).
As the authors show, this filter appears as a result of maximising the posesp@ct to the flux. Also,
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as they remark, if the size of the sources is considered constant, in thariscthe matched filter is
enough to locate the sources. Taking the size of the sources as an unkhisapre-filtering (using
a mean value for the size of the sources) is used in order to estimate the ositittre maxima,
similarly tolArglieso et al.[(2011a).

Once done this pre-filtering step,2adimensional downhill minimisations using the Powell al-
gorithm [(Press et all., 1992b) are launched in the space of the posititresstdrting points are the
obtained in the previous step. The next step consists on searching il {erfumeter space the max-
ima (performing a Gaussian approximation in each peak) by using as stasting fhe obtained in the
previous step.

As the author themselves said in Carvalho et al. (2009), they kept in mirnpmade of the Powell-
Snakes method, improving the performance. The authors establish theifgildetection criterion

In [};:Egégﬂ %: ¢ (it can be demonstrated that is optimal in the binary case),glvimlnﬁ—ég, being
L;; the loss associated to chooBe when H; is true (loss function simply maps the "mistakes” in
our estimations/selections, thereby defining the penalty one incurs whengnatkomg elections).
Then, more realistic priors are written (see section 3.3 from Carvalho @Gl2)), using different
ones in the source detection step that in the source estimation step. Wherciédsarg to calculate
the equation above written, and in order to simplify the calculations, two assurs@re made: the
sources are sufficiently separated and the variables of each soarsmifually independent. In this
case, we are allowed to make a single source approach and simplify the ldeelifisvo additional
considerations must be taken into account that move away the method fraptimality: the non-
Gaussianity and the statistical inhomogeneity of the background. The salttidinese problems are
the multi-frequency (to combine as much data as possible, i. e., doing a multiegthamalysis all
the time) and the multi-model (more than one type of source), respectivédypdttinent to say that,
according to the authors themselves, the implementation of this method, as expidineir paper, is
not yet completely finished.

It is worth remarking that the matched multifilter (see sedtion 2.9.1) appearaihain the process
if the likelihood is maximised with respect to source amplitudes when they argkseparate from
each other.

Summarising, Bayesian approaches search techniques that maximiseastatise in an effective
and not very expensive (from a computational point of view) way thegr@r distribution. Previously,
we must do some assumptions about the statistical properties of the noise qbklibr the signal

(prior). Depending on our prior knowledge of these two distributions Bayesian approach will be
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suitable for the detection problem or not.

2.2 Neyman-Pearson and thresholding detectors

2.2.1 Thresholding

One of the most common detector used in Astronomy ighihesholding taking into account all the
possible values of the intensity, we divide them into two subspaces: thask are above an arbitrary
value of the intensity and the rest. We say we have a detection in the firstidaesea detection due to a
statistical fluctuation of the background is very improbable. How improbaldelépends on the value
of the threshold we choose. Usually, this threshold is expressed in tethessiindard deviation of the
backgroundjo, maybe the most used threshold used, that has a pretty clear significabaagsian
fields, since the probability of detecting an event due to a statistical fluctuaitithe background is
~ 1in 2 millions. Taking into account only linear filters, one could wonder which is thénal
filter. For the thresholding, the answer is the matched filter. As it was shibwenfilter is the one
that maximises the signal to noise ratio, reducing as much as possible thetitursd the noise and
allowing an easier detection of the objects embedded in it. Thresholding willebeetiector used in
this Thesis.

2.2.2 Neyman-Pearson rule

Obviously, the thresholding is not the only possible detector. Threshabdilygtakes into account the
possibility of having a source if the intensity in a point is above the pre-edteldlithreshold (as it was
said, usually in terms of the of the noise), but there is much available information that could be used
to increase the chance of detect sources in some particular situatiorexaRaple, information about
the shape of the sources, their intensities and locations, possible clustdngould be inserted in
order to detect objects.

Implicitly, filtering usually introduces somspatialinformation Epatialmeans real space, by con-
trast with the Fourier space): as it will be seen in the next section, matdtezdakes into account the
shape of the sources; the Mexican Hat Wavelet uses the scale of tlog, @bge Let us describe the
Neyman-Pearson decision rule:

Lz = 2l 5 7 (2.13)

p(zi|Ho)

where L(x;) is the likelihood ratiop(z;|Hp) pdf associated to the null hypothesis ard;|H;) is
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the pdf associated to the alternative hypothesis.are a set of variables measured from the data
(amplitude, curvature, etc)L, is an arbitrary constant, defining the region of acceptance and fixed
with some criterion. As it can be proved, given these likelihoods, the testtits defined by this
rule has the maximum power for a fixed value of the probability of false alarkssa note added,

a possible way to increase the power of the test is to add information by smgethe number of
observable variables and to modify the likelihoods above expressed in ¢ibditd ratio, by means

of some signal processing in order to make easier the discrimination betvesen th

Peak statistics

Returning to the discussion, let us assume, for simplicity, a 1D situation, witlussie backgrour%l
represented by a random fig]¢lz) with mean equal to zero and power spectrBig) ((¢(q)¢*(q’)) =
P(q)op(q — ¢')). The distribution of maxima was studied by Rice (1954). The expected nuofibe
maxima per intervaléx, x + dz), (v, v + dv) and(k, k + dk) is:

2 2
nnK _ vi+KrT—2pvk
ny(v, k) = L (2.14)

v2r(l—p?)

wheren,, is the expected total number density of maxima

>

1 N 2
M= g = = =T = T T (215
T a0 o) 02 0002 ’ o1

wherev € (—oo0,00) andx € [0,00) are the normalised field and the curvature, respectivelyis
the moment of orde?n associated to the field,., 6,,, are the coherence scale of the field and maxima,
respectively.

At this point, let us suppose a Gaussian source (this situation is verywhbealthe angular size
of the object is smaller than the beam and the beam profile is Gaussiank wiufe is given by
7(z) = exp(—2?/2R3), being R, the beam width, and embedded in the previous background. In this
case, the expected number density of maxima per intefwals + dx), (v, v + dv) and(k, k + dk)
(with a source of amplitudél) is given by Barreiro et all (2003):

npk (=) (h—rs)2=2p(v—vs) (k—rs)
n(v, klvs) = . 2(1-p%) , (2.16)
2m(1 = p?)

2In the rest of this Thesis, the noise is denotednbyin this particular section, it is denoted gybecause the number
densities are denoted by
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whererv € (—o0,00) andk € [0,00), vs = A/oyp is the normalised amplitude of the source; and
Kg = —ATq’b’/aQ is the normalised curvature of the filtered source.

The detection problem

Now, let us consider a local peak in thé data set characterised W0y;, xs). Hy : n.d.f.ny(v, k)
represents the null hypothesis, ald : n.d. f.n(v, ) the alternative hypothesis, i.e. the local number
density of maxima when there is a compact source:

(v, ) = /0 v, p(vs)n(v, kvs). (2.17)

A Bayesian approach has been assumed: at a concrete pixel we geirther of source detections
weighting with thea priori probability, p(v;), if the sources are Poissonian spatially distributed.

Therefore, we can establish the following number densities to any rejeetioomiR. (v, x):

nZ:/ dudﬂnb(y,n),n*:/ dv dkn(v, k), (2.18)

wheren; is the number density of spurious sources (due to the fluctuations of tkgrbaad) expected
inside the regioR..(v, ), the rejection region (by contrast wifR_, the region where we do not find
any source); whereas' is the number density of maxima expected in the same region dfithe
space in the presence of a local source.

At this point it is assumed a Bayesian Neyman-Pearson decision rule, msimber densities
instead of probabilities: the rejection region (it is rejected the null hypothieatssays there is not
any sourceR, is given by the highest number density of detectintigor a given number density of
spurious detections;. Such a region is (criterion for detection):

n(v, k)

L(v,k) = > Ly, (2.19)

np(v, K)
whereL, is a constant and.(v, x) defines the detector: £ > L, we decide a signal is present; if
L < L, we decide there is not signal. It is remarkable to point out that the regiacadptance is
completely equivalent to the usual given by the standard Neyman-Pdastin terms of probabilities:

p(v; k)
py(V, K)

>, (2.20)
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wherepy (v, k) andp(v, k) are the pdf’'s associated to the number densities,{o, ) andn(v, k),
respectively, and.’, must be found, in order to compare different filters, by fixing the numbasity
of spurious sources in the region of acceptance.

2.3 Filtering methods

From a colloquial point of view, ‘filtering’ means basically selection. Whemeone says that some-
thing has been previously filtered, it means that has been selected frageadat, following some
kind of criterion. Filters ‘selects’ in some way the desirable frequencydeoto favour the detection.
In the case of point source extraction, filtering is probably one the mesitdise to the fact that these
sources have a characteristic angular size that makes suitable the Utsesfdidetect them because
the size in the real space translates into a well known frequency (fiegae the opposite of the real
space) that filter will use to select it. Therefore, if we consider a systitimam input and an output, a
filter is a device that selects in a proper way the signal that we want in thato&tfom a mathematical

point of view a filter can be written as an operator:

L: f() = g(z) = Lf(x), (2.21)

wheref is the inputy is the output represents the filter angdis the independent variable. Therefore,
in our case, a filter is an operator that applied over the data (that contdinalg our signal, the point
sources in our case, but also another components like the CMB, andthee ¢omponents, most of
them are Galactic, and noise) maximises the signal to noise ratio (SNR, dafiribd ratio between
the maximum value of the signal and the variance of the field) of our poimtesin the output. The
filter is linear if the output is a linear functional of the inputs, and it is homogeséf the output is
delayed byv when the input is delayed by the same valye;,— v) = L(f(x —v)). The homogeneity
is a suitable property of the filter. Let us consider the Dirac distribufidh f is continuous, its value

atzis:

flx) = /f(u)&(x — u)du. (2.22)

The continuity and linearity of. imply:

Lf(x) = /f(u)L5(x — u)du. (2.23)
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If we say thath(z) = Ld(z), beingh the impulse response @f, due to the homogeneity of the
operator it can be said:

Lf(x) = /f(u)h(:z: —u)du = /h(u)f(a: —u)du=h® f(x), (2.24)

where® denotes convolution. Therefore, this equation means that a homogemeblirsear filter is
equivalent to a convolution with the impulse respohsé& his property is very useful because we can

use the convolution theorem and obtain that:

Lf(@) = g(z) = h f(x) = / (h(q) f()e~ " dg), (2.25)

with i(q) and f(q) the corresponding Fourier transforms with the proper conventiy).is known as
the transfer function of the filter. Although all the dissertation has been fisadentinuous signals, it
can be generalised to discreted data.

Looking at the previous expressions we observe that filtering an imageawittmogeneous and
linear filter is equivalent to multiply the Fourier transform of the image with a fearfanction. This
transfer function can be considered as a device that selects fréggidnequency in the Fourier sense.

This property is very useful because we will be able to reduce the cotitriis of the noise.

In the context of this work, we deal with compact sources whose prdilesvell known. And
from these profiles we can obtain the Fourier modes of the compact sotitverefore, we can design
transfer functions that preserve the frequencies of interest pamdsg to the source while reducing
as much as possible the remaining ones, the contribution of the non-deaalegtdund. This is the
idea behind ‘top-hat’ band-pass filters, where the filter is set to zeradeutse range of frequencies
that one wants to preserve. However, under some circumstancepassitters can introduce ring-
shape artifacts in the image in the real space. This is due to the discontinuitytrartiséer function,
that is translated in these artifacts that contaminate the image. This effeatochrice some compact
and spurious objects that after the filtering process can be wronglideved as real objects.

For this reason, it is desirable to have a continuous filter in Fourier spawelén to avoid those
ring-shape artifacts. Ideally, we would like to have a filter that improves #¢tection of the compact
sources embedded in a background. In other words, we would like ®dawoptimal filter. In this
context optimal means that we want to maximise the signal to noise ratio (SNR sétince.

In the literature there are several techniques that have shown theierfficco detect compact
sources. Most of them, at least until now, are single-frequencyadichlly means that only one map

is filtered and then, and if one wants to make any multi-frequency analysisnyat combine your
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results obtained at different frequencies. A brief description abeutthst commonly used devices to
detect compact objects is shown below.

As it was mentioned before, with a filter it is possible to select in any desirgdheafrequency
components of a given signal. Therefore, one of the most suitable appiigaof filtering is the
denoising the noise usually manifests at high frequencies. In order to avoid this,neéscan apply
a filter that excludes this high-frequency domain, without affecting theasiga want to observe and
analyse. Thesbw-pass filterqthat remove the higher frequencies) are suitable to smooth the image,
since the small scale details (equivalent to high frequencies in the Foori@id) are removed from
the signal. Depending on the range of frequencies we enhance affétettieg process, we can have
ahigh-pass filteif we remove the low frequencies (large scaled)aad-pass filteif we select a band
of frequencies not to be removed; and a low-pass filter, as we spduifieck.

After this brief discussion, we can say that a filter is a device that presdhe signal we want,
rather maximising the signal itself or removing the noise. In order to quantifyséntence, we can
define what is meant bgptimal In order to emphasize this term, we are going to introduce two very
well known filters: the matched filter (MF) and the Wiener filter, that lead to tiiferent meanings of
optimality. After that, other filtering devices such as the wavelets and the biptiia adaptive filter
will be briefly explained.

2.4 Wiener filter

Let us consider that we have an underlying sigr(al) that we want to measure. But what we observe
is a corrupted signaj(x). This imperfection may have two possible causes: the first one is the fact
that the response of the measuring apparatus is not a Reltaerefore, the signal that we have has
the following appearance:

+oo
s(x) = / T(L)u(z — t)de, (2.26)
wherer is the response function. In addition, a second source of corruptioa rsdiisen. At the end
of the process of observation, we find something like this:
y(z) = s(x) + n(z) =7 @ u(z) + n(x), (2.27)

where the signal we want to measuu€z), is convolved with the response function of the apparatus,

7(x), andn(z) is the noise.
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Letu(q), 7(¢), andy(q) be the Fourier transforms af z), 7(x) andy(z), respectively. We desire
an estimatofi(z) as close as possible tdx). To obtain this, we need to find a filtéx(x) that satisfies
the following:

i(q) = 22 (2.28)

in the Fourier domain.

We can establish a closeness criterion betwe@n anda(q) based on a least-square sense, i.e.,

+oo +oo
[ Tl — u@pPde= [ i) - u(o)Pdg (2.29)
is minimum. The equality in this equation comes from Plancherel’'s formula. Takiogaircount
equations[(2.27,_2.28), and after some calculations, one can find thatpfesssion of the filter that
satisfies the condition (2.29) is the following:

|5(q)/?

owrlD) = P @R

(2.30)

This is the expression for the Wiener filter and it is independent.ols one can see, the im-
plementation of this filter needs previous knowledge|fg)|> and |n(q)|? (or at least onjs(q)|?).
Theoretically, it is not possible such implementation having information only tftmymeasured sig-
naly. However, the extra information is easy to obtain and can give excelleutse

On the other hand, Wiener filter has some disadvantages: first of all, itissadestimator of
the signals, both in the real and Fourier spaces. The second limitation is the fact thaek\fiter
is based on a minimal variance approach. It means that if we have a swor@aussian signal (or
equivalently, random fields whose statistical behaviour depends oarféghond order moments), the
application of Wiener filter is expected to be not optimal. Even in the case ofiasiza random field,
we need a good knowledge of the modelling of the data, the power specttine underlying signal
and the nature of the statistical uncertainties.

All of these limitations have not been an obstacle to apply this filter and the litergiues us
several examples of this. Even now, when the field to be reconstructkésto be a Gaussian field,
Wiener filter is close to be optimal. In this case it is proven (Zaroubilet al5)t®@t Wiener estimator
is equal to the Bayesian estimator that maximisestpesterioriprobability. There are other methods

that improve the performance of this filter, in particular in the field of imagegssiog.
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2.5 Matched filter

We have seen that the Wiener filter was optimal in the least-squares sarndbef® are many other
criteria that can be used to consider a filter as optimal. In this subsectionowesstiifferent one. Let
us assume a single signdle) with a maximum atzy = 0 (for simplicity) embedded in a noisy back-
groundn(x). As it was said before, thgignal to noise ratiqSNR) of the signal is the ratio between
the maximum value of the signal and the standard deviation of the fi¢Jdad mathematically can
be expressed as:

snr =0 (2.31)

o

Obviously, we are interested in making this number as large as possible mtordscriminate
the signal from the unwanted background. By introducing a linear fil{er) we modify the data in a
certain way and the new SNR is:

SNR, = wis(o), (2.32)
P

whereo, is the standard deviation of the filtered field. To simplify the notatign= ¢ ® s. Now

we can define thgain of the filter as the ratio between equatiéns 2.32[and 2.31. The way to optimise
the detection of the signalis to maximise the gain. One way to do that is to minimigeand make

sy = 5(0). In the following lines it is shown how to obtain the expression of the MF.

First of all, let us assume a set of images corresponding to the same attea Ky observed
simultaneously alv different frequencies:

Yo (%) = fusu(x) + n(x), (2.33)

wherev = 1,..., N. At each frequency, y, is the total signal in the pixet ands, represents the
contribution of the point source to the total sigmal for simplicity let us assume there is only one
point source centred at the origin of the imagg;is the frequency dependence of the point source;
andn,, is thebackgroundor generalised noise (containing not only the instrumental noise, but &so th
contributions of the rest of components).

The intrinsic angular size of the point sources is smaller than the angutémtiea of the detector.
At each observing frequency, each source is convolved with thesfmonding antenna beam. For sim-
plicity we will assume the antenna beam can be well described by a symmetria@&sian function.
Then we can write
sy(x) = Aty (), (2.34)
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wherez = |x| (since we are considering symmetric beams)s theamplitudeof the source ana
is the spatial template grofile. The background, (x) is modelled as a homogeneous and isotropic
random field with average value equal to zero and power spediudefined by

{ny(a)n;(a)) = P.6p(a —d), (2.35)
wheren, (q) is the Fourier transform of,, (x) andé?, is the 2D Dirac distribution.

In the single frequency approach each channel is processedasdpand independently from
the other frequency channels. This approach is robust in the senseishaot necessary to assume
anything about the spectral behaviour of the sources. The main drkvdbahe single frequency
approach, however, is that one misses the potential noise reductiomtha@tbe obtained with a wise
use of the information present at the other frequencies.

The standard single frequency point source detection method in the liteiatinased on the
matched filterTegmark and de Oliveira-Costa (1998); Barreiro et al. (2003)pdz-Caniego et al.
(2006). The matched filter is the optimal linear detector for a single map in tlee dbat it gives
the maximum signal to noise amplification. The matched filter can be expressedriafspace in the
following way:

T 7—2
vuir(a) = T3 = [ aay . (2.30

Herea is a normalisation factor that preserves the source amplitude after filtering.

We can consider the following example. Let us suppose that we have a@Dsignal located (for
simplicity) atz = 0. We observe this signal through a detector whose point spread furjpsfns
a Gaussian with width equal ®,, Gr,(x). Therefore, after passing the signal through the detector,
we have a Gaussian centred at the position of the original one. Due teimhmperfections of the
measure procedure, we also have white noise that makes it more difficdtect dhe signal. If the
noise dominates the signal in such a way that power spectrum of the datadsl agproximation of
the power spectrum of the noisP(g) ~ constant because it is white noise), the matched filter given
by equatiori 2.36 is proportional to the Gaussian of the psf. This is a welikkmesult: a Gaussian
filter is the optimal one to denoise signals with a Gaussian profile embedded innelsee What the
Gaussian makes is to remove the scateBy, preserving features with larger scales. It can be seen as
a correlation between the data and the impulse response of the filter. Fragpoithtief this view it is
obvious that this correlation is maximum when that shape of the signal is clésg, ta:) and close to

zero elsewhere.

It is also remarkable that to produce a matched filter it is not necessaryptotkie signal power

spectrum. The power spectrum that appears at equatioh 2.36 is caldutatetthe generalised noise.

60



2.6. WAVELETS

If the signal we have is sparse, a good estimator of this power spectrura enthobtained from
the data (signal+noise). Therefore, the only previous knowledge isrtifiéepof the signal. Point
sources in CMB experiments are a perfect example where the applicatite ahatched filter is
ideal. We have point sources at different locations with the same profilen(dpy the beam of the
antenna). Estimating the power spectrum from the data, we can build the oh&ttdrewithout any
other assumption (see Tegmark and de Oliveira-Costa |(1998); Hexrahz(2002a)). This filter is
more robust than the Wiener filter because it makes less assumptions abdatahin addition, it can
be normalised to be an unbiased estimator of the amplitude of the signal.

As a corollary, the matched filter (ef._2136) can be obtained directly fromalteady described
Neyman-Pearson rule. It was already commented that the matched filteaarspdurally in the
Bayesian techniques (see secfion 2.1). Now, let us assume that we tde@de between the null
and the alternative hypothesis on the basis of pixel intensities. For dedd®aussian noise, the
likelihoods of the eq.2.13 are:

P(y|©, Hy) e:rp[—%yTC_ly], P(y|©, H;) e:rp[—%(y — S)TC_l(y —s)], (2.37)

where C is the correlation matrix of the noise asds the source. It can be proven thHy (the
alternative hypothesis) is chosen when the statigfigs) o< y’ C~!'7 > (,, wherer is the profile of
the source (in the case of point sources, the profile of the beam). Aamvgee, the statisti@ is the
datay multiplied by an operato€ ', the already known matched filter (seeeq. 2.36).

2.6 Wavelets

Wavelets have been widely used for decades in signal processing;aiapgeiession, pattern recogni-
tion, denoising, etc. The property that makes them interesting is that thayirdtaamation about the
scale and the position of features of the image. For this reason, waveletbéden used to detect point
sources in astronomical images. Unlike the Fourier transform, wavelets adldahave information
about the importance of different scales at each position.

Let us consider the discrete wavelet transform. The wavelet basisstrgoted from dilations and
translations of thenother(or analysing wavelet function) and a second related functigix) called
thefather (or scaling function:

Wi = 2122z — 1),

2.38
¢ =22p(2x — 1), (2:39)
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where;j and! are integer numbers that denote the dilation and translation indices, rgspeciihe
functionsg and have generally compact support and they usually are chosen to bgamtio They
must together satisfy some mathematical relations, as shown by Daube&d8% (b particular, two

requirements are:

dr =1
J¥@)dz =1, (2.39)

J ¢(z)dz = 0.

The reconstruction of the signé(z) using the wavelet basis is given by

f(@) = aopdoo(@) + YD wjh(x), (2.40)

il

beinga, w the wavelet coefficients defined as:
= d

aoo = [ f(x)¢oo(r)dz, (2.41)

wjg = [ fla);(x)de.

Equatiori 2.40 can be interpreted as the sum of a low resolution, smoottetidfuplus a series of
consecutive refinements that carry information about the details of tioéidary (z). The difference
between the refinement levgland the next tells us about the structurefadt the scalg. Therefore,
the scaling functior carries information about structures of a certain scale inside a comgamh.re
For this reason wavelets are very useful for the point-source detgmidatem, because they are able
to separate structures from a given scale, those with the same scaleadhkavavelet, reducing the
contribution of the other scales. In summary, wavelets can also be usédras fi

Now, let us consider theontinuous wavelet transfor@CWT). Instead of using an integer number
of dilations and translations, we allow them to vary in a continuous wayRFoer0 andb € R,

vrale) = (T30, (242
CWT is thus defined as:
+o0o
Wf(R,b) = i f(@)rp(x)de = f @ Pg(b), (2.43)

whereyp(z) = R Y%y)(—z/R). As an example, let us consider the well knoMexican Hat
wavelet(MHW), a wavelet that has been widely used in the literature for the deteofigroint
sources with Gaussian profiles (Qewet al., 2000; bpez-Caniego et al., 2005; Vielva et al., 2001b;
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Lopez-Caniego et al., 2007; Planck Collaboration et al., 2014a). Thisletacan be obtained by ap-
plying the Laplacian operator to the Gaussian function of wigth

1 T\2| _=
W(a) = T [2_ <§> }e el (2.44)
This wavelet is obtained from the second derivative (Laplacian op@rat@ Gaussian. Due to

this relation with the Gaussian (the exponential is an eigenvector of thatienoperator), the MHW
gives a high correlation when it is used to filter a Gaussian signal. This is#isem to be used in order
to detect Gaussian signals in many fields of Astronomy. For example, MHWemassuccessfully used
to detect point sources from CMB data alone (Gaet al., 2000; Vielva et al., 2001b) or in combina-
tion with other methods (Vielva et al., 2001a5thez-Caniego et al., 2007; Planck Collaboration et al.,
2011c, 2014a, 2015d).

It is pointed out that wavelets are compensated, i.e., integral below the murero, and using
them as filters helps to remove background contributions with scales ofiwatdiarger than the one of
the wavelet.

In the case of the MHW, we can apply the Laplacian operator as many timegdsd By doing
that, we obtain a family of wavelets. The first member of this family is the alreadg &itid\W;
the second one (after applying twice the Laplacian operator over thesi@auss the MHW2. This
particular wavelet is the most suitable to detect point sources as was #h@amzlez-Nuevo et al.
(2006).

There is many literature devoted to wavelets, as Ogden (1997); Mallg);1BGrrus et al.[(1998).

2.7 Biparametric adaptive filter

Following the idea of the MHW family, in_6pez-Caniego and Vielva (2012) the authors propose a
filter with two free parameters that allows a better incorporation of the statigtioglerties of the
background into the filtering process. One of these parameters is thésealéhe wavelets, associated
with a compression/expansion of the typical scale of the PSF. The seepahgter is the index of
the filter g, and can be seen as a generalisation of the order of the Laplacianoopesad in the
MHW family (Gonzilez-Nuevo et all, 2006). It is related to the filter location in the Fourierespac
equivalently, with the filter oscillations in the real space and associated witthtpe of the angular
power spectrum of the background.

Taking into account the philosophy behind the wavelets, we can define éhfilteh is the scaling
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version of a mother filter:

1 - [|x—Db|
V(. .0.b) = 1yl ( - ) | (2.45)
This mother filtery, is given in the Fourier space by:
- 1
- - g
Vg(qR) WF(Q%)(qR) 7(qR) (2.46)

and therefore, the filter coefficients (r, b) after convolve a 2D imag¢(x) with the filter, are given
by:

wg(R,b) = /dxf(x)\I!(x, R,g,b). (2.47)

If we have a Gaussian PSF with beam disperssion equa} ta e., the case of point sources that
are observed with an antenna whose beam is precisely Gaussian,eviédoilowing expression:

Vy(qR) = l#Jrg(qR)ge_(‘ﬂ%)Z/Q, (2.48)

T I'(5?)

and the filter coefficients at the positions of a source with amplitu@ed profileAr(qR) are:

A2¥z9
wg(R) = ———— (2.49)

(14225
beingz = R/Ry. The filters parameters are determined by imposing a maximum amplification of the
point source amplitude in the filter coefficients maps, similar in this case to the @blilpoehind the
matched filter.

This filter has shown a great versatility. As the authors showedbipek-Caniego and Vielva
(2012), they divided the sky in patches B8 x 7.3 square degrees, checking the smooth and co-
herent change of the indexalong the Galactic latitude, from the Galactic plane to the poles, in the
presence of synchrotron radiatia30(GHz) and dust emission=( 217 GHz). In particular, the index
can change from values close2dghighest Galactic latitudes) unti¥ 12 (close to the Galactic plane)
at several hundreds of GHz. It is particularly interesting the case &HZf) where the CMB is the
dominant diffuse component, and therefore the ingdédx close to be flaty ~ 4, the index of the
MHW?2 (Gonzlez-Nuevo et all, 2006). Comparing both methods, the authors showAfhel&ects
more objects (foSN R > 5) at all frequencies for Galactic latitudgs > 30°.
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The BAF proves to be a good tool because of the combination of the &caled the indexy
that best fit to the profile of the sources and to the local properties ofatlggbound maximising the
amplification of the detections.

2.8 Matrix Matched Multifilters

In [Herranz and Sanz (2008), the authors introduced a method thatvug asll see, very close in

its philosophy and mathematically, to the matched multifilter (MMF, setion]2.9.1). Ircésis, and
similarly to the MMF, we haveV channels (or frequencies), and the data we observe can be modelled
in the following way:

Y (x) = Ay7(X) + 1y (x), (2.50)

whereA, is the amplitude of the source at frequengy, is the spatial profile at the same frequency,
n, IS the noise (everything that is not the signal) at this frequencyyarisl what we observe at this
channel. Let us assume, as it will be done with the MMF belsws- 2 without loss of generalisation
and the noise is characterised by a mean value equals to zero and the pkoess-power spectrum:

(nu, (@)n}, (d')) = Puyuy6p(a — d), (2.51)

whereP = P,,,, is the cross-power spectrum.

Being a multifilter device, the authors wanted thiénput channels to intervene in the elaboration
of the any output maps. One possibility is the following:

Wy, (X) = Z/ dqe_iq'xq;ulw (@)Y, (a), (2.52)

where¥ = ¥, ,, is the matrix of multifilters (MTXF).
The desired requirements for these filters are:
e (w,,(0)) = A,., wherew,, is the filtered map at frequeney;

e the variances of the different are minimum, keeping constant the valuesigt

These two conditions, by applying the Lagrange’s multipliers method, canduktaobtain the
filters ¥ that satisfy them. After some calculations (see Appehdix]2.10 to find a similaeguoe),
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one can find that the expression for the filters is given by:

T =FP ! (2.53)
whereF = (A, 7u,), beingh = H™! andH,,,,, = [ dq7,, ()P}, 77, (q).

At this point it is interesting to consider a particular case: when the noiseipletely uncorrelated
among the different channels. In this case, the cross-power spegtatrix is diagonal, being the
elements of the diagonal the power spectrum of each channel. Anddrerdfe MTXF become in a
diagonal matrix whose elements are the complex conjugate of the matched diiteesch input map.
For circularly symmetric source profiles, the whole process is equividdiiter each image for the
corresponding matched filter.

2.9 Motivations: why a new method?

It was mentioned that the detection and estimation of the flux of extragalacticgmirces (EPS) are
a difficult task. The main reason for this is that the many different typed$& distributed in the sky
form a very heterogeneous set of objects that do not have a commanafehaviour. While other
foreground contaminants follow a specific emission law that is more or lesskn@in (or can be
inferred from observations) and that varies relatively slowly and coatisly across the sky, each EPS
has an emission law that, in principle, can be totally different to any other aegémdent from them.
From the point of view of statistical signal processing, the problem ottateEPS is a case of sorely
underdetermined component separation problem where the nuitedrcomponents is much larger
than the numbeN of frequency channels.

The most commonly used approach to this problem consists on workingagglpan each chan-
nel, introducing some of the most used tools in the previous sections, shthwingharacteristics and
advantages (and disadvantages). The key idea is to take advantagefadttthat all the EPS have
the same shape (basically, that of the beam) and filters are well suited tacerth# feature. In the
field of CMB images, wavelet techniques Vielva et al. (2001a, 2003);z8len-Nuevo et al. (2006);
Sanz et al.[(2006); dpez-Caniego et al. (2007), matched filters (MF, Tegmark and de QliGrsta
(1998);  Barreiro et al.| (2003); dpez-Caniego et all._(2006);0bez-Caniego and Vielva (2012)) and
other related linear filtering technigues Sanz et al. (2001); Chiang 20812)] Herranz et al. (2002a);
Lopez-Caniego et al. (2004, 2005)ohez-Caniego et al. (2005) have proved to be useful. All these
techniques rely on the prior knowledge that the sources have a distisp@atil behaviour and this

fact is used to design some bandpass filter to enhance them with respeetrtoige. In the sin-
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gle frequency case (and analysing only linear filters), the matched filteeisgtimal in the sense
that it maximises the SNR. Detection can be further improved by including priormvation about
the sources, i.e. some knowledge about their flux distribution, in the franaeBafyesian formal-
ism/Hobson and McLachlan (2003); Carvalho etlal. (2009, l2012)m@Astioned above, the Bayesian
approach requires a good knowledge about the statistical properttes sifjnal and the background.

For now, multiwavelength detection of EPS in CMB images remains a largely loregdield. In
recent years, some attempts have been done in this direction Naselski260a)., Chen and Wright
(2008); Wright et al.|(2009). More recently, Herranz and Sanf&2Mhave introduced the technique
of ‘matched matrix filters(MTXF) as the first fully multifrequency, non-parametric, linear filtering
technique that is able to find EPS and to do unbiased estimations of their flaxds to the distinctive
spatial behaviour of the sources. This method incorporates at the sameotimeensultiwavelength
information, without assuming any specific spectral behaviour for thecesuHerranz et al. (2009)
have applied the MTXF to realistic simulations of fAkanckradio channels, showing that it is possible
to practically double the number of detections, for a fixed reliability level, éones of the channels
with respect to the single-frequency matched filter approach.

MTXF, as it was shown above, use multiwavelength information in such a vedyttis not nec-
essary to make any assumption about the spectral behaviour of thesolrdact, in that formalism
their spectral behaviour is entirely irrelevant. All the multiwavelength comatas concern only to
the generalised noise and its correlations. In this sense, the MTXF methedadtbeonly half of the
problem. This has its advantages in terms of robustness and reliability, éwtonhd wish to have
a technique that uses multiwavelength information in the modellingptti the signal (EPS) and the
noise. But, as it was mentioned before, the spectral behaviour of thésE®Sknown.

In this Thesis, it will be shown that even if the spectral behaviour of th® ERiInknown a priori,
it is still possible to determine it directly from the data by means of an adaptiverfgtecheme that
incorporates multifrequency information not only through the noise caiwvakamong channels, but
also about the sources themselves.

The problem is, in more than one sense, similar to the problem of detecting SErsl(that is
the reason for which it was discussed that case a few sections adavile SZ case, the spectral
behaviour of the sources is known, but not their size. A way to deal wighptioblem is to introduce
the scale of the source as a free parameter (for example, the clusteadrer.) in the design of
a ‘matched multifilter’(MMF) and to optimise the value of this parameter for each source so that a
maximum signal to noise ratio is obtained after filtering (see the detalls in Heztatz(2002¢,b,
2005); Schfer et al.[(2006); Melin et al. (2006)). As the problem depends owptienisation of one
single parameter, the method is easy to implement in codes that are relatively fas
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In this Thesis it is presented a maodification of the MMF technique (Herraalkz, &002c) in which
the mixing coefficients of the frequency dependence vector of the s@are considered as free pa-
rameters to be optimised, since the characteristic angular size is known élgiven by the antenna
beam). As it will be shown, if the number of frequency channels iand it is chosen wisely a fiducial
frequency of reference, the number of free parameters to optimiée-ig. For simplicity, throughout
this Thesis, it will be used as an example the case of two chanNels, 2, but the method is valid
for any number of channel§ > 1. Including this additional information it is expected to improve the
results. Reminding the main statistical properties that characterises a cetatagmainly desired to
increase the completeness at low flux densities (around several damdiraJy in the case of WMAP),
recovering the amplitudes (or the flux densities) as accurate as possthiteesa flux density levels,
we are observing distant objects, being important their detection andctdi@sation in order to make
statistical and evolutionary model studies of these objects.

By summarising, the main goal is to reduce the detection limit level, achieving tcaserhe
completeness of our catalogues at low flux densities. To reach this guiipssnecessary to develop
new tools. Until now, the main used techniques have been the filters, patiionkll suited to the
task of detecting point sources due to their capability to select frequelBtiethe most recent results
in experiments such as WMAP and Planck have shown that the singlesfregfilters have reached
their minimum flux density imposed by sensitivity levels of the instruments. At this mmencan
face the problem in two ways: waiting the appearance of new experimentsighbr sensitivities
or searching some way to increase our efficiency at detecting pointesoat low flux densities: if
most of methods are single frequency, a natural step is to develop a muigiteg one that uses
more available information, unused in the single frequency ones. MTXEess#atistical information
of the noise, reflected in the cross-power spectrum and the spatiainition of the sources: the
same source is located in the same place in different frequencies. MMRdtied used in this
work, also parametrises the unknown spectral behaviour of the soasca power law. The use of
additional information will lead to an increase of the detection of point ssureaching higher levels
of completeness at low flux densities.

2.9.1 The Matched Multifilter

In the multi-frequency approach it is taken into account the statisticallatime of the noise between
different frequency channels and the frequency dependences cfollirces. Let us assume a set of
images corresponding to the same area of the sky observed simultandadistijfierent frequencies
(see eg[2.850) and a background modelled as a homogeneous anddsatndpm field with average

value equal to zero and cross-power spectrum equal {oeq. 2.51.
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Although it was said that the MTXF and the MMF share some formal aspeaits,it% when the
main difference with respect to the MTXF becomes manifest: in this case (wiMNie), it is madea
priori assumption about the spectral behaviour of the point sources becaassume a power law for
that. Therefore, we only have one output map (and only one value gf)th&nd as a consequence, the
MMF device is anN x 1 vector of filters. By contrast, MXTMF doa®t make any a priori assumption
about the spectral behaviour of the point sources. Therefore,atisssary to have so many maps (one
for each value of thel,)) as channels we observe. And as a consequence, MTXFA& anV matrix
of filters.

Let us define a set d¥ linear filtersy, that are applied to the data

wy(b) = /dx Y (X)) (x;b) = /dq e_iq’byV(q)wu(Q)a (2.54)

hereb defines a translation. The right-hand part of equafion [2.54) showstdranfij in Fourier space,
wherey, (q) andi,(q) are the Fourier transforms of (x) and,(x), respectively. The quantity
w, (b) is the filtered map at the positiorb. Thetotal filtered mags the sum

w(b) = " wy(b). (2.55)

Therefore, the total filtered field is the result of two steps: a) filtering grfddion. During the first
step, each map, is filtered with a linear filter),, during the second step the resulting filtered maps
w, are combined so that the signals boosted while the noise tends to cancel out. Note that the
combination in eq.[(2.55) is completely general, since any summation coeffidiffetent than one
can be absorbed in the definition of the filtegrs Then the problem consists of how to find the filters
1, S0 that the total filtered field isptimalfor the detection of point sources.

The total filtered fieldw is optimal (in the case of lineal filters) for the detection of the sources if:
1. w(0) is anunbiasedestimator of the amplitude of the source,(&q0)) = A4;

2. the variance ofv(b) is minimum, that is, it is arefficientestimator of the amplitude of the

source.

If the profilesT, and the frequency dependenfeare known, and if the crosspower spectrum is
known or can be estimated from the data, the solution to the problem is alreadynkthe matched
multifilter (MMF, Herranz et al.[(2002c)):

V() =aP'F, a!l= /dq F'P'F, (2.56)

where¥ (q) is the column vecto® (q) = [, (q)], F is the column vectoF = [f,7,] andP~! is the
inverse matrix of the cross-power spectriim Finally, the variance of the total filtered field can be
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obtained by the following expression:

02 = / dqP'PW¥ = q. (2.57)

In order to see how these expressions were obtained, see the ApRekilix

An important aspect to remark in the MMF is the fact that the different mamfferent frequen-
cies) must show a correlation in the noise. If not, the cross-power speetould be a diagonal matrix
and as a result we would havé matched filters, one at each frequency. This is not our goal because
we desire a multifilter since the beginning. For this reason, the maps that watalkecount in our
analysis have to be close in terms of frequency and therefore to shoslatmms between them.

MMF with unknown source frequency dependence

As it was previously discussed, the problem is that the frequency depeaf, of the sources is not
known a priori. Then, the possibilities are either a) to admit defeat, retutaitige single-frequency
approach, b) to devise a filtering method that does not use the freqdepeydence of the sources
altogether or ¢) to model somehow the unknown frequency dependertbe framework of some
optimisation scheme. The second approach was explored in HerranaandZ®08); Herranz et al.
(2009). In this Thesis, the third approach to the problem will be studied.

Before addressing this problem, it will be useful to rewrite €g. (2.56) ilightyy different way.
Let us write the vectoF = [f,7,] in matrix form as

F =T(q)f(v), (2.58)

with T a diagonal matriXT'(¢q) = diag[m(q),...,7n(q)] andf = [f,] the vector of frequency de-
pendence. Note that all the dependence isincluded in the matriXr'; this fact will be useful later

on.

Now imagine that describes the true (unknown) frequency dependence of the scamcethat
g = [g], v =1,..., N is a new vector of equal size fisbut whose elements can take any possible
value. The MMF for vectog can be defined,

Pe(q) = angng,

a;l = /dq g'TP 'Tg = g'Hg, (2.59)

whereH = [ dqTP~'T and the facts thal* = T and that vectog does not depend og and can
therefore go out of the integral have been used. When applied to iseiges where there is present
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a point source with true amplitudé and true frequency dependeniehe filters¥, will lead to an
estimation of the amplitude,

Ag = wg(0) = ag A g'HS. (2.60)

Note that ifg # f, thenAgz # A. On the other hand, the variance of the filtered field would be, in
analogy with eq. [(E?)aé = ag. Taking into account the SNR of the source in the total filtered
map, one can ask what the vecgpis that maximises the signal to noise rafidV .. Intuition alone
indicates thatS N R is maximum if and only ifg = f. This can be formally proved with little effort
by taking variations of (see Appendik 2.11).

Then the problem can be solved via a maximisation algorithm. In the case oflalindrsearch,
where the position of a given point source is known, one can focusatptiint source and iteratively
try values of the elements @f until a maximum SNR is reached. In the case of a blind search, the
situation is a little bit more difficult because in a given image there may be manyetiffebjectss;
with a different solutiong;. A way to proceed is to filter many times the image, using each time a
different set of values of the elements gfso that the appropriate range of frequency dependences
is sufficiently well sampled, and then to proceed counting one by one allobshte detections and
associating to each one the valuegdhat maximise the SNR of that source in particular.

It is relevant to remark that this situation is very similar to the case of the detesftigalaxy
clusters with unknown angular size described in Herranzl et al. (2002ao,that case, the frequency
dependencé was known but the size of the clusters (their source profile) was notcllister profile
can be parametrised as a modified beta profile with a free scale param@ygically, the cluster core
radius). In Herranz et al. (2002c,b), it was shown that the true stae @lusters can be determined
by maximising the SNR of the detected clusters as a function scalithe filter.

In the case of this Thesis, factorisation (2.58) leads to equations (2.89a0); this is very
convenient for implementation of the MMF when many filtering steps are nageskhe most time-
consuming part of the filtering is the calculation of matrifeandT because they must be calculated
for all values ofq. In the case of clusters with unknown siZB had to be calculated for every value
of r.. However, in the case that is being considered in this Thesis the only quatitdievary during
the maximisation process are the elements of vegtdrhis allows to compute the integrals of matrix
H only once for each set of images. As a result, applying the MMF to large exgwb point sources
with unknown frequency dependence is, in general, much faster thyirapthe MMF to the same
number of clusters with unknown source profile.

The main difference is that while in the case of galaxy clusters it was reagessmaximise with

respect to only one single parameter (the core radius), in the case okihewun frequency dependence
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it is necessary to maximise with respect to fie¢omponents of vectags. This procedure can require a
very large number of computationsif is big. Although it has been just seen that each free parameter
of the frequency dependence can be mapped much faster than eaphrfieneter of the source profile,

it is still interesting to reduce the number of computations as much as possible.

Number of degrees of freedom of vectog

For N images, vectog = |[g1,...,9n]| hasN degrees of freedom. This makes the optimisation
procedure more complex and computationally expensive. The situatiored&ghtened if one of the
frequencies under consideration as our fiducial frequency ofaefe is chosen. Let us choose for
example a concrete frequengy {1,..., N} to be our fiducial frequency of reference, then

(y;(0)) = Afm;(0) = A (2.61)

and therefore, since the profite is normalised to unityf; must be equal to one. Hence, one must
look for vectorsg = g1,...,9j-1,1,9;+1,-..,N and the number of independent degrees of freedom
is N — 1. If the number of channels ¥ = 2, there is only one degree of freedom for the optimisation
problem. The cas& > 2 does not introduce any modification in the strategy. As mentioned in section
[2.9.1, the SNR of the sources has a global maximum if and oglysff. This implies that the problem

is not degenerated. The only complication is computational: as the numbeegfdrameters to deter-
mine increases, more operations are needed in order to sample the pasmaeter-ortunately, there
aer many efficient maximisation algorithms available in the literature (amoeba,posralgorithms,
simulated annealing, etc.). Although the case of two channels will be coediftarsimplicity in this
Thesis, the extension ¥ > 2 frequencies is straightforward.

Optional parametrisation of vector g

Another way to reduce the number of degrees of freedom of vgésao find a suitable parametrisation
for it. For example, the power law relationship

14

Sw) = S <>7 (2.62)

W

whereS(v) is the flux at frequency, v is a frequency of referencé) is the flux at that frequency
of reference and is thespectral index This equation is widely used in the literature. By using eq.
(2.62), the reference flug, can easily be related to the reference amplitddef the sources and the
number of degrees of freedom is just one, the spectral index
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However, the parametrisation of vectgrhas its own risks. For example, it is known that eq.
(2.62) is valid only as an approximation for any given frequency intexmdlthat its validity decreases
as the size of the interval grows. If it is chosen to follow the parametricogay; it is known for
sure that the results will be less and less accurate as the nuvnbérchannels grows, especially if
the separation between frequency channels is large. On the otherdumpn@.62) is always exact if
N = 2. Therefore, it can be safely used the parametrisafion](2.62y fer 2 channels, without loss
of generality. Since the number of degrees of freedom is one either #)(B.6ised or not, the use of
the parametrisation is irrelevant in this case. However, one may be intenestgidg it for historical,
didactic and practical motivations. For example, €q. (2.62) is useful t@ssphe physical properties
of the sources in terms of their (steep, flat, inverted, etc.) spectral index.

It is relevant to remark that frequency dependence parametrisatiom, fiarth of eq. [[Z.6R) or any
other way, may or may not be useful in some casest mihot essentiaat all for the method proposed
in this Thesis.

2.10 Appendix A

In this appendix it is explained in more detail the obtention ofNfa#ched Multifilter Let us assume
a set of images corresponding to the same area of the sky observed stoutiynatN different
frequencies:

Yy (x) = fusu(x) + ny(x), (2.63)

wherev = 1,--- , N. At each frequency, y, is the total signal in the pixet ands, represents the
contribution of the point source to the total signal for simplicity let us assume there is only one
point source centred at the origin of the imagigis the frequency dependence of the point source; and
n, is the background or generalised noise.

The intrinsic angular size of the point sources is smaller than the angutéuities of the detector.
At each observing frequency, each source is convolved with thegmonding antenna beam (beam is
the response of the antenna to a point source). For simplicity we will ass@na@tbnna beam can be
well described by a symmetric 2D Gaussian function. Then it can be written:

su(x) = A7, (z), (2.64)
wherez = |x| (since we are considering symmetric beams)s the amplitude of the source and

73



CHAPTER 2. FILTERING AND DETECTION METHODS

is the spatial template grofile. The background, (x) is modelled as a homogeneous and isotropic
random field with average value equal to zero and power spediudefined by

(nu(@)n;(d)) = P,op(a—dq), (2.65)

wheren, (q) is the Fourier transform of, (x) and &% is the 2D Dirac distribution. In the single
frequency approach each channel is processed separately apériaintly from the other frequency
channels. This approach is robust in the sense that it is not necégsssyume anything about the
spectral behaviour of the sources. The main drawback of the singjediney approach, however, is
that one misses the potential noise reduction that could be obtained with assiséthe information
present at the other frequencies. The standard single frequemtysparce detection method in the
literature is based on the matched filter (eq. 2.36).

In the multi-frequency approach it is taken into account the statistical latoe of the noise
between different frequency channels and the frequency depemdéthe sources. Now it is modelled
the background:, (x) as a homogeneous and isotropic random field with average value eqeabto z
and crosspower spectrufi,,,, defined by:

(nuy ()i, (d)) = Py (a — o), (2.66)

wheren, (q) is the Fourier transform af, (x) and4% is the 2D Dirac distribution. Now a set df
linear filtersy, that are applied to the data can be defined:

wy(b) = / dxy, (x)¥, (x;b) = / dae™ Py, (q),(q), (2.67)

whereb denotes a translation. It have been taken into account the following thorwdor the Fourier
transform:

fl@) = 5 [ dxree 1) = o [ daft@e o, (268)

by which any convolution can be expressed as

f®g(b) = [dxf(x)g(b—x) = mhp [[ dadd’ f(a)g(a)e™" 9P [ dxex(a=d) =

. (2.69)
= [daf(q)g(q)e P,
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The right part of equation ef]. 2167 shows the filtering in Fourier spacerey, (q) andy, (q) are
the Fourier transforms af, (x) andv, (x), respectively. The totdiltered maps the sum

w(b) = w,(b). (2.70)

Therefore, the total filtered field is the result of two steps: a) filtering afiddion. During the first
step each mayp, is filtered with a linear filter), ; during the second step the resulting filtered maps
w, are combined so that the sigrak boosted while the noise tends to cancel out. Note that the fusion
in eq.[2.70 is completely general, since any summation coefficients diffegmnotie can be absorbed
in the definition of the filterg), . Then the problem consists in how to find the filtggsso that the
total filtered field is optimal for the detection of point sources. The total fitéiedd w is optimal for
the detection of the sources if it satisfies these two conditions:

e w(0) is anunbiasedestimator of the amplitude of the sourcews®) = A4;

e the variance of(b) isminimumthat is, it is arefficientestimator of the amplitude of the source.

Going to the first condition, it can be expressed mathematically as:

2wy f / dqqrib, = 1. (2.71)

Then, referring to the second condition, it can be easily proven theneariafw, o—f, is:

02 = (w(b)?) — (w(b)? =27 3 / d4qthn, Py, (2.72)

viv2

Now it is used the method of tHeagrange’s multipliers It consists on constructing a Lagrangian
by using the conditions above referred. The Lagrangian is the following:

Z = Ui(wmvwle) + )‘[27r Zz/ Ty quun(Q)%(Q) - 1] =

(2.73)
=213, J d4q¥u (€) Pors (), (@) + A27 22, fo [ dagm(q)ibn(a) — 1]

The following step is to derive the Lagrangian respect to the filtand equals to zero. One aspect
has to be considered here. In the previous development, there weralimdises;; andv,, that are
mute ones. In order to derive the Lagrangian with respect to the filter, keeingéo account the two
different frequencies instead of the mute subindices. For this reasoginhfter the mute subindices
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v, andy, will be changed by the subindicésand2, to denote the two frequencies considered. Also,
the dependences @rof the different expressions will be deleted to make more clear the exuness
In this case, it is obtained the following:

555 = 4n [ dggPudh + 4w [ dagPrats + A2mfi1 [ dggm =

(2.74)
=d4m Y, [ dqgPipi + A f1 [ dggm = 0,
wherei goes froml to 2. The process is repeated fpg, obtaining:
0L
90, = 4WZ/dqu2j’(/Jj + )\fQ/dquQ =0. (2.75)
J

We can rewrite these two expressions in the form of a system of two egsiasofollows, taking
into account that both are equal to zero:

2 Puvi+Mfim = 0} (2.76)
2% Poithi + Mfara =0
that can be expressed as a matricial equation:
2PW¥ = —)\F, (2.77)

whereF is the column vectoF = [f;7;], wherei goes froml to 2. The only thing to make is to gdt
from the expression:

¥ = oPIF, (2.78)

wherea = —\/2. This is the expression for thmatched multifilter One can see that formally,

is similar to the matched filter (see dg. 2.36): it is directly proportional to thelpmfithe beanr,
included in the vectoF, and inversely proportional to the power spectrum. For the matched multifilter,
the constant of proportionality can be obtained from the first condition writedore, where it is said
the matched multifilter is an unbiased estimator of the amplitude of the source:

27 ZV fdQquTz/’pu =1
QWquqFtanlF =1
+ = a [ dggF'P~'F;

a~l = [dqF'P~IF.

(2.79)
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Finally, the expression from the variance of the filtered map can be obtorad®.72:

0% = (w(b)?) = (w(b))> =273, [ daqi, Povytbn, =

(2.80)
= ZVlI/Q qu¢V1PV1V2¢V2 = qu‘IltP\I’

2.11 Appendix B

In this Appendix it will be demonstrated thgt= f in order to maximise the SNR of the MMF.

First of all, some expressions will be rewriten to make easier the posteltntations. In general,
sources have a frequency dependence equal(lo = (f,7,)). However, filters are allowed to have a
general and different frequency depender&ge,

al= /qutplc; =,07 = 2/dq6GtP1G. (2.81)

Also, the variance2 can be redefined as follows:

ol = /dq\IltP\Il = aQ/qut(Pl)tPPlG = aQ/qutPlG = a. (2.82)

Now it is defined the SNR for a source of amplitudeSNR = A/vo? = A//a. The amplitude
of the source is defined according €gq. 2.60, remembering that fregjdependence of the source is
F and for the multifilter isG:

A= a/qutP—lF = af, (2.83)

being s the integral. With all these ingredients, we can write the SNR as follows:

A
SNR = N Vas. (2.84)

The following step is to maximise the SNR, taking variations with respec¢t {denoted by the
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symbolo) of the previous expression:

S(SNR) = 5°98 + \/asp = 0;

% + 66 = 0;
75250 + 683 = 0; (2.85)
—R 8 =0

—%Bé'y +~vip = 0.

The last step consists on rewriting the last line of equations according t@thesponding inte-
grals. That results on:

/qutP—lF/dantP—lc;+/qutP—1G/dq5GtP—1F =0. (2.86)

If G = kF (beingx a scalar), in particulaic = F, this expression is equal to zero.
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Chapter 3

Application of the MMF over Planck
simulated data

3.1 Introduction

In the last years, CMB experiments have improved their angular resoluttbgemsitivity, allowing us
to study the CMB at higher multipoles with no longer limitation due to the instrument bubthactic
and extragalactic contamination.

As it was commented in previous chapters, a correct separation of thlezediffcomponents
that constitute the map is essential if we want to study properly any of thesporents. Focus-
ing only on the point sources, we discover that they are the most promioataminant at low
angular scales (or high multipoles, > 500 — 1000) both in temperature_(Toffolatti et al., 1998;
De Zotti et al.; 1999; Hobsaon etlal., 1999; De Zotti etlal., 2005) and in jsal@wn (Tucci et al!, 2004,

2005;/ Lopez-Caniego et al., 2009; Aigso et all, 2011b). Point sources have different frequency be-

haviour that cannot be known before the detection (by contrast, andwithking into account the
relativistic effects, we know perfectly the spectral behaviour of the &wwel'dovich effect) be-
cause, in general, each source is an independent galaxy, diffesenany other that can observed in
the sky. These particular characteristics make it necessary to developdnetipable to detect these
sources, different from the ones developed to separate diffusecc@nis. Filters, as were commented
previously, are a suitable weapon to attack this problem: point sourcdsrarally and mathemati-
cally characterised by their angular size, smaller than the beam of theregpér Therefore, filters
can select properly the objects we are interested on.

The detection and posterior removal of the point sources is very impantander to obtain CMB
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maps as clean as possible. In this case, the goal is to obtain a cataloguepdste@s possible, in
particular at low flux densities, and a good accuracy of the fluxes, tadymedy removed from the
maps.

On the other hand, when the attention is focused on the extragalactic gsiagph. e. in the
study of the source counts to analyse evolutionary models, it could be mooetémpthe obtention of
a good reliable catalogue, closely followed by the accuracy. The réasomave a catalogue with as
fer spurious detections as possible.

The detection of extragalactic point sources with the introduction of a multiéecy method, the
matched multifilter, is studied in this chapter. The used maps are a set of reafigtlations made
with the Planck Sky Modelenough far away from the Galactic plane. The point sources ardedser
a posteriorj convolved by their respective beams. In order to compare with the MMHANtps are
also filtered by the single frequency matched filter. As it was shown prelyigsee section 2.5), the
matched filter is the optimal linear filter in the sense that maximises the signal to atis€é3INR).
The procedure, as it will be explained more in detail, is to filter each map amdhnspectral index
(the only free parameter in the MMF) that maximises the SNR, and comparertiteenof detections,
accuracy, spurious detections, etc, with respect to the matched filterdelbetor, as it was already
said, will be thebo thresholding and the detection is completblind. It means we do not know
before the detection if there is any source (or several) in the patch dmnogntrast with other works
where the detection is not blind, likebbez-Caniego et al. (2007), based on the positions of known 5-
GHz sources; and Massardi et al. (2009), combining a non-blingdlségrusing the ATCA (Australia
Telescope Compact Array) 20-GHz survey catalogue with a blind se@lis information have been
used in order to favour the detection, like placing the source that are tpbeydetected in the centre
of the patch to remove as much as possible border effects after the filteoicgsg, border effects that
can modify the properties of the sources.

After saying that, some considerations must be taking into account to checklibstness and

efficiency of the MMF:

e The multifilter has to be a suitable tool to make a blind detection, assuming a minimummumbe
of assumptions about the data before the filtering process.

e It must be as robust as possible against possible systematics. As itidiadetaction is done
out the Galactic plane as defined below.

e The multifilter must not ‘introduce’ a high number of false detections, theadledt spurious
detections. These detections, due to the statistical fluctuations of the bac#gsatisfy the
conditions of the detector. This condition is equivalent to say we hagkeadle catalogue.
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e And obviously, as commented before, the completeness and accuracgdfisity and position
of the detected source in comparison with previous catalogues) will be itaikeziccount in the
analysis of he multifilter.

In order to avoid some systematic effects, the data will be previously passmdih a window
(the Hann window,[(Jiang et al., 2002)) that removes to a large degredidking effect, as explained
below.

Of course, there are some tools that could not be considered in thisianbsause they require
a more precise knowledge about the statistical properties of the backbamd the signal (the point
sources themselves): there is not any assumption about the sourcesyldeatial or flux distribution.
In this Thesis, the only assumption is their characteristic angular size: thgivameby the beam since
they are smaller than the beam. Any other potential property that could beléucin the analysis is
discarded in order to gain in robustness in the multifilter.

Before continuing with the study of the MMF, let us consider some issuestls&t when using
linear filters related to the matched filter. As we can see in_eq.] 2.36, the sixqpred the matched
filter in Fourier space is inversely proportional to the power spectrumephdise (the same applies
for the MMF, but in this case inversely proportional to the cross-powectsum. Hereinafter in this
section, in order to simplify the different considerations, the single-gaqy case will be discussed).
In principle, both the noise and the signal are mixed in the data, therefocanmt calculate exactly
the power spectrum of the noise before the extraction of the point sofraa the noise. However,
we can make a realistic assumption about the spatial and intensity distributiansafutces: they are
sparsely distributed, that is: there are relatively few bright sourceghenpoint source signal is sub-
dominant over a vast majority of the pixels of the image or images considenekkrthis assumption,
the true, unknown power spectrum of the noise can be approximately estibyetiee power spectrum
directly measured from the observed data.

Once we have overcome this difficulty, the following step is to calculate the \adltlee power
spectrum for all the Fourier modes. This case is very similar to the obtent@histogram, when we
have to build it from a set of data: if the number of bins is too small, we looserttierlying structure
of the data. However, if the number of bins is too large (only a few dataipgnte only see noise. We
find the same problem in the power spectrum of the images, in particular aloeF modes (large
spatial structures). The main challenge at this moment is to bin properly trer gpectrum, choosing
the number of bins that avoid the two problems previously mentioned. Anythayroblem subsists
at low Fourier modes to some degree. This way to obtain the power spectnaingeneral, there are
other ones that are applied depending on the problem. These other mettmg®iate some kind of
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arbitrariness as well, like the number of bins in the case mentioned in this aphagr

All the things mentioned in the previous paragraph makes a sensitive tasktimatéon of the
power spectrum, being quite noisy at low Fourier modes in most of casesedksbefore, this is a
problem when obtaining the matched filter since it is inversely proportionalet@diver spectrum.
Therefore, if we have a noisy power spectrum, our matched filter will balggnoisy.

There are an additional problem that is when the image to be filtered is noteter(gnd therefore,
some Fourier modes are not properly estimated) because some regiertseavmasked in order to
avoid them because they are uncovered regions by the experimentyéh@glaly contaminated, etc.
Sometimes, in order to build the matched filter, these regions are filled with pixekshiba the same
mean statistical properties that the map to be filtered. This situation is not predhkis Thesis but
must be taken into account when it happens.

As commented before, the theoretical superiority of the matched filter commstffre fact that
is the linear filter that maximises the SNR for each source, it means it minimisesrtarcaof the
filtered noise. But we could find a situation where the noise is not Gaussidriherefore the matched
filter would not be necessarily the optimal linear filter anymore and hencesf dot guarantees the
number of spurious detections is minimum. This situation arises in the case of tBe diM to the
contribution of the Galactic foregrounds, highly non-Gaussian.

The question that emerges at this point is if the matched filter (or the MMF in the ragligncy
method) is suitable, or better said, optimal taking into account all the previmsderations that
could move away the matched filter from the optimality in real situatiofpez-Caniego et al. (2006)
makes a comparison between the matched filter and two members of the Mexic#Wattdet, the
MHW and the MHW2 (obtained by applying the Laplacian operator over the MHW). The autisad
the most recent available templates of the epoch of the microwave sky bythsifRJanck Reference
Sky Model’, and for the extragalactic objects the up-to-date(iv6) cosmological evolution models
for sources. In order to have statistically significant results, the filtexealia equivalent to half of the
sky at30, 44, 70, 100, 143, 217, 353, 545 and857 GHz (the nine frequencies of Planck). Completeness,
reliability and accuracy (both in amplitude like position), at the whole rangeegiuencies of Planck,
are used to compare the three methods. The results are very similar for tHedéter and the
MHW?2, being worse for the MHW, in particular at low flux densities.

Therefore, once tested that the matched filter and the MiWow similar benefits, one could
wonder which must be used. The obtaining of the power spectrum is efyagasy and in the cases
of this Thesis is not computationally expensive: as said previously, themspectrum is obtained
directly from the observed data. Therefore, for a patch it is calculated,alespite the fact that one
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single map is filtered several times for the MMF since the spectral index ofd¢hadncy dependence
is a free parameter to be obtained by maximising the SNR for a given souemsd?y, this condition
makes optimal the matched filter for linear filters and Gaussian noise.

By contrast, the MHW family members are obtained by applying successivelyahlacian op-
erator over the Gaussian. This means the MHW family members are especithlbuited to detect
Gaussian-shaped sources (point sources that have been conbigl@aussian beams). This is not
the case for WMAP, in particular in the higher frequency channels (an@194 GHz). However, the
matched filter, as its hame indicates, can adapt its expression accordingpimfite of the source
since it is directly proportional to it (see dq. 2.36).

Equally, we have seen another techniques in the previous chapter, liBayesian ones, where
it is completely necessary to have good knowledge about the statisticairpespof the noise and the
signal. This makes the Bayesian model closer to the optimality but less rolaissany unknown of
the data.

With all these considerations taken into account, the matched filter is usedasirrggoint to
expand the idea to a multifrequency framework, leading to the matched multifilter.

The structure of the chapter is as follows: after been introduced the MNfteiprevious chapter
(see eq_2.18), a set of realistic simulations of the microwave sky and100 GHz are made (section
[3.2) by using thePlanck Sky Mode(see Delabrouille et all. (2013)). In this simulations, point sources
are not included, therefore it is necessary to insert them a postermrarding to previous works (see
Gonzalez-Nuevo et al. (2008)), the most probable values of the flux densitytee spectral index for
the sources arf.1, 1] Jy and[—1.4, 1.0], respectively. Then, both methods, the single frequency and
the matched multifilter are directly compared in the sedtioh 3.3 according to the ¢dengde, accuracy
in terms of spectral index and flux density and reliability. As it will be seenviaettoe matched multi-
filter improves the results obtained by the matched filter, in particular to low flogites. Finally, a
set of conclusion will be shown in the section]3.4.

3.2 Simulations

In order to illustrate the MMF method described above and to compare the MMi~frequency
approach with the single frequency approach, a set of basic, \ettieasimulations have been per-
formed. The case of two frequency channéls £ 2) has been considered. Generalisation to more
frequency channels is possible, as discussed in séction 2.9.1, but it imimadhthat number to keep
things simple in this Thesis.

83



CHAPTER 3. APPLICATION OF THE MMF OVER PLANCK SIMULATED DATA

For this example, it is taken the case of tlanckmission (Tauber, 2005). The 44 GHz and 100
GHz Planckchannels will be considered. The choice of the pair channels is nattedsany other
pair of channels would have served the same for this exercise. Thisytartitoice allows to study
the case of radio sources in two, not adjoining, channels with differstuimental settings: the 44
GHz channel belongs to the Low Frequency InstrumerRlahckand the 100 GHz channel belongs
to the High Frequency Instrument.

For the simulations, th@lanck Sky Modem (Delabrouille et al., 2013, PSM,) have been used, a
flexible software package developed Blanck WG2 for making predictions, simulations and con-
strained realisations of the microwave sky. The simulated data used héine aeme as in Leach et al.
(2008), where the characteristics of the simulations are explained in miaié déaps are expressed
in (AT/T), thermodynamic units. Simulations include all the relevant astrophysical cenfs the
CMB sky is based on a Gaussian realisation assuming the WMAP best-fittiaghigher multipoles;
Galactic emission is described by a three component model of the interstellarnmedmprising
free-free, synchrotron and dust emissions. Free-free emissiosad lba the model of Dickinson et al.
(2003) assuming an electronic temperature of 7000 K. The spatial seudtire emission is estimated
using a Hy template corrected for dust extinction. Synchrotron emission is based extrapolation
of the 408 MHz map af Haslam et/al. (1982) from which an estimate of theffeseemission was re-
moved. A limitation of this approach is that this synchrotron model also containdust anomalous
emission seen by WMAP at 23 GHz. The thermal emission from interstellaigiastimated using
model 7 of Finkbeiner et al. (1999).

For the purely descriptive purposes of this example, eight differaqibme of the sky located
at intermediate Galactic latitudes are taken (four of them uniformly distributext@the 40 North
Galactic latitude parallel and four of them distributed in the same wape0th of the Galactic plane).
For each region, &12 x 512 pixel flat and square patch is selected (at 44 and 100 GHz). Pixel size is
1.72 arcmin for the two frequencies. Therefore, each patch coveasearof 14.656 dégof the sky.
Once the region havs been selected, simulated extragalactic point satecadded with a spectral
behaviour described by eql_(2162). It is taken as frequency ofemder, = 44 GHz. Note that
eq. [2.62) is expressed in flux units and the maps afe\ifi/7"),;,: the appropriate unit conversion
before adding the sources is made. The antenna beam is also taken mintatwe full width at half
maximum (FWHM)=24 arcmin for the 44 GHz channel and FWHM=9.5 arcmird@tGHz. Finally,
after doing that, it has been added to each patch uniform white noise witlothieal levels specified
for Planck(The Planck Collaboration, 2006) and this pixel size.

The goal of this chapter is to compare the performance of the multi-fregugoproach with that

http:/Iwww.apc.univ-paris7.fr/APC_CS/Recherche/Adam is/PSM/psky-en.php
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3.3. RESULTS AND DISCUSSION

of the single-frequency matched filter. In particular, it is expected thati€ is able to detect fainter
sources than the matched filter. From recent warkméz-Caniego et al., 2006; Leach etlal., 2008), it
is known that in this kind oPlancksimulations, the matched filter can detect sources down to fluxes
~ 0.3 Jy (the particular value depends on the channel and the region of theHsae, sources in the
interval[0.1, 1.0] Jy will be simulated, plus a few cases, that will be described below, wherelewer
fluxes are necessary. Regarding the spectral index of the soaooesding to Goriez-Nuevo et al.
(2008), most radio galaxies observed by WMAP at fluxe$ Jy show spectral indices that lie in the
range[—1.4, 1.0].

The interesting intervals of flux and spectral index are sampled by simulatimges with fluxes
at 44 GHzS, = {0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0} Jy and values for the spectral index
v = {1.0,0.7,0.4,0.1,—-0.2,—-0.5,-0.8, —1.1, —1.4}. For each pair of value&Sy, ), 100 point
sources have been simulated. The point sources are randomly distiibtliednaps (the same source
is placed in the same pixel in both frequencies), with only one constraint: arlsdiden to place a
source closer tha?W H My4/2 pixels from any other. In this way, source overlapping is avoided.
Image borders are also avoided. For each set of 100 sources,ateguied in the following way: one
among the eight patches we have is randomly chosen we have and plam&ddssn it. Then, other
patch (allowing repetition) is randomly chosen and place the next 10 spame so on. In total, 9000
sources have been simulated for this exercise (the additional simulationsest lilelow 0.1 Jy are not
included).

Then, each image is filtered several times for different MMFs. As it was/shn the cited work
(Lanz et al., 2010), the SNR of the detected source is maximal for thectotreice of this parameter,
and by construction (we want afficientestimator of the flux density of the source), the uncertainty
assigned to the source is the square root of the variance expresspddib&) for the correct value of
~. While the parametrisation of ed. (2162) is perfectly adequate in our aagetlaer parametrisation,
even a non-functional description of the vecfdsy means of its components, could be used in other

cases, e.g. when more than two frequencies are considered simuligneous

3.3 Results and discussion

In order to compare the matched filter (MF) and the matched multifilter (MMF),aheegnaps with
both methods are used. It means that not only the maps but also the saxerégsntical for the two
filters (their intrinsic fluxes and positions). Each simulation is filtered seganatth the MF (2.36)

and the MMF [(2.56). In order to have a better estimation of the power spestaing as much as
possible aliasing effects, a power spectrum estimator that uses the 2iatow (Jiang et all, 2002)
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CHAPTER 3. APPLICATION OF THE MMF OVER PLANCK SIMULATED DATA

is implemented.

The performance of the two methods will be compared in terms of the followipecés spectral
index estimation, source detection and flux estimation.

3.3.1 Source detection

Direct comparison of source detection between the MF and the MMF is nolbéaus task because
for N = 2 input images the MF produces two filtered images, whereas the MMF predudg
one combined filtered map. The meaning of ‘detection’ in the MMF case is stiaigiard (once a
detection criterion is chosen, a source is detected or not), but in the MRlwasituation is not so
clear. Imagine it is decided to apply the same detection criterion to the two MFdilt@aeges (which
is not an obvious option), then for a given source three differenbougs of the detection are possible:

e The source may be detected in both maps.
e The source may be detected in only one of the maps.

e The source may be detected in none of the maps.

In the first two cases, point source catalogues can be obtained (wigheditfnumber of objects, in
principle, for the two frequencies), but only in the first case are we @bestimate the flux at the
two frequencies and therefore the spectral index. In the case of thE, Mihe source is detected
it is automatically known the spectral index and dqg. (P.62) can be usedadhgviluxes at the two
frequencies.

Therefore, in the following lines two different cases will be distinguishéemit is spoken about
detections with the MF. On the one hand, thersectionof the detections in the two channels gives
us the objects that can be used for studying the spectral index distriboitidine other hand, thanion
of the two sets gives us the total number of objects that can be detectedastaite of the channels.
For the MMF, both sets are the same by definition.

Regarding the detection criterion, for simplicity it is applied the same criterion thelffiltered
maps: the widespredid threshold. Note that thesSthreshold corresponds to different flux values for
different filters. However, in this chapter, it will be followed the standarctriterion for simplicity.

Figure[3.1 shows the real sources (in per cent) that are detected abovevel detection whose
intrinsic fluxes (values introduced in the simulations) in the reference drexyu(S,) are the corre-
sponding values in the horizontal axis. Table 3.1 shows the flux at whiclalilésto detect at least

the 95% of the sources. We can observe several interesting aspbetéirst one is the fact that the
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Figure 3.1 - Number of detections against the input valueSeffor different values of the spectral
index~y. MF44 represents the sources detected with the MF at 44 GHz. MF10@rtestsut at 100
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CHAPTER 3. APPLICATION OF THE MMF OVER PLANCK SIMULATED DATA

MMF improves the level of detection with respect to the MF level for all theeslf+y that have been
inserted.

The second one is a natural selection effect. More flat/inverted sofaree<)/ positive values of
~) are detected at low fluxes than steep ones (negative valugs Bfgure[3.1 and Table 3.1 show us
that the level of detections is higher for positive values ¢iian for negative values. Keeping in mind
that the reference frequeney is equal to 44 GHz, and according to €g. (2.62), it can be seen that for
~v < 0, the simulated sources appear less bright at 100 Gl (< I44). In these conditions, it is
quite difficult to detect sources at 100 GHz, and for this reason it is dliffic give the spectral indices
for most of these point sources by means of the MF method wheistrongly negative (for instance,
~v < —1). On the other hand, for the opposite reason, two additional Bins=(25 and50 mJy) are
added for the cases > 0.1 because the MF (and the MMF too) seems to perform better at 100 GHz
for high values ofy.

Another aspect to be remarked is the similar trend of the detection curveeftRrat 44 GHz for
all the values (see Figute 3.1). The reason of this similarity is that the referssmesicy is 44 GHz,
and the maps simulated at this frequency are the same, independentlyitif only one exception: the
position of the sources. This means that statistically they are equivalentt{withherent fluctuations
due to the variation in the positions of the sources and the patches randdediede A similar
number of detections is detected by means of the MF at 44 GHz, independentlyor this reason,
it is difficult to characterise the spectral behaviour of the sourceSd#gt 0.5 Jy, because there is not
a high percentage of detected sources at 44 GHz below that vakie of

Additionally, it is observed that the MMF is capable to detect sources $itkc 0.1 Jy for~ >
0.1. Itis interesting to compare this with the MF which does not detect sourdew Bel Jy in the
conditions of this chapter. The method presented her, allows us to detecs@arces whos§ is too
low to be detected with the traditional MF.

To summarise, it can be said that the MMF improves the detection level. Spegatigrkable
are the cases where the sources are near fabgentral row of Figuré¢_3]1). At 100 GHz, the MF
recovers the 100% of the sources Ky ~ 0.4 — 0.6 Jy. Meanwhile, the MMF reaches this level for
Sp ~ 0.1 Jy. This particular case is really interesting because high-frequenegysushow that most
of the sources have this spectral behaviour.

3.3.2 Spectral index estimation

One interesting quantity commonly used to describe the different subpomslafisources as a func-

tion of its frequency behaviour is the spectral index. Normally, in singigtfency detection methods,
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Y SoMMF)95%  SO(MF14)95%  S0(MFi00)95%  S0(MFi)95%  S0(MFu)95%

() AJy) (Jy) () (Jy)
-1.4 0.3 0.9 >1.0 >1.0 0.9
1.1 0.2 0.8 1.0 1.0 0.8
-0.8 0.2 0.9 1.0 0.9 0.7
-0.5 0.2 0.8 0.6 0.8 0.6
-0.2 0.2 0.9 0.5 0.9 0.5
0.1 0.1 0.9 0.4 0.9 04
0.4 0.1 0.9 0.3 0.9 0.3
0.7 0.1 0.8 0.3 0.8 0.3
1.0 0.05 0.8 0.2 0.8 0.2

Table 3.1 -Fluxes in the reference frequenc§o) for which are detected at least the 95% of the
sources for the different filtering methods. MMF, MF44, MF100, MFEWas the Figurg 3] 1.
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Figure 3.2 - Values of~ recovered by means of the MMF (asterisks) and the MF (circles). The lin
indicates the ideal recovering of the input. The circles corresponding tdEhare slightly displaced
in the horizontal axis in order to distinguish the results.
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the spectral indices are estimated using the detected fluxes in two difierguéhcies (equatign 2162).
On the contrary, in the method proposed here, the spectral indices @ghbatrmaximises the SNR)
and the fluxes (only at the reference frequency) are simultaneousgted. Then, the fluxes at the
other frequencies are estimated using the usual relation (eqlation 2&2yure 3.2 one can see how
the spectral indices are recovered by means of the MMF and by the Mienkeral, we observe that
the MMF is able to recover the value gfwith more accuracy and less uncertainty than the traditional
MF.

Another aspect is that the error bars increases vwieis smaller. It seems logical because there
are fainter sources and a smaller number of detections (see Eiglre Beh), &S, = 0.1 Jy, we can
see that the estimation gfis not as good as wished because it has a great uncertainty. The ns&in rea
is that the SNR is close to the threshold level imposed.

In the case of the MF, the spectral indices are correctly estimateshfgr 0.7 Jy aty > —0.8.
At lower values ofy, it is found the same problem that it was mentioned before: there are aefew d
tections at 100 GHz below 0.7 Jy (Figlrel3.1). Since the detected souecel®se to the noise level,
the fluxes recovered present an overestimation with respect to the ialpet due to the Eddington
bias (Eddingtan, 1913), an effect produced close to the noise leva wisource is placed in a back-
ground peak. As it was said before, and seeing the Flgule 3.1, mamesare detected at 100 GHz
than at 44 GHz for values of the spectral index larger than -0.8.

Finally, we can observe an interesting aspect of the MF. When thereoageifficient detections
in at least one channel (the sources detected are below #§% of the total number of sources), the
estimation of the spectral index is not good. koK —1.1, the sources at 100 GHz are much fainter
and the number of detections at this channel is really small. Then, bedatheeEddington bias, the
flux at this frequency is overestimated, and consequently, the valgeisobverestimated too. The
Eddington bias explains as well the underestimatiofy imfthe other cases. The only difference is that
now it is at 44 GHz where we have a smaller number of detections. If we aésthe Figuré 3]1, we
observe that for values &y < 0.6 Jy, we are pretty close to the noise level. It means that the noise
fluctuations in the maps produce an overestimation in the flux at 44 G§zahd, as a consequence,
an underestimation i. In summary, fory = —1.4 and—1.1, the Eddington bias appears at 100
GHz (overestimation of the spectral index). For the rest of valuegs tfis bias appears at 44 GHz
(underestimation of the spectral index).
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3.3.3 Flux estimation

Figure[3.8 shows the recovered flux at the reference frequencBiE) for a given value of the
spectral index. The error bars recovered with the MF are, in getengedr than the ones obtained with
the MMF. It is particularly notorious at small values$if, where the recovered values of the flux have
a good agreement with respect to the input values, with small error bars.

In general, for all the values of studied, the MMF is a suitable and effective tool to estimate the
Sp of the sources. For the MF, we observe a good determinatiéfy @r input values above 0.7 Jy.
For smaller values§, has a higher value than its real one. That is due to the Eddington bias &i#4 G
At this frequency, in Figure 3.1, we observe that for values smaller tt&dy) only a~ 40% of the
total sources are detected. That means that many of these sourclesar® this noise level. For the
correct estimation of and~, it is necessary a good detection of the sources at the two channels. For
low values ofSy the number of detected objects is small and there are few statistics.

The same conclusions are applicable to the estimation of the fluxes at thel $ezmprency (100
GHz in this chapter), even if in the MMF case these fluxes are estimated wgiaj@{2.62 with the
consequent propagation of the detection errors.

3.3.4 Reliability

For academic purposes, in the previous sections, we have seen simulationsoducing 100
sources for each of the pair values of flux at reference frequamcl spectral index (see sec-
tion[3.2), which simplifies the comparison between both filters for all the cassear study. How-
ever, it is well known that the number of sources per flux interval, theceonumber counts, is
not constant.(De Zotti et al., 2005; Gdrez-Nuevo et all, 2008) nor is the spectral index distribu-
tion (Sadler et al., 2008; Goalez-Nuevo et all, 2008; Massardi et al., 2009). In order to study the
performance of this multifrequency method under more realistic simulationsy aateof simulations
(100) is produced with the following characteristics:

e Itis used as a background the same eight regions described in theysreeittions.

e The sources were simulated with an almost uniform Poissonian distribution
(seel Gonalez-Nuevo et al.| (2005) for more details about the method) at 44 GHz, with
fluxes that follow the source humber counts model of De Zotti et al. (2005)

e The fluxes at 100 GHz were estimated assuming random spectral indices fr
thelGonalez-Nuevo et all (2008) distribution.
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e The point source maps were filtered with the same resolution as the backigraps and ran-
domly added to them.

There is also another interesting quantity commonly used in the study of therparfce of a source
detector: the number of spurious sources. Spurious sources areaflans of the background that
satisfied the criteria of the detection method and therefore are considedmtested sources. It is
clear that the best method will be the one that has the best detections sjgusiosis ratio. The maps
are filtered using the MMF and the MF at both frequencies. The positiorilaxof the sources are
estimated abov8cs level and, by comparing them with the input source simulations, one cart coun
the number of real and spurious sources that are detected. It isagceschange the detection level
from 50 to 3o in order to increase the number of spurious sources to make the analysis.

In Figure 3.4, we observe the number of real sources that both metreocmble to detect, whose
intrinsic fluxes are higher than the corresponding value in the horizoxiwal As we can observe at
44 GHz, MMF detects a higher number of real sources for fluxes belddvd — 0.5 Jy, being this
difference very important at lower fluxes. At 100 GHz, we obseniendla behaviour, but in this case
the differences between the MF and the MMF start-dt.2 Jy. If we observe the Figute 3.1, we note
that the number of sources detected with the MF is higher at 100 GHz thah@it4 for values of
the spectral index between 0 and -0.5. These valugs a€cording to the model used to simulate the
point sources in this section, are the most frequent for real souftes.gives us an idea about why
the detection level of the MF is higher at 100 GHz.

In Figure[3.5, theeliability of both methods are compared at 44 and 100 GHz. Reliability above a
certain recovered flux is definedas= N;/(Ny4 + N;), whereN, is the number of real sources above
that flux, andN; is the number of spurious sources above the same flux. At 44 GHz1@0% of
reliability is reached at fluxes of 0.3 Jy with the MMF. However, the MF at this frequency reaches
this level of reliability only for~ 1 Jy. On the other hand, at 100 GHz better levels of reliability are
obtained. For instance, with the MMF we have at 0.1 Jy more than 95% ofiliyialnd the MF
reaches these values for fluxes-o1.3 Jy. Therefore, the MMF is more reliable than the Mf, specially
at lower fluxes.

Additionally, and according to the expression of the reliability, it can estadadishe flux for which
we have the 5% of spurious sources. Using the MF, it is fourtid5 — 0.6 Jy and0.25 Jy at 4 and 100
GHz, respectively, to be compared with 5 Jy and< 0.1 Jy in the case of the MMF.

Moreover, it is made an additional plot where it is represent, for botju&racies, the number of
real sources detected versus the number of the spurious sourcee(E@). In this way, what it is

represented is the number of sources that a method detects, given arrairaparious sources. |If
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both plots are compared, we can see that the curve of the MMF is always #ie MF. It means that,
fixing a number of spurious detections, more real sources are deteithettievMMF.

Finally, it is necessary to point out that the plots introduced here areiremitlg comparable to
Figure[3.1, due to three basic and important differences:

e A different way to simulate the point sources.
o A different level of detection (in this case3a level).

e InFigurd3.1, itis represented the number of sources with the corrésypftux in the horizontal
axis. In the plots of this section, what it is represented is the number dfeowhose fluxes are
higher than the corresponding value in the horizontal axis.

3.4 Conclusions

The detection of extragalactic point sources in CMB maps is a challengeh&3n® remove them to
do a proper study of the cosmic radiation. In addition, it is of great intéoestudy their properties,

spatial and spectral distributions, etc. For this reason, it is necesshayé¢osuitable tools to detect
and extract these sources. There are many filtering techniques tieabéaw used in this context. In
this chapter, the MF have been used, one of the most studied technigdeshave been compared
with a new multifrequency one based on the MMF. The great differenceatdhe latter takes into

account information from all the channels of the same sky region in a simaliarnveay. In particular,

an example fotN = 2 is shown.

The different tests used have shown an improvement in the results obtainbeé MMF with
respect to the traditional MF. The number of detections is always highenwte MMF is used. In
Figure[3.1 we see that there is a high number of detections with the MMF, evemfll values of
So. It should be studied in more detail, but it is easy to see that one could detkcharacterise point
sources with low fluxes foty > 0. For this reason, this tool is a powerful technique to detect faint
sources in CMB maps.

Another important aspect is to give a good estimation of the quantities choskeionine the
sources, basically the spectral index and the flux at the referermeefrey. In both cases, we can
see that the MMF improves the results obtained with the MF: the values aretaltseinput values
with smaller error bars (with one exception, the determination of the speatiat fior Sy < 0.5 Jy at
negative values of the inpy). This is a significant fact in order to be able to detect and study properly

these kind of sources.
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Additionally, a set of more realistic simulations have been made in order to shegampare
both filters in the sense of the spurious sources. The threshold deteati@ido been changed from
50 to 30 to find more spurious sources and make a more complete statistical analysisof Fil,
the number of real detections that we obtain with both techniques at 44 @r@@H0is compared. By
contrasting the plots of Figute 3.4, we appreciate that, at lower fluxes,neslreources with the MMF
are detected than with the MF. This aspect is more notorious at 44 GHz.

One can also study the reliability of both methods. One can obtain a high nufrbal detections,
and simultaneously find a large number of spurious sources. Precigetglitibility is a quantity that
gives the number of real detections over the total number of sourcegetet€omparing the plots of
the Figuré 3.6, one can observe that the reliability of the MMF is much highetltieereliability of the
MF for low fluxes. This difference is particularly important at 44 GHz, vehéhe MF obtains similar
values to the reliability of the MMF only for fluxes close to 1 Jy. At 100 GHz, Mie has the same
reliability of the MMF only for fluxes greater then0.3 Jy.

The last aspect used to compare both methods is to look at the number sduezds for a fixed
number of spurious detections. The most efficient method is the one thhides number of real
detections for the same value of spurious detections. If we see the Eiguth&best method is the
MMF because its curves are always above the MF, i.e. if a number obsgusources is taken, the
MMF recovers a larger number of real objects.

Finally, it has been commented at the beginning of the subséction 2.9.1 thieilipss devising
a filtering method (the MTXF) that does not use the frequency depeads#ribe sources altogether,
totally independent of the frequency behaviour of the sources (flap sieinverted). This fact is
significant in the sense that this filtering method is a robust technique fogekaoff,. By con-
trast, it is necessary to impose the condition of orthonormalisation of the matthedilters (see
Herranz and Sanz (2008) and Herranz etlal. (2009) for more detdilss condition minimises the
power of the method. On the contrary, the MMF is optimal in the sense of the(S&é&section 2.9.1),
but more complicated because another set of parameigrlds to be optimised. As one can see, the
MTXF and the MMF are complementary.
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Chapter 4

Application of the MMF over real WMAP
/-year data

4.1 Introduction

After checking the efficiency and robustness of the multifrequency methsighninlated maps in the
previous chapter, the next and natural step is to apply the MMEahWMAP 7—year maps a6l
and94 GHz (channels V and W of WMAP). In order to compare the results obtaingdthe MMF,
a comparison between the WMAP catalogues and the MMF one is done. tidssagy to remark at
this point one aspect: the WMAP science team use two different methoddddHmir catalogue:

e The first one uses the matched filter in the harmonic spagé?CSMPB + Creise), whereby is
the transfer function of the WMAP beam respornise (Jarosik et al., 201dl(),’s are the corre-
sponding power spectra of the CMB and noise . Anyo peak in the filtered maps (threshold
detector) in any channel is included in the catalogue and fitted in the reli(diftered maps to
a Gaussian profile plus a planar baseline. The Gaussian amplitude istedrteea flux density
by using the conversion factors given by the Table 2 in Jarosik et dlj2dnhd the uncertainty
is calculated from thdo uncertainty in the fit amplitude. For the rest of channels, their flux
densities are included if they excegd. Summarising, not all the sources included in this cata-
logue aréso in the frequency they appear: indeed, for a same object we could hivere5s
detection in one channel and the rest coul@be

e The second method is quite different from the used in this Thesis and is ttgf(&d method
that was originally applied to one-year and three-year V- and W-band maghen and Wright
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(2008), and to five-year V- and W- band mapsiby Wright et al. (2009the seven-year data

is applied to Q, V and W bands by Chen and Wright (2009), being the VAdnband maps
smoothed to the resolution of Q band. A special ILC (see sectidn 1.5) maprmisddrom the
three maps using weights such that CMB fluctuations are removed, flatigpgmoint sources

are retained with flux densities normalised to the Q band and the variance lhiGheap is
minimised. 50 peaks in the filtered map are identified as point sources and their positens ar
obtained by the beam profile plus a baseline to the filtered map for eactesotiheir flux
densities are estimated by integrating the Q, V and W temperature maps Withinof each
source position, with a weighting function to enhance the contrast of thé gmince relative to
background fluctuations, and applying a correction for Eddington hiaganoise.

Any source that appears in any of the two WMAP catalogues is included wittg an the table
4.2. As one can see, the first method is the most similar to the used in this Thesisedond is quite
different, with a set of calculations and manipulations to the data that also medey itumbersome
the estimation of the error in the flux densities.

The structure of the chapter is as follows: first of all, a brief introductiooud the application of
the MMF over the WMAP data is done (sectlonl4.2), explaining in detail sontegnrs that appeared
when maps were filtered, in particular the related to the antenna beams. ttastamith the previ-
ous chapter, where the beams were assumed to Gaussian profiles, tHeW drannels of WMAP
are distant from this analytical function. Fortunately, the WMAP science tesovide the radial
beam profiles that will be introduced in the code of the MMF. Once explati¢dese considerations
about the data that must be taken into account, results are shown with thepmrding discussion
(section4.B). In particular, there are two tables with Galactic and extrdigasaurces (see tables
4.1 and 4.2, respectively), showing their equatorial coordinates, tbgidénsities (and their errors),
their spectral indices, their id. in other catalogues and the flags that inditlaéy were detected by
WMAP, NEWPS (see_fpez-Caniego et al. (2007)) or the Early Release Compact Sourclediata
of Planck (see Planck Collaboration et al. (2011c)). A figure with theiitipms in the sky in Galactic
coordinates is also shown (see figlrel 4.1) and a histogram with the $pedes distribution (see
figure[4.2), confirming the steepening of the extragalactic sources., Therigures (see figurle 4.3)
of the Euclidean-normalised differential counts are shown, beside tweetieal models of the source
counts and the Planck ones. In order to compare the accuracy in termg défisity, the flux density
recovered by the MMF is compared with the flux density recovered by RN and 100 GHz (see
figure[4.5) and the same sources that have been detected by ATCAg(sed #).

Finally, a set of conclusions are written (secfion 4.4), confirming that thehmdimultifilter is able
to detect more than 100 compact objects at 94 GHz (at this point we haved¢orger the 22 detections
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made by lbpez-Caniego et al. (2007) iman-blindsearch) and steepening of the extragalactic objects
above~ 70 GHz, according with other previous works, as it will be shown.

4.2 Application to WMAP data

The WMAP V and W bands are particularly interesting because only a snaalidn of WMAP
sources were detected with SNR 50 in these bands. An adapted version of the code described
in detail in the previous chapter as well as iadez-Caniego et al. (2007), Massardi etlal. (2009) and
inlLopez-Caniego et al. (2009) has been used in this chapter, modifiedeintordandle two frequen-
cies simultaneously and to accommodate the MMF filtering. The code reads ipwmparameter file
containing the specific characteristics of the maps to be analysed as well patth size, the pixel
size and overlap among the patches to effectively covet@hg of the sky. Then, it reads in the two
input maps in Flexible Image Transport System (FITS) format and extitaefsatches to be analysed
ﬁf:@ach pair of V and
W patches is analysed simultaneously using the MMF, and a first set otidateis produced. Next,

using the tangential plane approximation implemented in the CPACK li

as it was explained previously, the code iteratively explores differaloteg of the spectral index for
each source (the test values of the spectral index used in this work3ase< v < 3.5, with a step

of 0.05), allowing for the appearance of new possible detections. Atritietiee code gathers all the
candidates and generates a list of detections above a given SNRrtountee positions of the de-
tected objects in the plane to the sphere. Flat patch&$°dd x 14°.6 has been used, each containing
128 x 128 pixels. The pixel area i6.871 x 6.871 arcmir?, corresponding to the HEALPix resolution
parameteV,;,. = 512 (see Grski et al. (2005), for more details). In total there are 371 patchids, w
significant overlaps among them in order to avoid as much as possible lefietts. As described in
Massardi et al. (2009), a two-step process is performed, first égobljnd search across the sky and
then refining the analysis obtaining new patches centred at the positioressufulces identified in the
blind step. In this way any projection and border effect that we could fsfurther reduced. The SNR
of the detected source is maximal for the correct choice of this parameteagain, by construction
(it is desirable arefficientestimator of the flux density of the source), the uncertainty assigned to the
source is the square root of the variance expressed ih eql (2.3Agfoorrect value of.

When dealing with the V and especially the W WMAP bands, it is necessaryréfutig char-
acterise the properties of the beams, both to build the optimal filter§ (ed. 2186p abtain a good
photometry of the sources. WMAP beams, particularly at 94 GHz, are higliyGaussian. It is also
necessary to take into account that for the W band the pixel 8igg1(arcmin) is dangerously close

http://astro.ic.ac.uk/ ~ mortlock/cpack/
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to the minimum sampling of the FWHM required to avoid aliasing and that real espam® not nec-
essarily located at the geometrical centre of the pixels. These systematitseffe dealt with in the
following way.

The beam transfer functions (circularly symmetric) provided by WQAR—J used to create high-
resolution templates of the beams (equivalent to the HEALWj%. = 4096) projected into the tan-
gent plane. The maps used to perform the analysis have a pixel siespanding taVy;;. = 512.
However, as it was said before, it must be considered that soureemanecessarily located at the
geometrical centre of thed¥,,;. = 512 pixels. Therefore, taking the beam transfer functions, each
Ngiqe = 512 pixel is divided into8 x 8 subpixels (V44 = 4096) using the following formula:

by = 2m / % (0) Py(cos8)d(cosh) /Qp. (4.1)

We can see that any value of the beam template in any angular poglji@ar{ be obtained from
the beam transfer function using the Legendre polynomials. Then, therdsglution beams were
averaged over all the x 8 possible displacements of the source centre insidg;a. = 512 pixel.
In order to obtain a well-estimated average of the beams, the procesibddsarthis paragraph is
repeated 5000 times and averaged over the beam templates obtainedefldwse beam templates
were then degraded to the same resolution of the malps.(= 512). In this way, on average, the
effects of pixelisation and the possible offsets of the sources with repte geometrical centre of
the pixel are taken into account.

A careful correction for the non-circularity of the beams would requidetailed knowledge of the
combination of beam orientations for all scans through every position irk{h&mce this information
is not available, it is only applied to the flux densities an average correditiorfthat takes into
account the effective beam areas for each channel. The corrémtions were obtained using the self-
calibration method based on SExtractor (Bertin and Arnouts,|1996) AUig@ometry, described in
Gonzlez-Nuevo et all (2008). In that work, the NEWPS 3-year souretected above ther level by
SExtractor and with flux densities > 1 Jy were used for self-calibration. Only three W-band sources
satisfied these requirements and therefore the correction factor forahds dould not be reliably
estimated. To overcome this problem SExtractor has been applied to the W thappasitions of 296
sources observed by the Australia Telescope Compact Array (AT Very Large Array (VLA).
15 of them were detected at 30 by SExtractor. Since all the ATCA/VLA sources have been detected
at a very high significance level, it was sure that there were no sputaiastions in this sample. These
sources were used to recalculate the effective beam area at 94 GaHabtained 2.50 +0.09) x 10~°
sr, to be compared with the nominal value20d7 x 10~° sr for the symmetrised beam. Note that all

2 lambda.gsfc.nasa.gov/product/map/dr4/beden_get.cfm
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4.2. APPLICATION TO WMAP DATA

Figure 4.1 -Position on the sky, in Galactic coordinates, of the 129 sources detected BYMF on
the at 61- and 94-GHz WMAP 7-year maps. Blue crosses represepbtition of the 119 sources
with confirmed counterparts in other catalogues (see Table 4.2); uadexyrepresent the positions
of the 10 Galactic or unidentified detections (see Tablk 4.1).

the ingredients described in this section must be introduced in the code beédiltering process.
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RA (°) Declination ¢) Soacy rms Spectral index Id in other catalogues
(Jy beam’)  (Jy)
13.237 56.576 2.86 0.22 -1.25 NGC 281
44,622 -18.834 0.54 0.10 -2.40
52.264 31.338 4.81 0.57 4.50 NGC 1333
60.731 36.189 0.49 0.09 -3.35 NGC 1499
83.654 22.045 155 2 -1.15 Crab Neb
83.807 -5.419 216 3 -0.35 Orion region
84.018 -6.338 Orion region
85.396 -1.917 30 2 -0.2 Orion region
246.756 -24.633 Ophiucus region
285.398 -36.983 3.31 0.55 3.70 NGC 6729

Table 4.1 - Equatorial coordinates and identifications of the Galactic or unidentifiedtitmis.
Sources without data are detections that, due to the multifrequency methatht have a clear
estimation of their flux density or the spectral index inside the studied refnge o
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Table 4.2 - Sources detected by the MMF on WMAP 7-year maps with coun-
terparts in lower frequency catalogues. Presumably Galactic sounedistad
in Table[4.1. The equatorial coordinates (first two columns) are ineésgrThe
flags in the last column indicate if the source is listed in any of the WMAP 7-
year catalogues at any frequency (W) (Gold et al., 2011), in NEW&bat 61
GHz (N) (Massardi et al., 2009) or in the Planck catalogue at 70 oiGH® (P)
(Planck Collaboration et al., 2011c). Sources without data are detsdtian,

due to the multifrequency method, do not have a clear estimation of their flux

density or the spectral index inside the studied range dhese sources with no

flux density information are not taken into account in the subsequehtsima

RA (°) Declination ) S94GHz rms spectralindex Idin other catalogues  Flags
(Jy bean’) ()
1.483 -6.350 1.30 0.23 -0.80 PMN J0006-0623 WNP
5.033 73.493 1.41 0.26 -0.45 GB6 J0019+7327 P
6.514 -35.154 0.72 0.14 -1.65 PMN J0026-3512 WN
9.603 -24.892 1.65 0.33 0.30 PMN J0038-2459 WNP
16.715 -40.600 1.74 0.21 -0.55 PMN J0106-4034 WNP
23.160 -16.928 0.91 0.17 -1.20 PKS 0130-17 WNP
24.279 47.846 1.91 0.19 -1.20 GB6 J0136+4751 WNP
24.383 -24.518 1.56 0.30 0.20 PMN J0137-2430 WNP
32.749 -51.070 1.93 0.17 -1.00 PMN J0210-5101 WNP
34.293 73.803 0.73 0.13 -1.70 GB6 J0217+7349 NP
39.510 28.836 2.20 0.33 -0.20 GB6 J0237+2848 WNP
39.723 16.654 GB6 J0238+1637 WP
43.374 -54.666 1.56 0.20 -0.55 PMN J0253-5441 WNP
46.088 -62.233 1.31 0.25 0.05 PMN J0303-6211 WNP
49.957 41.450 2.67 0.16 -1.90 GB6 J0319+4130 WNP
50.377 -37.092 0.81 0.14 -1.55 Fornax A NP
53.549 -40.203 1.47 0.25 -0.20 PMN J0334-4008 WNP
54.252 32.327 2.57 0.42 0.70 GB6 J0336+3218 P
54.862 -1.734 2.33 0.33 0.05 PMN J0339-0146 WNP
57.187 -27.832 1.36 0.26 0.00 PMN J0348-2749 WNP
61.062 -36.120 2.14 0.21 -0.65 PMN J0403-3605 WNP
64.548 38.025 1.96 0.16 -2.15 3C111 NP
65.845 -1.374 3.39 0.25 -1.15 PMN J0423-0120 WNP
67.166 -37.869 1.66 0.29 0.05 PMN J0428-3756 WNP
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Table 4.2 — continued

RA (°) Declination () SoacHz rms spectral index Idin other catalogues  Flags
(Jy beam’) ()

68.301 5.418 3.51 0.41 0.50 GB6 J0433+0521 WNP
72.260 -81.053 1.61 0.28 0.25 PMN J0450-8100 WNP
73.914 -46.248 3.05 0.26 -0.50 PMN J0455-4616 WNP
74.270 -23.427 1.66 0.20 -0.75 PMN J0457-2324 WNP
78.849 -45.994 1.02 0.19 -1.40 PMN J0515-4556 WP
79.975 -45.795 2.30 0.21 -1.20 PMN J0519-4546 WNP
80.849 -36.456 2.57 0.19 -1.05 PMN J0522-3628 WNP
84.678 -44.028 3.15 0.21 -1.15 PMN J0538-4405 WNP
91.968 -6.396 7.99 0.49 0.40 PKS 0605-06 NP
92.460 -15.756 1.79 0.24 -0.50 PMN J0609-1542 WNP
97.363 -19.946 1.66 0.32 0.55 PMN J0629-1959 WNP
98.985 -75.242 2.03 0.19 -0.80 PMN J0635-7516 WNP
101.703 44.896 1.80 0.33 0.05 GB6 J0646+4451 WNP
102.564 -16.699 1.75 0.26 -0.35 PKS 0648-16 NP
110.556 71.313 2.15 0.26 -0.05 GB6 J0721+7120 WNP
111.493 -0.972 2.23 0.38 0.65 PMN J0725-0054 WP
114.856 1.724 0.96 0.18 -1.35 GB6 J0739+0136 WNP
117.689 12.478 2.04 0.23 -0.90 GB6 J0750+1231 WNP
126.524 3.272 1.27 0.22 -0.90 GB6 J0825+0309 WNP
129.076 -20.280 1.07 0.19 -1.10 PMN J0836-2017 WNP
130.356 70.885 0.91 0.15 -1.30 GB6 J0841+7053 WNP
133.730 20.128 2.48 0.29 -0.70 GB6 J0854+2006 WNP
140.233 44.738 0.89 0.14 -2.00 GB6 J0920+4441 WP
140.441 -26.324 1.07 0.21 -0.85 PMN J0921-2618 WP
141.810 38.974 2.63 0.21 -1.15 GB6 J0927+3902 WNP
159.372 -29.584 1.29 0.22 -0.75 PMN J1037-2934 WNP
159.659 5.136 0.80 0.16 -1.70 GB6 J1038+0512 w
164.323 -80.083 1.65 0.19 -0.85 PMN J1058-8003 WNP
164.615 1.562 2.86 0.22 -1.10 GB6 J1058+0133 WNP
171.870 -18.836 0.97 0.19 -1.20 PMN J1127-1857 WP
176.717 -38.190 0.92 0.15 -1.75 PMN J1147-3812 WNP
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Table 4.2 — continued

RA (°) Declination () SoacHz rms spectral index Idin other catalogues  Flags
(Jy bean!) ()

178.285 49.483 1.47 0.19 -0.70 GB6 J1153+4931 WNP
179.831 29.192 1.21 0.22 -0.60 GB6 J1159+2914 WNP
187.270 2.104 10.71 0.33 -1.20 GB6 J1229+0202 WNP
187.699 12.338 5.99 0.26 -1.05 GB6 J1230+1223 WNP
191.732 -25.848 PKS 1244-255 WNP
193.992 -5.821 8.59 0.32 -1.15 PMN J1256-0547 WNP
194.823 51.645 1.37 0.25 0.05 GB6 J1259+5141 w
197.630 32.472 0.82 0.13 -1.75 GB6 J1310+3220 WNP
201.390 -42.960 16.92 0.46 -1.20 Centaurus A NP
204.426 -13.021 4.96 0.29 -0.60 PMN J1337-1257 WNP
209.267 19.351 1.39 0.21 -0.75 GB6 J1357+1919 WNP
214.876 54.421 1.05 0.20 -0.50 GB6 J1419+5423 WNP
216.967 -42.070 1.75 0.23 -0.75 PMN J1427-4206 WNP
229.382 -24.370 2.31 0.28 -0.40 PMN J1517-2422 WNP
237.415 2.563 1.54 0.27 -0.55 GB6 J1549+0237 WNP
237.763 5.461 1.77 0.26 -0.50 GB6 J1550+0527 WNP
243.420 34.145 2.58 0.25 -0.30 GB6 J1613+3412 WNP
244.386 -77.279 1.07 0.16 -1.20 PMN J1617-7717 WNP
246.561 -29.832 1.91 0.30 -0.40 PKS 1622-29 NP
248.816 38.155 3.25 0.25 -0.50 GB6 J1635+3808 WNP
249.747 57.392 1.98 0.29 0.55 GB6 J1638+5720 WNP
250.551 68.974 0.80 0.08 -2.45 GB6 J1642+6856 WNP
250.742 39.825 3.89 0.23 -0.75 GB6 J1642+3948 WNP
260.115 -1.025 2.18 0.27 -0.40 PKS 1717-00 NP
260.873 -65.025 1.32 0.25 -0.25 PMN J1723-6500 WP
263.303 -13.051 3.05 0.29 -0.30 PKS 1730-13 NP
263.593 38.888 1.08 0.20 -0.70 GB6 J1734+3857 WNP
265.933 -3.813 2.55 0.22 -0.90 PKS 1741-03 NP
267.966 9.655 4.05 0.26 -0.45 GB6 J1751+0938 WNP
268.340 28.738 1.65 0.21 -0.50 GB6 J1753+2847 WNP
270.301 78.459 1.05 0.17 -1.00 NVSS J180045+782804 WP

107



CHAPTER 4. APPLICATION OF THE MMF OVER REAL WMAP 7-YEAR DATA

Table 4.2 — continued

RA (°) Declination () SoacHz rms spectral index Idin other catalogues  Flags
(Jy beam’) ()

270.400 44.088 1.40 0.22 -0.45 GB6 J1801+4404 WNP
271.711 69.794 1.34 0.20 -0.25 GB6 J1806+6949 WNP
277.443 48.800 1.07 0.13 -1.60 GB6 J1829+4844 WNP
280.720 68.162 0.82 0.14 -0.90 GB6 J1842+6809 WP
282.241 67.063 0.84 0.13 -1.15 GB6 J1849+6705 WNP
287.737 -20.060 2.12 0.34 0.10 PMN J1911-2006 WNP
290.987 -21.081 1.50 0.25 -0.65 PMN J1923-2104 WNP
291.214 -29.282 7.01 0.28 -1.00 PMN J1924-2914 WNP
292.018 73.976 1.56 0.15 -1.20 GB6 J1927+7357 WNP
299.461 -38.755 2.04 0.26 -0.55 PMN J1957-3845 WNP
299.942 40.752 6.02 0.36 -2.25 Cygnus A NP
300.337 -17.769 0.84 0.16 -1.60 PMN J2000-1748 WNP
302.849 -15.774 1.45 0.29 -0.25 PMN J2011-1546 WNP
314.018 -47.226 1.87 0.25 -0.45 PMN J2056-4714 WNP
323.562 -1.791 1.25 0.22 -1.00 PMN J2134-0153 WNP
324.128 0.682 1.67 0.28 -0.30 GB6 J2136+0041 WNP
327.069 6.999 3.98 0.23 -1.15 GB6 J2148+0657 WNP
327.945 -30.455 1.44 0.24 -0.55 PMN J2151-3028 WNP
328.366 47.275 1.93 0.26 -0.25 GB6 J2153+4716 NP
329.184 -69.703 1.81 0.22 -0.50 PMN J2157-6941 WNP
330.649 42.251 2.68 0.25 -0.30 GB6 J2202+4216 WNP
330.745 31.724 1.66 0.28 -0.05 GB6 J2203+3145 WNP
330.851 17.436 1.24 0.23 -0.70 GB6 J2203+1725 WNP
334.914 63.283 2.98 0.57 2.90 GB6 J2219+6317 NP
336.405 -5.002 3.43 0.26 -0.75 PMN J2225-0457 WNP
337.427 -8.582 2.69 0.30 -0.35 PMN J2229-0832 WNP
338.171 11.674 4.19 0.34 0.20 GB6 J2232+1143 WNP
338.909 -48.584 1.33 0.19 -0.85 PMN J2235-4835 WNP
341.600 -12.087 1.24 0.21 -1.05 PMN J2246-1206 WP
343.547 16.149 7.96 0.35 -0.35 GB6 J2253+1608 WNP
344.514 -28.003 3.58 0.28 -0.35 PMN J2258-2758 WNP
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Table 4.2 — continued

RA (°) Declination () SoacHz rms spectral index Idin other catalogues  Flags
(Jy beanmt!)  (Jy)

352.347 -47.438 1.18 0.22 -0.55 PMN J2329-4730 WP

359.607 -53.218 1.24 0.20 -0.60 PMN J2357-5311 WP

4.3 Results and discussion

The source detection was performed applying the MMF filter to the 7-yeaA®/M and W maps, at

61 and 94 GHz, respectively. Only one (V1) of the 2 differencing ragdies has been used for the V
band, because V1 and V2 are very similar. As for the W band, 2 (W2 &)\t of the 4 differencing
assemblies are used because their symmetrised beam profiles are getiynegrgasimilar (same

as for W1 and W4), and this makes the photometry easier. The W2 and W3weapsombined
pixel by pixel, weighting with the inverse of the variances of the pixels. To mimrtti® spurious
detections due to the complex structure of the Galactic emissions near theredjydine and of the
Large Magellanic Cloud (LMC) region, objects withl < 5° and within a radius o6° around the
LMC [(80°.894, —69°.756) in equatorial coordinates] have been removed from the final catalogue.
No sources are detected within the Small Magellanic Cloud.

4.3.1 Point source detection

The two-step filtering approach described in secfioh 4.2 yields5t28etections in the 61- and 94-
GHz WMAP 7-year maps, outside the Galactic plane and LMC regions spkalfi@eve. For each of
them, the MMF gives the flux density at the reference frequency (94, GHn eq. ([2.62)) and the
spectral index, the only free parameter of the method. The uncertaintyeaspétctral index can be
estimated from intensive simulations made in Lanz et al. (2010). Talle 4.1 listindeources that
are either well-known Galactic sources (like the Crab Nebula, theéfiions NGC 281 and NGC 1499
or the star-formation regions NGC 1333 and NGC 6729) or located withincGalaolecular cloud

complexes, like the Orion or the Ophiucus regions, or within regions of iat&aactic emissions,
plus one unidentified source. Tablel4.1 gives the flux densities within the WBMAGHz beam. In

most cases, these are lower limits to the total flux densities because thessangrcesolved. Given

the different beam sizes at the two frequencies, the spectral indicastdae reliably estimated in the
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25

Figure 4.2 -Spectral index distribution of sources in Table|4.2.

case of resolved sources.

Excluding the 10 sources listed in Tablel4.1, the MMF has detected 119 oligtetsin Tablé 4.2.
All these objects have a counterpart in lower frequency radio catadoguéch cover the whole sky to
much fainter flux density Iimi% (see Figur€4]1). The apparently ultrasteglf (= —2.25) spectrum
of Cygnus A is partly due to resolution effects (the 94-GHz beam encaapaslower fraction of the
total flux density than the 61-GHz beam).

In Tabled 4.1l and 412, sources without an estimation of the flux density op#uéral index are
objects that are only ‘detected’ at one frequency. Therefore,usecthe method used to filter the
maps is multifrequency, the spectral indices of these sources fall outsidarite studied in this work.
These sources are not taken into account in the subsequent analysis.

The spectral index distribution of the sources in Tablé 4.2, shown in FfgBréas a median value
of -0.65 with a dispersion of 0.71. For comparison, Wright et al. (200@stly based on lower fre-
quency WMAP data, found a mean spectral index = —0.09, with a dispersionr = 0.28. These
results are therefore consistent with the steepening of source spaobe-a70 GHz found for differ-
ent data sets (Sadler el al., 2008; Galez-Nuevo et all, 2008; Marriage et al., 2011; Massardilet al.,
2010; Planck Collaboration etial., 2011b).

The Euclidean normalised source counts at 61 and 94 GHz are given bie and
shown in Figure[ 413, where they are compared with the counts in the neRlestk chan-

3Except for a few of the sources in Tablgl4.1, none of the objects ddtbytthe MMF has an IRAS counterpart.
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Figure 4.3 -7-year WMAP Euclidean-normalised differential number counts an@l194 GHz based
on the MMF sample (red points) with Poissonian error bars and the Bayesieection to the flux
densities. The grey crosses are Blanckcounts at 70 and 100 GHz (Planck Collaboration &t al.,
2011b). The solid lines are the prediction bylthe Tucci et al. (2011) haadd and 94 GHz, and the
dashed lines are the prediction by the De Zotti et al. (2005) model at e fsaquencies.
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S@y) S/2dN/dS (3y/?srt)
61 GHz 94 GHz
1.27 10.%1.7 10.9:1.8

2.01 25t4 18+£3
3.18 215 19+£5
5.05 2H8 95

8.00 14+8 18+9
12.68 2#16 9+9

20.10 1818 18+18
31.85 36:36

Table 4.3 -Euclidean-normalised differential number counts at 61 and 94 Gkedoan the MMF
detections, in bins ofA log(S) = 0.2 and taking into account the Bayesian correction to the flux
densities.

nels (Planck Collaboration etlal., 2011b) and with the predictions of the Bieefal. (2005) and
Tucci et al. (2011) models.

In this figure, the flux densities obtained with the MMF were corrected withyee8ian approach
(Herranz et all, 2006) in order to remove as much as possible the Eddinige(Eddingtan, 1913).
This approach takes into account the distribution in flux density of the obgectspower law with
unknown slope, and an additive Gaussian noise. It is important to poirthatithis correction is
statistical, and therefore it has been taken into account only in the estimatiom sfurce counts.

The comparison in Figute 4.3 shows that the completeness limit of the MMRidy. Above this
limit, the agreement with thBlanckcounts and with the Tucci etlal. (2011) model is generally good.
This confirms that the Tucci etlal. (2011) model deals appropriately withigtefrequency behaviour
of source spectra.

Although several data sets had suggested (Sadler et all, [2008al€niievo et al., 2008) and
then detected (Planck Collaboration etlal., 2011b,a) a break in the brighgabactic radio sources (at
high-flux level) at~ 70 GHz, this break is only well explained with the current data ifithe Tucci et al.
(2011) model is considered.

4.3.2 Comparison with the WMAP catalogues

The WMAP Five-Band Point Source Catalog (Gold et al., 2011) lists alldbeces that were detected
at> 50 in at least one frequency channel, outside a mask excluding sources@athctic plane and
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Magellanic Cloud regions. Flux densities in the other channels are repbttedsignal is detected at
a significance> 20. In this catalogue, 94-GHz flux densities are reported for 236 squs®es them
are detected ata 50 level at 94 GHz. By contrast, the MMF guarantees that all the 119 (praisiy)
extragalactic sources, 104 of which are outside the WMAP Point Sowatz#dg mask, are detected at
> bo at 94 GHz. Most sources found by the MMF within the WMAP mask are closeet@alactic
plane.

4.3.3 Comparison with NEWPS catalogues

Lopez-Caniego et al. (2007) looked for sources in the WMAP 3-yeasragfhe positions of known
5-GHz sources (non-blind search) and reported 22 detections atH24(lGted in the NEWPS 3-
year catalogue). _Massardi et al. (2009) combined a non-blind (base¢kde ATCA 20-GHz survey
catalogue) and a blind search on WMAP 5-year maps, excluding the W K23 éhannel (NEWPS
5-year catalogue). At 61 GHz the authors detected 169 sources, \8hidi are not present in the
catalogue of the MMF (if it is also taken into account Tdblé 4.1); 45 of themvehier, are detected at
> 30 with the MMF in the blind step of the detection process previously explainenS# the other
18 sources are | < 15° and may be contaminated by Galactic emission, and three lie in the LMC
region, excluded from the search. The remaining eight sources loa\eean detected by the MMF.
On the other hand, the MMF catalogue of extragalactic objects containautéesmot present in the
NEWPS 5-year catalogue. It must be remarked that the MMF catalogum@etely based on a blind
search, whereas the NEWPS catalogue was guided by a previous setdcturces detected at low
frequency.

4.3.4 Comparison with ATCA and NRAO flux densities

The MMF sample of 94-GHz detections includes 85 sources with grouseldba3 mm observations
either with ATCAH or with the NRAO 12-m telescope (Holdaway et al., 1&41)he ATCA flux den-
sities for these sources have been collected in the frequency rangeehbe®®y and 105 GHz with the
‘old” ATCA digital correlator with up to2 x 256 MHz bandwidth.

The MMF flux density estimates are compared with ATCA and NRAO measurenreriig)-
ure[4.4. There is evidence that the MMF somewhat overestimates the flsitieemelow~ 2 Jy,
most likely due to the Eddington bias. Above 2 Jy the mean absolute fractimoal(ESyivr —
Seround|/Seround) =~ 38%, somewhat higher than expected from the combination of nominal mea-

“http://www.narrabri.atnf.csiro.au/calibrators/index .html
*http:/www.alma.nrao.edu/memos/html-memos/alma123/m emo123.pdf
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CHAPTER 4. APPLICATION OF THE MMF OVER REAL WMAP 7-YEAR DATA
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Figure 4.4 - Comparison between 94-GHz flux densities recovered by the MMF an&liGa (3-
mm) and NRAO (90-GHz) flux density measurements, for the 85 seumasommon. No correction
for the slightly different frequencies of the sets of measurements \ade nThe solid line is = y.

surement errors and variability, suggesting that the true errors atesburdgh the MMF flux density
estimates are somewhat larger than the nominal values. In this respect, litenmaged that the WMAP
7-year maps are averages over 7 years of observations, while the ZTCNRAO measurements refer
to a single epoch.

4.3.5 Comparison with thePlanck Early Release Compact Source Catalogue

Thanks to its higher sensitivitiglanckhas detected far more sources than WMAP. The Early Release
Compact Source Catalogue (ERCSC) lists 1381 sources detected atH¥0anG@ 599 detected at 70
GHz; 308 and 788 of the ERCSC 70- and 100-GHz sources, resplgctive outside the WMAP Point
Source Catalog mask. Three of the sources detected with the MMF in[Taldesdndt present in the
ERCSC, but are present in lower frequency catalogues with flux densitiesistent with those inferred
from WMAP data.

The ERCSC gives four different measures of flux density for eacinceo For the comparison
with the results presented here, the estimate called FLUXDET has beemchdseh is calculated
using an approach similar to the one referred here and appears toighee fieliability for low SNR
values. Figuré 4]5 compares the FLUXDET flux densities at 70 and 100v@étHzhe MMF ones at
the nearest WMAP frequencies (61 and 94 GHz, respectively). Agare is evidence that the MMF
flux densities are affected by the Eddington bias betev2 Jy. The MMF flux densities of the five
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Figure 4.5 - Comparison of the flux densities recovered by the MMF on WMAP map4 ané 94

GHz with the FLUXDET values reported in tHdlanckERCSC at 70 GHz (upper panel) and 100
GHz (lower panel), respectively. The solid liners= y.
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sources WithSyivr 9aga, 2 8 Jy are all lower than the ERCSC flux densities at 100 GHz. Two of

these sources (the one at RA91°.968, dec= —6°.396 and Cen A) have a strong dust emission, seen
in the IRAS survey, which enhances the 100-GHz flux density. The tthee are well-known highly

variable blazars (3C273, 3C279, 3C454.3), caught by Planck in htlpigse.

The spectral index distributions of the MMF sources are pretty close tofthiae ERCSC sources:
the median spectral index of the MMF sources is -0.65, with a standardidevid 0.71; for ERCSC
sources withy < 2 (to avoid strong contamination by dust emission) and excluding the Galactie plan
and the LMC region as defined previously in order to have a sample cobhpavith the MMF's, it is
found a median value 6£0.39 with a standard deviation of 0.52.

4.4 Conclusions

The detection of extragalactic point sources is a crucial task in the analy€i81B maps because
point sources are the main contaminant of the CMB power spectrum on srgalbascales. From the
same maps we can extract interesting astrophysical information aboutitliesporces themselves.
The development of efficient detection tools is therefore very importarg.M¥F holds the promise
of achieving detections down to fainter flux densities than achievable bgasthmethods.

Applying this tool to 7-year WMAP maps at 61 and 94 GHz simultaneously,5528etections
have been obtained at both frequencies, outside the Galactic plane (jig.>at;°) and the LMC
regions. Nine of these sources, listed in Tdblé 4.1, either are knowntBadacrces or reside in
regions of high Galactic emission. One additional source, also listed in Tahleldes not have a
counterpart in low-frequency radio catalogues. All the other 119cesuytisted in Table 412, do have
a low- frequency counterpart; 104 of them reside outside the WMAP Baoiatce Catalog mask. For
comparison, the NEWPS 3-year catalogue contaings2@etections at 94 GHz. Although tiidanck
ERCSC contains far more sources at the frequencies (70 and 100r@hki®Bst to those used in the
present analysis, three sources not present in the ERCSC haveddteeted, yet with flux densities

consistent with lower frequency measurements.

A comparison of the flux densities yielded by the MMF with those obtained ab GHz with
the ATCA or the NRAO 12-m telescope, and with tRnckERCSC data at 70 and 100 GHz, shows
a generally good agreement abave2 Jy, although the-ms differences between MMF and ground-
based or ERCSC values are larger than expected from variability and alom@éasurement errors.
This suggests that the errors associated with MMF flux density estimatesragavihat larger than
the nominal values listed in Table 4.2. Below 2 Jy, the MMF flux densities tend sotewhat
overestimated, as the effect of the Eddington bias.
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The distribution of 61-94 GHz spectral indices of sources in Table 4.2ahamdian value
equal tond} = —0.65 (with a dispersion of 0.71), while Wright etlal. (2009), mostly based on
lower frequency WMAP data, found a mean spectral indgx = —0.09, with a dispersion
o = 0.28. The MMF results therefore confirm the steepening of extragalactic smlicce spectra
above~ 70 GHz, suggested by various data sets (Sadler et al., 2008;a&aAkuevo et al., 2008;
Marriage et al.; 2011; Massardi et al., 2010) and then confirmed blysmsaof different samples
(Planck Collaboration et al., 2011b,a; Giommi et al., 2012) of bright eateatjc sources extracted
by the Planck ERCSC (Planck Collaboration et al., 2011c).

This average steepening observed in the spectra of bright extragagtaes, which are mainly
blazars in this frequency range (Angel and Stockman,/1980), hagéeently interpreted by Tucci etlal.
(2011) in terms of the ‘break’ frequency, foreseen in the emissiortigpeiblazars by classic physical
models for the synchrotron emission in the inner part of inhomogenousatgeiis. Remarkably, this
new model by Tucci et al. (20111) is able to give a good a fit not only to dliece number counts pre-
sented here (see Figure4.3; seclion 4.3.1), but also to almost all the pdudiata on number counts
and spectral index distributions of bright extragalactic radio sourcés, @b least, 200-300 GHz.
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Chapter 5

Conclusions and future work

5.1 Summary

In this Thesis | have introduced a novel technique for the multifrequenegdifiltering and detection
of point sources in astronomical images. This technique has been appidad fiealistic simulations
of CMB data and then to actual data from the WMAP satellite.

The framework of this Thesis has been summarised in the Introduction)(sBeelCosmic Micro-
wave Background (CMB) radiation was originated380, 000 years after the Big Bang when the Uni-
verse cooled enough to form stable atoms due to the decoupling of the madftmons) and matter.
After that moment, the radiation could travel through the space and wealiftieis time since the de-
coupling, are able to observe it. This radiation, whose mean vallie4s2.7255 4+ 0.0006 K (Fixsen,
2009), has some temperature anisotropies that were briefly commented mrdouction. Between
the last scattering surface and the observer, the path of CMB photofffedted by astrophysical
scattering phenomena that can alter the energy distribution of CMB radiattdarahe trajectory of
its photons. Moreover, Galactic and extragalactic foregrounds raditie aame wavelenghts of the
CMB. Thus the CMB radiation as observed from the Earth is combination ofr@er of contami-
nating signals that must be separated using the so-aallegonent separaticechniques before they
can be studied. Some of the most relevant source separation methoddsedygefly discussed in the
Introduction (see sectidn 1.5).

Point sources are the most prominent contaminant of the CMB radiation dtargalar scales
(multipoles? > 500 — 1000). As it was commented in Chapfér 1, point sources are extragalactic ob-
jects that are unresolved by the relatively poor angular resolution oérumicrowave experiments.

Point sources can be either Galactic or extragalactic. In this Thesis Ifbewrsed on extragalactic

119



CHAPTER 5. CONCLUSIONS AND FUTURE WORK

sources, but the same methods described here can be applied to Galatsopaes as well. Regard-
ing the nature of extragalactic point sources at microwave frequeitdeggelieved that most sources
belowr ~ 217 GHz are traditional radio sources, while above that frequency the datrpoaulation
corresponds to dusty galaxies. However, the observational windwebe~20 and~1000 GHz has
been closed until very recently and there is still a large uncertainty in cawlkage of the statistical
and physical properties of extragalactic point sources at thesesfnews. Therefore, it is necessary to
detect these objects not only for the sake of CMB-based cosmologg/dauin order to improve the
models of galaxy formation and evolution. The goal of this Thesis is to intedutetection/estima-
tion method able to provide detection and unbiased flux density estimation ofgmairdes down to
unprecedented lower flux density limits.

In the literature one can find a large variety of tools that have developerdtios years to detect
compact sources, not only using linear filters, but also simple threshdktihgiques and more com-
plex Bayesian detectors. Some of these tools have been briefly explaitred@haptel 2. However,
most of them operate at one single frequency (i.e. just one given imaddijeare reached (or they are
very close) the optimal lower flux density limit given by instrumental and cainfunoise in existing
experiments. It is the general impression that single-frequency detest@trods have reached some
kind of efficiency ‘plateau’, with marginal improvements at the few perdeveel. This is the main
reason to develop new methods that incorporate additional information afatlhe(the cross-power
spectrum and the spatial information of the sources, beside the modelidati@behaviour spectrum
of the sources as a power law) in order to reduce the flux detection limit atiolinletect weaker
sources. The multifrequency method used in this Thesis is an adaptation m&tbked multifilter
(MMF, Herranz et al.|(2002c)) traditionally employed to detect SZ cluste@MB data.

5.2 Conclusions

The MMF, as it was mentioned above, was previously used to detect gaisstgrs with the SZ effect
(Herranz et all, 2002c). In this case, the frequency dependeribesaffect is perfectly known, as it
was shown in the sectign 1.2.2. In that work, one of the missing variablethe/asze of the clusters,
therefore, this can be considered as a free parameter that we will usénate the radius of the
cluster, assuming that the shape of the clusters can be described esanfafthis variable. This idea
has been used in this Thesis, but using a different observable asépdrameter. In this Thesis it
is proposed to extend the same idea to a different parameter space, i.eecttanemgnetic frequency
domain. In this work, the size is known a priori, since the sources to betddtaie point-like objects,
and therefore their sizes are given by the antenna beam of the experibat is unknown is the

120



5.2. CONCLUSIONS

frequency dependence (parametrised like a power law in this Thesis,giitlua election is optional).
The free parameter is the spectral index of each source. In the ceedsaftection of point sources, we
filter each set of maps (of the same region of the sky) as many times asiffafees of the spectral
index we want to test. In other words, the same area of the sky is filtereifféedt MMFs.

After filtering the images with the different MMFs, the problem is reduced ttfire value of the
spectral index (for each source) that maximises the SNR (for thatejoufbat value is the optimal
estimate of the true value of (see Appendix 2.11). The SNR obtained by this way is the same for
all the channels filtered simultaneously, in contrast with the single-frequaathods, where the SNR
(worse than the obtained with the MMF) is in general different for the diffechannels. This is a
desirable characteristic for two reasons: first, we are able to obtain ga¢slavhere the same source
has identical significance level across the different channels. 8etuwgre are no ‘holes’ in such a
catalogue: in the single-frequency methods, a same source can appdegguency and disappear in
other one because it is below the detection threshold. This makes moreldiffecposterior spectral
study of the catalogue. By construction, this is impossible to happen in the Mitéfogue. All the
sources have the same significance level for all the channels andtiegtbey are present in all the fre-
guencies analysed. This is a clear advantage with respect to the segleficy methods. Regularly,
catalogues with more than one frequency are constructed from oth&-fieguency catalogues. This
usually results on, as it was said, in the appearance of holes in some caumttsthe non-detection
of a source in some of these frequencies. Sometimes one must turn to githanmmnts, make inter-
polations under some assumptions, etc, and it cannot be as easy to devasld/elesire. The MMF
removes this difficulty. By construction, if we have a detection, this is valigfiahe channels. And
therefore we have the flux densities for all the frequencies, allowing stsitty the spectral behaviour
of the object in all the frequency range studied.

The simplicity of the method, the ability to reduce the low limit of the flux density andithals
taneous detection of an object at different channels (with the same sigiidevel) make the MMF
a powerful and well suited tool to detect point sources at more tharregedncy.

After obtaining mathematically the analytical expression of the MMF (see Agip&hlQ), it is
necessary to testitin order to verify if it is more powerful than the singdgtfency methods. In Chap-
ter[3, a set of realistic simulations of the Planck sky are used (Delabroudle!2013) (in particular,
at 44 and 100 GHz), inserting a posteriori the point sources that mustbeted. From these simula-
tions we have extracted regions of the sky at intermediate Galactic latjtyde 40°) in order to avoid

strong Galactic foreground contamination. For each pair of values ofttke@nsity and the spectral
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index, we have 100 sources in each of the different maps, and the amdjtion imposed is not to
allow the overlapping between them. Once the sources are inserted in thelneapsitched filter and
the MMF are applied in order to detect them, usingratiresholding detector. The different tests used
have shown an improvement in the results obtained by the MMF with respeetti@ttitional matched
filter. The number of detections is always higher when the MMF is usedrigeee[3.1).

In order to study how many spurious detections are introduced by the EEt, of more realistic
simulations were made, taking into account some aspects such as the faloethatirces present in
a map do not necessarily have the same flux density or spectral indexdetdaion threshold is
established in @ (by contrast to the usuab$ to allow a greater number of sources, both spurious and
real, and therefore a better statistics of the results. Figure 3.6 is particukengsting in this sense: it
represents the number of real detections versus the number of spiei@etions. Or in other words,
if we fix the number of spurious objects that our filter introduces, the fitgglius the number of real
objects that we have. If we turn this statement, (by changing the corrmaisigosixis in the figure), we
could talk about the number of spurious detections that each method intoftura fixed number of
real detections. This point is specially important because it tells us abaah wiethod introduces
more spurious detections for a fixed number of true detections. We cahysebserving the figure
[3.8, the MMF has a better behaviour in this aspect, with much less spurioatiolese

After checking the good performance of the MMF in a set of realistic simulatbrise Planck
sky, it is tested in real data. This is done in the Chdgter 4, where the dataof the satellite WMAP
of the NASA are used: in particular, the channels V and W (61 and 94 @&idpectively).

The code used previously must be modified in order to take into accountftbeet beams of
WMAP respect to the Planck ones. As explained in seétidn 4.2, WMAP be@&nea Gaussian. With
these considerations introduced in the code, the MMF is used to filter all thAR\WRy at 61 and 94
GHz simultaneously. The sky is divided in patches enough small such th#attgproximation is
valid and therefore, we can use the Fourier space. In each regioa siyl{two maps for each region)
it is applied the MMF in the same way that in the Chapter 3, changing the spedealand selecting
the value of this parameter that maximises the SNR for each source.

Focusing only in the extragalactic objects (see Table 4.2), the MMF is able¢otda a blind
search, 119& sources in the WMAP 7-year data at 61 and 94 GHz simultaneously. Thisatuegre-
sents a considerable improvement with respect to the single-frequencydactbpez-Caniego et al.
(2007) detects, at 94 GHz, 22 %bjects in a non-blind search in the WMAP 3-year data. These
sources are completely identified in other surveys and, by comparing Witinatars of ATCA and
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NRAO, the flux density recovered is good above Jy at 94 GHz, below which the Eddington bias
is present. Finally, we observe that the median value of the spectral ifidbe @19 detections is
v8t = —0.65 (with a dispersion of 0.71), confirming the steepening of extragalactic rsalioce
spectra above- 70 GHz, suggested by various data sets (Sadler et al., 2008;a&arxuevo et al.,
2008; Marriage et al., 2011; Massardi etlal., 2010) and then confibpadalyses of different samples
(Planck Collaboration et al., 2011b,a; Giommi €tlal., 2012) of bright eateagic sources extracted by
the Planck Early Release Compact Source Catalogue (Planck Collabaiaaiib2011(c).

5.3 Future work

In this Thesis we have seen the power of the MMF when detecting pointesoufdie improvement
with respect to other single-frequency methods is in the fact that two or ofamenels are used si-
multaneously. This implies that we are using more information in the analysis-povger spectrum
of the noise, spatial information of the sources, and the parametrisatioe spéctral behaviour of
the sources like a spectral law (although this particular election is optionai8.atiditional informa-
tion is not used in the single-frequency methods by their construction itsalth®other hand, as it
was explained in the Chapter 2, the Bayesian approaches represeptithal way to detect sources
whether the statistical properties of the signal and the noise are knowar(dre well estimated). This
is a more natural and elegant way to face the problem. The main difficulty isvihateed to know
perfectly (or well enough) the properties above referred. This isalvedys easy, and if we want to
have a robust method that does not depend strongly on these assunth8dviMF is a good election.
Also, considering the Powell Snakes method (sediion2.1.2), the authonsdhes pointed out in
Carvalho et al.[(2012) that the MMF emerges naturally in their work as tireasr of the amplitude
of the sources when maximised the likelihood ratio if the sources are sutiycieell-separated. This
is one of the reasons for choosing the MMF approach in this Thesis.

An aspect to be considered in future works is to increase the humbelanhels to be filtered
jointly. In this case, we have more information (in particular from the noisé)thiabe inserted in the
analysis. This is something that has started to be used with Herschel &5268nd 50Q:m, by using
the eq[1.1B as the frequency dependence that will be inserted in theTduel@reliminary results of
theses analyses show a high number of detections as compared to whaehahown in this Thesis.

The extension to more channels can be also used with Planck, keeping in mifatthhat the
MMF takes advantage from the cross-power spectrum of the noise amsition of a source across
different frequencies. If the channels are very separated in érexy those conditions could be no

longer true, and the application of the MMF would not be longer advantegeo

123



CHAPTER 5. CONCLUSIONS AND FUTURE WORK

One aspect that must be considered when using more frequencies ie find/the maximum of
the SNR. In this Thesis, the number of values of the spectral index edgret very large and it is
easy to find the value of that maximises the SNR. If we have more than two frequencies, the SNR
will be a function of more than one parameter. This is the case in Hersclelpksned above, where
we have to determine two free parameters: an effective temperature aspktteal index. But this is
even more complicated if the number of channels is much higher. In this cesgedtessary to develop
a strategy to find the maximum of the SNR that determines the values of the fesagiars. One can
already use existing optimisation numerical algorithms, allowing us, in genefaidtthe maximum
of a function within some limits given by a well established convergence critesiaeasonable period
of time.

Some of the iterative algorithms used to find extrema make use of the dervatitlee function.
In the case considered here, where there is not an algebraic funittgofinite differences must be
used instead of the derivatives. For example, when the derivativeaigilable (or it is difficult to
calculate), the quasi-Newton methods replace the derivatives of thediy the finite differences,
being a generalisation of the secant method, that uses a successiatsobfreecant lines to better
approximate a root of a function.

Other examples are based on the gradient of the function to be maximisedf tbeenost promi-
nent examples of this kind of algorithms is the gradient ascent method, tisatafied a local maxi-
mum of a function using gradient ascent, taking steps proportional to #itvemf the gradient (or of
the approximate gradient) of the function. If this method is used, one shd@dntm account that the
curvature of the function to be maximised varies smoothly. Obviously, theesgion of the gradient
must be replaced by the finite differences.

Other example that can be used to find the maximum of a function is the simulatedliagn
(whose name and inspiration come from the metallurgy). This technique isvbleting and con-
trolled cooling of a material to increase the size of its crystals and redueetdeBoth are attributes of
the material that depend on its thermodynamic free energy. By analogynthkated annealing inter-
prets the slow cooling as a slow decrease in the probability of accepting wolgtions as it explores
the solution space. At each step, the simulated annealing considers sotmgoneiigg state of the
current state and probabilistically decides between both states. Thidbpityldepends on the energy
of both states (and other global time-varying parameter cétlegberatureby analogy with the metal-
lurgy) and favours states with lower energy. One condition to be comsideith this method is that,
by analogy with the metallurgical case, the cooling rate is low enough for tipility distribution
of the current state.

The amoeba method (also called Nelder-Mead or downhill simplex methodjhesesnplices, a
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special polytope of. + 1 vertices inn dimensions. In 2D, the polytope is the triangle. From a set of
points,x, and ordering the correspondirigz;) (being f the function to be minimised), it is calculated
the centroid of the simplex from all points, exceptz, 1 that gives the highest value fgr. The
amoeba method now takes a series of steps, most of them just moving thefghamsonplex where
the function is largest through the opposite face of the simplex to a lower @yeftdctior). When

it can do so, the method expands the simplex in one or another direction to tgé&edteps. When

it reaches a ‘valley floor’, the method contracts itself in the transversetidinreand tries to go down
the valley. If there is a situation where the simplex is trying to pass through ythefea needle’, it
contracts itself in all directions, pulling itself in around its lowest (best) poihts Thethod works well
when the function varies smoothly and is unimodal.

There are other tools based on the sampling of the function that are udefnlwe want to max-
imise it. One recent example is the nested sampling. We can apply the Bayegnth@m.[ 2.6) to
compare two models/hypotheses (one can be true but not both at the sameTitiraédnowledge of
the different parts of this theorem entails the calculation of integrals thatsaraly difficult to carry
out. In particular, the integral of the product of the likelihood and the mier the parameters of the
model. Starting withV points sampled from the prior, in each iteration fréra ¢ < m (m is chosen
by guesswork)L; (that plays the role of the likelihood) is the minimum of the current values of the
points andw; = X;—1 — X; (it plays the role of the prior), being; = exp(—i/N). The integral
will be the product ofL; timesw; plus the value of the integral in the previous step. In the next itera-
tion, another point will be sampled from the prior, maintaining the likelihood aldgv The algorithm
finishes when the difference in the integration between two consecutpistsufficiently small.

Many of the algorithms above referred are based on the Montecarlo nsethddontecarlo method
is a technique that relies on repeated random sampling to obtain numeridéd.ré3ne of the most
knowns applications is the obtention of the area under a curve (definitedhteBy simulating a set
of uniform random numbers, we obtain a new sample distributed accordinyitiction of interest,
rejecting the ones that fall above the curve. This new sample can be sisedpproximation of the
original function, and estimate the area and other statistical values.

We can combine the Montecarlo method with the Markov chains. The Markain éha random
process that undergoes transitions from a state to other one. Thisgpescae characterised by their
lack of memory, it means the distribution of the next state only depends onrttlemtstate and not on
the sequence of events before it. The transition between one state andiditbe determined by a
matrix whose elements are the probabilities of one state given the current®tatéypical example
is the one that tells us the probabilities of getting a sunny or rainy day demeodiy of the current
day (if sunny or rainy). The Markov chain Montecarlo methods (MCMC méth generate samples
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exploring the state space so that the chain spends more time in the most impagjitamd.re

Some of the methods are thought to find the minimum of a function and in this wonkdtessary
to find the maximum. We have two options: to change the algorithm to find the maximahange
the functionf by — f and find the minimum of the new one.

In the context of the future CMB experiments, the most important developraemtseing made
to improve how knowledge of the CMB polarisation, in particular, as much imébion as could be
obtained regarding the inflationary mechanism that is suppose to leave itstiomptire CMB polarisa-
tion B-modes. These instrumental initiatives account for ground-bamskbadloon-borne experiments,
as well as satellites. Among the latter, it is worth mentioning the Japanese LiteBigdbii, already
considered in Phase A for JAXA, which consist in 15 frequenciesn(fd® to 400 GHz), but with a
poor angular resolution, which makes difficult to detect point sourceétsanaps. In addition, there
have been several European proposals that, so far, have noséleeted by ESA, among others, B-
pol, COrg, PRISM and COrE. At the time this Thesis is written, the CMB European community is
working on the preparation of an updated version of the GOpEoposal, to be submitted to the M5
call of ESA.

Just as an illustration of the instrumental capabilities of these missions, |etiew twiefly the last
two European proposals. First, the Polarized Radiation Imaging and 8pempy Mission, PRISM
(André et al., 2014), would have carried out a survey of the microwave tinfiaared full-sky in in-
tensity and polarisation (and its absolute spectrum as well). Some of its scigoéfi(in addition to
study the physics of cosmic inflation) would have been to perform a galasiec survey, understand
the CIB, and to study the spectral distortions of the CMB. This experimeukd¥@ve been composed
of two instruments: a polarimetry imager measuring the intensity and the polaribatiween 30 and
6000 GHz with unprecedented sensitivity and angular resolution fromrctiimto 6 arcsec; and an
lower angular resolution (1.4 degree) spectro-photometer. Due to iteniexy PRISM would have
been a perfect tool to study the early galaxy evolution and to extend tie sadrces counts (both
in intensity and in polarisation), in particular above 217 GHz. Second, Co®migin Explorert,
COrE+H could map the polarisation of the microwave sky in 19 channels between 660&nGHz
with and angular resolution between 14 and 1.4 arcmin, respectively, valthesua precisior{10-30
times better than Planck) that the tensor modes produced by the inflation wodétdrted with a3
significance level, for values af > 0.001. As in other full-sky experiments (like WMAP or Planck),

http:/findico.ipmu.jp/indico/getFile.py/access?contribld=3&sessionlde8&i=0&materialld=slides&confld=72
2http://indico.ipmu.jp/indico/getFile.py/access?contribld=69&sessiordtdefd=0&materialld=slides&confld=72
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we would observe at the same time other components with Galactic and exttiagaigins. The most
interesting for the purpose of this Thesis are the extragalactic ones. Asiisity, we can observe the
SZ effect (see sectidn 1.2.2), with different spectrum from the interity,point sources that corre-
spond with the extragalactic objects described in the section 1.4. The use MMF in Planck and
COrE+ could provide complementary catalogues in intensity and polarisation for te#f&Z and the
extragalactic objects.

The dark Universe, and in particular the dark energy, are one of tlseimportant challenges in
Cosmology in the next years. Two observables that will be used are thterchg of galaxies to mea-
sure the baryon acoustic oscillations (BAO) and the weak lensing. BA®©tharegular and periodic
fluctuations in the density of the visible baryonic matter as a consequence aédlistic oscillations
in the primordial plasma. The typical scale of this oscillations is (in comovingdioates)~150 Mpc.
The gravitational lensing is the effect that a gravitational field causesdigtit, bending its trajectory:
the most typical example in Cosmology is the light coming from a far object thadrgoes this effect
due to the gravitational field of a galaxy cluster. This effect distorts andifiagthe background im-
age, being and important tool to study the early Universe. Missions likedH{Laureijs et al.| 2011)
and the Javalambre-Physics of the Accelerated Universe Astroph$siozey, J-PAS|(Beitez et al.,
2014), will study, among other things, the dark Universe, in particulad#nk energy.

The main instrument of J-PAS is a 2.5 m telescope with an effective field of efewsquare
degrees. J-PAS will cover at least 8000 square degrees usingoeecadented system of 56 narrow
band filters in the optical. Euclid will be a 1.2m telescope with two instruments, thalimager (VIS)
at 550-900 nm, and the near-infrared spectrometer and photometét)(&t1$20-2000 nm. Euclid will
map at least an area of 15,000 square degrees in a wide survey atditédinal ones in a deep survey.
Both Euclid as J-PAS will be able to analyse both effects. The MMF coulgpleal in order to detect
galaxy clusters, combining several frequencies and taking into aceonr@ parameters related to the
shape of the object to be detected (included in eq.[2.56). In addition, if there are a huge number
of objects in the patch to be filtered, it is necessary to estimate the cross-gmeetrum of the noise
(P in eq.[2.56) in a different way to what was done previously in this Thesiafiirst step, we would
need to remove the brightest sources in order to calculate the crossgmeerum and then filter the
image to detect the objects. After these considerations, the MMF will be aluksfice that helps us
to detect galaxy clusters and also individual galaxies in these maps gomehdaeur knowledge of the
early Universe.

To finish this brief review of future experiments, the Square Kilometre Ar&¢A H will be a
radio telescope with a collecting area~of km? and that will operating in a wide range of frequencies

*http://www.skatelescope.org/
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(50 MHz-30 GHz when the third phase is finished). It will be 50 times morsiges than any other
radio instrument. This will be possible because SKA will be composed by dmoigsof small antennas
spread over a distance of several thousands of kilometres, simulatifngLee @md giant radio telescope
with high sensitivity and angular resolution. The SKA will provide continufreguency coverage
from 50 MHz to 14 GHz in the first two phases of its construction. A third phaidl then extend the
frequency range up to 30 GHz. The frequency range from 50 MHZ 8Hz cannot be realised using
one design of antenna and so the SKA will comprise separate sub-afrdiferent types of antenna
elements that will make up the SKA-low, SKA-mid and survey arrays. If thalldoe available maps
of the same region of the sky at different frequencies, the MMF coulghiped. The scientific goals
of SKA will be wide due to its capacities, and the MMF will be again a usefuladeto detect a very
large number of galaxies, helping to clear the dark areas of the scienaeandlution of the galaxies.

But that’s another story and shall be told another t@ne.

“The Neverending Stori. Ende
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Chapter 6

Resumen en castellano

En los(ltimos dlos se ha producido un avance significativo en la cosrmm|@msando de ser mera-
mente una disciplina especulativa a convertirse en una ciencia de @neciio se debe a los &g
recientes experimentos que han hecho que las observaciones sédenmende superiores en calidad

y precisbn a sus predecesoras. Todo ello se traduce en una mejor coroprdasiuestro universo

y de sus observables,iamo de su evolubn, composidn, diramica, etc. El modelo que mejor
explica el universo tal y como le vemos hoy dia @s el conocido coma-CDM, caracterizado por

la presencia dominante de eni@r@scura y materia oscurddr Este modelo permite explicar, de un
modo natural, la radiaoch del fondo ésmico de microondas (RFCM), la estructura a gran escala del
universo y la expanén acelerada del mismo.

Sedin este modelo, el origen del universo tuvo lugar hd@R800 millones de &os
(Planck Collaboration et al., 2015e) en una graaxplosbns llamadaBig Bang que dio lugar al
espacio y el tiempo. Inmediatamente despdelBig Bang nos encontramos con la conocida como la
era de Planckun tiempo en el que se supone que las cuatro fuerzas elementalevdedaigravitato-
ria, interacciones fuerte yetil y electromagatica) estaban unificadas. Esto implieague las cuatro
fuerzas elementales no &aT mAs que cuatro aspectos de una misma intebaagpile se manifestian
de forma distinta dependiendo del rango eétog en el que nos encontremos. Sobre eptiza poco
se puede decir al no contar con una te@ue nos describa lo que ocurre en ese rango deiandag
grandes.

Una pequia fraccon de segundo desps del Big Bang tuvo lugar durante un tiempo muy breve
una expangin como nunca sucdiantes ni despas en el universo: denominautdlacion, las dimen-
siones espaciales crecieron exponencialmente en estsibreperiodo de tiempo. La inflam fue
anadidaad hoca la teofa existente para dar cuenta de ciertos problemas que tfamt@wil solucbn,
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como el del horizonte; que pone de manifiesto la dificultad que suponepastrto modelo el hecho

de que las propiedades edtditas en dos regiones del cielo diametralmente opuestas y no conectadas
causalmente sean las mismas. O dicho de otro modo, @oesps regiones, separadas una distancia
tal que los fotones de una no han llegado hasta la ntragéin conectadas causalmente) presentan las
mismas propiedades estsiicas. Si en los albores del universo se introducépoca inflacionaria,

estas regiones estuvieron en el pasado interconectadas ysieatenticas propiedades.

Tres minutos desp@s delBig Bang los riicleos de lositomos nas ligeros (como el Hy el He) se
halian formado en lo que se conoce comal&leos$ntesis primordial Tras ello, el universo contirdu
su progresivo enfriamiento hasta que380.000 afos despés delBig Bangse produce la recom-
binacbn: hasta entonces el universo estaba compue&gicamente, de un plasma de fotones muy
energeticos, riucleos ligeros y paitulas elementales como los electrones. Estos fotones, altamente
ionizantes, impedn la formaadbn deatomos estables. Esto se mantuvo hasta que la temperatura fue lo
suficientemente baja para permitir la fornm@acde los primeroatomos estables. Fue en ese momento
cuando los fotones pueden viajar libremente por el universo, dando &uta radiadn del fondo
cosmico de microondas que observamos hoyianabnservando (en general) los fotones de la misma
las diferencias relativas de temperatura de ese momento de la historiavdesaniActualmente, al
medir esta radiabn, muestra una temperatura medialge= 2, 7255 + 0, 0006 K (Fixsen, 2009).

Despies de este evento, tenemos un universo donde la materiacaha colapsado lo suficiente
para formar las primeras estrellas y la radiacsigue viajando por el espacio. A e&poca se le
conoce como loafos oscurogdark agesen ingEes), al no haber fuente alguna de luz. Sin embargo,
entre 150 y 1.000 millones déias despés delBig Bangtiene lugar laeionizacbn, que es cuando la
materia, al colapsar, da lugar a las primeras estrellas y galaxias y, cosecaencia de la radiai
ultravioleta emitida por ellas, la materia vaa estar casi en su totalidad ionizada.

En lasiltimas decadas se ha producido un incremento notable eairaero de experimentos de-
dicados a estudiar la RFCM vy sus propiedades tras su hallazgo en 19Bérmmas y Wilson de los
AT &T Laboratories|(Penzias and Wilson, 1965), lo que lewalpremio Nobel. Por ejemplo, en los
afnos70 del pasado siglo, Ze@ivich, Harrison, Peebles y Yu se percataron de que el universoideb
presentar pequias inhomogeneidades en su distribmaile materia que dieran cuenta de la estructura
a gran escala del mismo y que se tradaciren una impronta caracistica en la RFCM. Estas in-
homogeneidades fueron por primera vez detectadas por el instrumeraDiferential Microwave
Radiometey de la mison COBE de la NASA a principios de 189 del pasado siglo (ver Smoot et al.
(1992)). Dichas inhomogeneidades resultaron ser de una parte eniGiaproximadamente.
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Experimentos posteriores (MAXIMA (Hanany et al., 2000), BOOMERAI¢8 Bernardis et al.,
2000) y Tenerife|(Guéirrez et al., 2000)) confirmaron que la curvatura del universce(uhble) es
muy cercana a cero.

El valor de la temperatura de la RFCM que observamos en todo el cielo peled@mo un campo
aleatorio en la esfera y, por tanto, expresarse endare los arranicos eséricos. (ecl_1]2). De aqu
podemos obtener el espectro de potencias de la RFCM (Mer éc. 1.3)psjuea idea de la aportaci
de cada escala a la intensidad total del campo de temperaturas. Si nosdipiméigura 1.4, podemos
observar tres regiones claramente diferenciadas en el espectro:

e A escalas angulares grandes (o bajos multipdlpsbservamos uplateau Ello se debe a que
se corresponde con tafi@s en la superficie ddtima dispergdn mayores que los del horizonte,
por que lo no se aprecia ninguna estructura en el espectro.

e Regiones intermedias8{ < ¢ < 1000) se corresponden con aquellas que tienen unfiaraa-
gular menor que el del horizonte. Por tanto, materia y radiieen esta zona &st causalmente
conectadas. En el momento en el que materia y rdiiaestaban fuertemente acopladas
(Hu and White,[ 1996), el fluido que comgan poda ser modelizado como un oscilador
armbnico que genera los llamadpieos adisticosal competir la pregin de radiaion y la fuerza
gravitatoria cuando el fluido colapsa en los pozos de potencial. Estitecmswes adsticas en
el fluido fotbn-bariones se manifiestan en el espectro en forma de picos. Laopadécios picos
esh directamente relacionada con la geoilaettindose el primero et~ 200, el tamdio del
horizonte en el superficie détima dispersin.

e A escalas @Gn mas pequias (valores altos d@, las oscilaciones antes descritas se amortiguan
debido al tamgo finito que tiene la superficie ddtima dispergin (Az ~ 100): es decir, no
se trata de un proceso que seidstandneamente. Por tanto, las fluctuaciones con unfiama
menor que el ancho de la superficie seavereducidas por otros fotones que provienen de dis-
tintas partes de dicha superficie. Tagrbihay que tener en cuentadmortiguacon de Silk
(Silk, [1968), donde los fotones procedentes de regiones con soisiddd llevan consigo a los

electrones a zonas menos densas, suavizando las fluctuaciones.

Poriltimo, cuando se analiza el espectro de potencias de la RFCM hay qusitanpre presente
dos aspectos. Primero,Jarianza ©@smica que aparece por el simple hecho de tener un solo cielo que
observar. Esto se haceasipatente a grandes escalas angulares, ya que disponemos degiocas r
con esos valores dé Observando la figurfa_1.4, vemos como para valores lagos, las barras de

error son mayores, y ello no se debe a defecto alguno del experimeota lsivarianza@smica que
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acabamos de describir.

Segundo, laarianza de la muestréEste aparece cuando tenemos que eliminar regiones de nuestro
analisis debido a que muestran una alta contamérmgaiomo por ejemplo aquellas que se encuentran
situadas cerca del plano gatico.

Estos dos efectos siempre aparecen, en mayor 0 menor medida, ensagggomentos, y es
algo que debemos tener en cuenta en l@isis de nuestros datos.

6.1 Anisotropias de la RFCM

Las anisotrofas del fondo 6smico de microondas son fluctuaciones en la intensidad de la addeadi
fondo @smico (del orden dé entre100.000). Podemos dividirlas en dos grandes grupos dependiendo
de su origen: anisotrégs primarias y secundarias.

e anisotrofias primarias, debidas a los efectos que tuvieron lugar en la superfiGlérde dis-
persbn o antes, en l@&poca como conocida como recombiacicuando la temperatura del
universo es lo lo suficientemente baja para que se formen los priragn®s estables y la
radiacbn pueda viajar libremente, desacamdose de la materia.

e anisotrofias secundarias, que se deben a las interacciones de los fotones GMa&Fmateria
0 pozos de potencial gravitatorio que estos se encuentran en su treaygquatoles lleva desde la
superficie ddiltima dispergdn hasta el observador.

6.1.1 Anisotropas primarias

Las anisotrofas primarias son aquellas que se produjeron antes o durépteda de la recombinaei.

Se pueden distinguir entadiabaticasy de isocurvatura Las primeras se caracterizan por una
variacbn nula de la entrdp espeffica de cada componente en todo punto. Formalmente se refleja por
la expresbn[1.4, dondey,, npys Yy 7y Son las densidades banica, de materia oscura y de fotones,
respectivamente.

Por el contrario, las fluctuaciones de isocurvatura se caracterizannpovariacdn nula de la
enerda total en cada punto. Matéicamente se puede expresar con ld ed. 1.5, donde las digtintas
dan cuenta de las densidades de daatg cada componente.

Las densidades de fotones no soriiaigas responsables de la existencia de anisiasgpimarias.

Tambén puede haber otras que se muestran a contimuaci
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e Efecto Doppler: este se produce por el movimiento relativo del obseread respecto al sis-
tema de coordenadas cowiles de la RFCM. Halér un corrimiento al azul (hacia longitudes
de onda menores en el espectro electroraign) en la direcén hacia la cual se mueve el
observador y al rojo (hacia longitudes de onda mayores en el espémttoomagatico) en la
opuesta, trandose, por tanto, de un efecto dipolar. Este efecto se aprecia endtenasen
la que un observador se desplaza aésade un fluido. Este efecto fue observado por primera
vez en 1975 (Corey and Wilkinson, 1976), pero no fue he#é que fue medido con precisi:
3,372+ 0,007 mK (Eixsen et all., 1996). s que una anisotragpes un efecto observacional.

e Efecto Sachs-Wolfe (SW): elas importante de los procesadsi¢os por medio del cual las fluc-
tuaciones de densidad dejaron su huella en la RFCM (Sachs and \Wéli¢ aléscalas angulares
mayores que el tari@ del horizonte en la superficie d#ima dispersgn (¢ ~ 2°). Su origen
son los potenciales gravitatorios en dicha superficie: wnfote en el pozo de potencial, dicho
potencial evoluciona con el tiempo y luego eldotlo abandona, ganando y perdiendo parte de
su energp durante el proceso (desphamlose al azul o al rojo, respectivamente), habiendo un
efecto neto al variar el pozo de potencial mientras érfdo atravesaba.

A escalas angulares 1° < 6 < 2°, las anisotrofas se relacionan con los procesos conectados
causalmente en el fluido materia-rad@chasta la recombinai. El acoplamiento se puede modelar
como un oscilador arémico que puede generar lod #amadospicos adisticos inhomogeneidades
en el campo de materia indujeron fluctuaciones en el campo de temperatasafoi®nes. Cuando
la materia y la radiaéin se desacoplaron, los fotones conservaron la infodmambre los campos de
densidad en la superficie détima dispergin.

6.1.2 Anisotropas secundarias

Las anisotrofas secundarias se producen, como se ha comentado, por las interacgiersufren los
fotones de la RFCM en su camino entre la superficiéltima dispergin y el observador. Pasemos a

describir brevemente solo los dos efectd@snmportantes que pueden causarlas.

Efectos gravitatorios

Los campos gravitatorios pueden ser la fuente de varias anismdregcundarias en el campo de tem-
peratura de la RFCM. Por ejemplo, si un@ptcae en un pozo de potencial para déspsalir, la

variacbn de ener@ del mismo sér nula siempre y cuando el pozo de potencial ngevdurante todo
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el proceso. A este proceso se le llagfiacto Sachs-Wolfe integrad®WI), y se debe a perturbaciones
en la densidad lineales. Solo en un universo Einstein-de Sitter, este eddgtal a cero.

Podemos hablar de varios rawenes distintos para estre mismo mecanismo, como el SWI tem-
prano, cuando el potencial decae entredaca del desacolplo y el momento en que la materia domina
completamente el universo. El efecto SWI fardcuando el potencial decae debido a la expgandel
universo una vez la materia no domina dicha exgangnodelos\ o abiertos). El efectRees-Sciama
(Rees and Sciarma, 1968), que se debe a la edolun lineal de estructuras colapsantes que modifican
los pozos de potencial. Paltimo, las lentes gravitatorias, que sin modificar la efeedg los fotones,
sl que interfieren en su trayectoria, distorsionando la superfidigtidea dispersin.

Efectos de dispersdn por la reionizacion

Como comentamos, la reionizaoi es unaépoca despes de la recombinaah en que, debido a la
formacbn de las primeras estrellas y galaxias, la materia del universo vuelve arsmizZZomo re-
sultado de ello, se liberan gran cantidad de electrones que puedersaisgpemuevo fotones de la
RFCM. Esto hace que a las anisoti@pprimarias se sumen las secundarias, llegando las secundarias
en algunos casos a dominar sobre las primarias. Otro efecto es quemiohs fobn de la RFCM

en una determinada direéci, no quiere decir que provenga de dicha difecya que ha podido ser
dispersado y su trayectoria modificada.

Otro efecto que se produce en este contexto es el conocido efento Sunyaev-Zdidich
(Sunyaev and Zeldovich, 1972). Este efecto tiene lugar cuando laseoie la RFCM, al atrave-
sar gas ionizado (principalmente eiintulos gahcticos) son dispersados por electrones dimas
del medio (efecto Compton inverso). Suponiendo que una ciertadradei los fotones de la RFCM
son movidos a i@s altas eneigs, se aprecia un cambio en el espectro de dicha radiaEista mod-
ificacion tiene una dependencia frecuencial carétiea. La variadin en la intensidad de la RFCM
viene dada por la siguiente expi@si

AL/ = 2WZ/CQ(LE)7 (61)

siendok, h y c¢ las constantes de Boltzmann y Planck y la velocidad de la luz (en el medigctes
vamente, yr = hv/ktoa . La dependencia frecuencial del efecto viene dado por:

g(x) = zte[x - coth(z/2) — 4]/(e® — 1), (6.2)
resultando ser negativo (positivo) para valores:aeenores (mayores) qug = 3.83, que se corres-
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ponde a una frecuencia dg = 217 GHz.

El paiametro de comptonizaim es

kT,
Yo Z/QneUle, (6.3)
mc

donden. y T. son la densidad de electrones y la temperatura respectivaraeres,la secén eficaz
de Thomson y la integral es sobre uiveeh de vigin a traes del plasma.

6.2 Polarizacbn de la RFCM

Como toda radiadin electromagética, la RFCM tami&n puede estar (y de hecho lo&@spolariza-

da. La polarizadn Gnicamente se puede generar (si descartamos el efecto de lente giayipsto
fenbmenos de dispeksn. Por la disperén de Thomson, un eleéin que es golpeado por un éot sin
polarizar vea como el fobn dispersado estalinealmente polarizado, perpendicular al plano donde
ha tenido lugar la dispe@i. Como no hay nada de particular en tener este ejemplo, supongamos que
hay otro fobn procedente de una direcniperpendicular al primero. La intensidad de los dos fotones
ha de ser distinta para que el saliente tenga una polaizaeia, es decir, el elebtr ha de<vers un
cuadrupolo en la radia@n entrante para que esta&pblarizada tras la dispedsi. En el contexto de

la RFCM, esto ocurre justo unos instantes antes de la recomtiinaciando los electrones del medio
pueden ver un cuadrupolo en la radé@ti El patbn de polarizadin que vemos en la actualidad no
es nas que una proyedm de las anisotrdps cuadrupolares en el momento de la recombamagier
figura[1.5).

Las posibles fuentes de anisotrap cuadrupolares en el momento de la recombamason tres:
escalares, vectoriales y tensoriales. Las primeras se deben a peonelsan la densidad. Las vec-
toriales son debidas a femenos de vorticidad en el plasma por el desplazamiento Doppler. Este tipo
de perturbaciones son despreciables en la recombmaéioriltimo, las tensoriales se dan cuando
una onda gravitatoria pasa y deforma el espacio produciendo unarapi@d@uadruoplar. Entre las
escalares y las tensoriales, solo estéimas son capaces de producir el llamadodo Bde polariza-
cion, que puede ser una evidencia de la presencia de ondas gravitsiteaa®s capaces de aislar los
efectos de lente gravitatoria.

Pero, ¢qéa es el modo B? La RFCM puede ser descrita con la@rpatros de Stokes (ver €c.]1.9),
que nos dan idea de la polarizacide la mismag) nos dice el grado de polarizécilineal a lo largo de
uno de los ejes cartesiano$/yy V' a lo largo de ejes girados 46on respecto a los cartesianos. @eg

el teorema de Helmholtz, y bajo ciertas condiciones no muy exigentes, todm ceetiorial puede
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ser descrito como la suma de dos campos, uno con rotacional nulo y ebataivergencia igual a
cero. Debido a su semejanza con los campos eleatios$ y magéticos, se denominanodos Ey B
respectivamente.

Ver/Hu and White|(1997) y lagmgina Welﬂ para una introducon didactica a la polarizadn de la
RFCM.

6.3 Contaminantes de la RFCM

Al observar el cielo en las frecuencias en las que la RFCM es detectadados los fotones que
nos llegan provienen de dicha radiati De hecho, solo unainmima parte procede de la RFCM
debido a que hay otras fuentes que emiten fotones a esas frecueierids, la mas importante la
propia Via Lactea, nuestra galaxia. Esto en cuanto a fuentes de contabnirghftisas, ya que si nos
centramos en escalas angulares pagsd > 500 — 1000) aparecen otras fuentes de erisien este
caso extragalcticas (es decir, que éstfuera de nuestra galaxia), como pueden ser otras galaxias o
cimulos de galaxias. Como se puede apreciar en la figura 1.7, en tornéa-o5)0 GHz hay una
ventana donde la RFCM puede observarse mejor debido a que la intetsildatros contaminantes

es menor. Por esto mismo es necesario conocer de la mejor manera posiblp@itamiento de estos
contaminantes para para poder separarlos y estudiar la RFCM y los papitaminantes. Como
veremos ras adelante, la forma en que difieren las componentes difusas (mayormléoteas) de

las compactas (en su maj@extragacticas) nos obliga a desarrollar distintas herramientas para poder
detectarlas y separarlas. Para experimentos en tierra o endafatm a todo esto hay quiadlir los
efectos que pueda introducir la propia asfera terrestre en los datos que vayan a ser analizados. Y
por Gltimo, los errores quefade el propio instrumento.

El objetivo de esta tesis, como se expandmls adelante, es el desarrollo y apliéacide una
técnica multifrecuencial para la detemcide fuentes compactas extragdicas.

6.3.1 Contaminantes galcticos de la RFCM

En esta secbn se expondm brevemente algunas de la@simportantes fuentes de contamigaaie
origen gahctico a las frecuencias de ingésrpara el estudio de la RFCM.

*http://background.uchicago.edu/ ~whu/intermediate/Polarization/polar0.html
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6.3. CONTAMINANTES DE LA RFCM

Sincrotron

La emisbn sincrotbn se produce cuando patlas cargadas son aceleradas por campos &tiags.
Mientras para velocidades no relativistas (radiadicloton) la frecuencia de emian es la frecuencia
de giro de la partula en el campo magtico, en el caso de velocidades relativistas el espectr@es m
complicado y se puede extendeasralh de esa frecuencia de giro. Ver Rybicki and Lightman (1979)
ylSmoat (1999) para &s detalles de esta radiani

Emision libre-libre o radiaci on de frenado

Esta radiadn libre-libre o de frenado es la radianielectromagética que se da cuando una pauta
cargada es acelerada en el campo de Coulomb de otiaypartargada. En nuestro caso se trata de
electrones libres altamente engtigos que interaccionan con iones del medio interestelar y recibe el
nombre de libre-libre porque los electrones permanecen libres @&esigula interacon. Tambén

se le conoce como radid@ei de frenado porque los electrones, aunque no son captadog|en ser
frenados.

Emision termica del polvo

Como se ve en la figufa 1.7, los dos contaminantesctjabs antes mencionados dominan por debajo
de los90 GHz. Por encima de esa frecuencia vemos que la émgahctica dominante es la proce-
dente del polvo. El polvo estcompuesto por peqiies granos (con un tara tipico de unas pocas
micras) de silicio y carbonatos, que absorben la luz ultravioleta para reemitighinfrarrojo. Esta
emisibn puede modelarse como un cuerpo hegro modificado, es decir, (o g

Sy, = TVBZ/cha (64)

donde se ve que la ley de Planck para el cuerpo negyd €s modificada por la longitudptica del
polvo, r. Para lograr los objetivos de esta tesis, conviene reescribir la éaudeiarriba del siguiente
modo:

S, = AB,(T.)V°, (6.5)

donde tenemos, adém de la amplitud, dos gametros que ajustar: una temperatura efediva
el indice espectras.

Para nas detalles de esta entisj ver Cesert et al. (1990).
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Conviene resaltar en este apartado la agariein lostltimos dlos de un nuevo tipo de enbsi
galactica a bajas frecuencias que no tiene nada que ver con ningunas ge masncionadas.
Draine and Lazarian (1998a,b) propusieron un nuevo mecanismo gliead»a esta nueva emisi,
relaciorandola con los granos del polvo en rotati

6.3.2 Contaminates extragdaicticos de la RFCM

Las fuentes extragatticas, como se coménanteriormente, son muy importantes a escalas angulares
pequdas. En principio, estas fuentes, a diferencia de las componentessdifiesgen cada una de
ellas un comportamiento espectral diferente. Adsnsu tami@ angular tamln resulta ser distinto,
estando condicionado por la respuesta de la antena a iabpemstual beamen ingeés). Todo esto
hace que la detedm y extracabn de estas fuentes sean necesarias para el correcto estudio déa RFC
a multipolos altos.

Sin embargo, como en el caso de las componentéstigds, resulta interesante estudiar las fuentes
extragahcticas por smismas, para entender su evofutiy su encaje en la historia del universo. De-
pendiendo de @l sea nuestro intés en estas fuentes, estaremos interesados en unos u otros aspectos
de las mismas: por ejemplo, alguien que quiera simplemente detectarlas para Elgwiedos mapas,
estad muy interesado en una completitud alta a bajos flujos (definiendo completitudi@oamn
entre las detecciones reales y a@hrero total de objetos que hay), paraelsninar el mayor amero
de ellas. Para los que estudian las fuentes teniendo que solicitar tiempoedeaocba en un tele-
scopio, lo nas importante es la fiabilidad (siendo la fiabilidad labraentre las detecciones reales y
las totales), seguido de la exactitud en la pa@sior la densidad de flujo de las fuentes (obviamente,
una alta completitud es tand@n deseable, pero contrloando @hmero de fuentes espurias). Ta@bi
puede darse el caso de querer incluir fuentasilds que puedan resultar interesantes para el estudio
gue se haga, por lo que easimportante la completitud que la fiabilidad. Es por tanto habitual que se
desarrollen distintas estrategias dependiendo de nuestras metHica®ent

Las poblaciones de fuentes extraggaicas se dividen, en el rango de frecuencias estudiadas en esta
tesis, en dos poblaciones: radiofuentes y fuentes infrarrojas.

Radiofuentes

Las radiofuentes son, en gran partégleos de galaxias activos con una fuerte ebnisio €rmica cuyo
origen esa en dicho centro gattico. Dicha emigin, debida al efecto sincr@in, tiene por origen la

radiacbn que emiten electrones acelerados por campos &tiags.
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Si nos fijamos en la figufa_1.10, vemos la gran variedad de radiofuentesegobservan. Cabe
preguntarse si dicha variedad es una realidad o es solo algo aparsagemuchos f@os de estudio,
Urry and Padovani (1995) llegaron a la conactusde que la inmensa mayarde las fuentes que se
muestran en la figura arriba comentada responden a una aparienciatargpuoegstras limitaciones
como observadores: es decir, no estamos observando objetos qaiaelasificar como diferentes,
sino que responden al mismo tipo de objeto con distinta apariencia al sevaiselesde distintos
angulos. En este modelo unificado, los autores proponen que estosdgataicleos activos de
galaxias mas brillantes que las galaxias en que se hospedan. En el centro se hajjajeno negro
supermasivo (ver figuda_1.111), que es a su vez el motor de todo el sistésta agujero negro se
alimenta de materia cercana que atrae y cae lehgiardiendo momento angular. $&geste modelo,
se pueden distinguir dos zonas dependiendo de su distancia al agegeoo la zona de emisn de
lineas anchgsdonde debido a su cerdaral agujero negro, sus velocidades de rémasion altas y por
tanto las ineas de emiéin se ensanchan. Rodeando todo este complejo encontramos una m@structu
opaca de gas y polvo de forma toroidal que absorbe la rédidgtica y ultravioleta. Y ras ala
de este toro encontramos la zona de epnislelineas estrechaglonde su mayor distancia alagujero
negro implica velocidades de rotani mas bajas y, por tantoineas de emién mas estrechas. Por
Gltimo, vemos ekthorro (jet en inges) de pafttulas altamente enéxticas que salen de los polos y se
internan en el medio intergatico. Se¢n este modelo, la gran mayade los objetos de la figura 1110
se explican porque la galaxia coaateo activo se encuentra, con respecto al observador, orientada u
determinadd@ngulo respecto a lanea de vishn (ver tabla 1]1).

Para finalizar, tenemos dos clases de objetas que emiten a estas frecuencias. Por un ladm est
las fases tempranas (fuentes con espectro picado en GHz)igstéothjetos ADAF/ADIOS, por sus
siglas en ingds) de los ficleos gacticos activos, interesantes para estudiar las correspondientes fase
en la evoluddbn de dichos aicleos géaicticos. Y por otro lado se encuentran los estallidos de rayos
gamma, cuyosutflowsse pueden modelizar como radiatisincrotbn de una onda de choque que se
decelera en el medio, posiblemente el medio interestelar de la galaxia entpllase

Galaxias con formacbn estelar

Como se puede ver en la figlra 1.10, a flujos bajos destaca la cortiriliecia pobladn constituida
por galaxias con formagn estelar. La emién en radio de estas galaxiaséstlacionada con la
formacbn estelar, ya que las estrellés¢nes calientan el polvo y son las responsables, asmde las

supernovas, de electrones relativistas emisores de radisicicrotdn.
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Fuentes infrarrojas

En el rango del infrarrojo/submiliétrico, la emishn se produce cuando el polvo absorbe radiadel
optico y el ultravioleta y lo reemite en el infrarrojo. Hasta hace no mucho, loglm®due se usaban
para describir este tipo de fuentes no encajaban con las observads8€$JBA y MAMBO, por lo
gue se sugifi la presencia de una nueva pobtaxilas llamadagalaxias SCUBAasociadas a una
poblacbn a alto corrimiento al rojo detectadas en el rango de las subgtilsas y que, de acuerdo
alGranato et al. (2001) ly Granato et al. (2004), se interpretan comiaglaroto-esferoidales (las
antecesoras de las actuales galaxias de tipo temprano y los bulbos magiadaxias de disco) en la
fase en que eah formando la mayor parte de sus estrellas. El modelo propuesto en aatiajesr
tiene en cuenta el agrupamientogeayuico de la materia. E&#l, los halos de materia oscura se forman
en los lugares favorecidos por las fluctuacionenticas posteriormente acrecentadas en la idftaci
Esos halos crean pozos de potencial donde la materia tigida cae. El gas difuso que se halle
dentro de los halos y condense&ael germen de las futuras estrellas. A su vez, laGacde las
supernovas y del propio centro gatico haa que dicho gas se caliente y sea expulsado. Cuaaso m
grande sea el halo, &8s intenso y breve sl pefodo de formadn estelar (de hecho, la formaai
estelar decaédpidamente a < 3 para las galaxias & masivas). &l le sigue una fase de &sar (que
duraé entrel07 — 108 afios) y poriltimo una etapa pasiva en la evoldigigahctica, donde los objetos
se enrojecerapidamente.

En|Cai et al.|(2013), los autores presentan un mod#éindo para la evoluéin de las galaxias y
los AGN en el infrarrojo. Para > 1,5, el modelo disponible es el de Granato etlal. (2004). Para
corrimientos al rojo menores, dominan las galaxias de tipddadivididas en<frias> (normales) y
<calientes- (o0 de estallido en la formamn estelarstarbursten inges). Las funciones de luminosidad
(dependientes depoca) de las dos poblaciones de las galaxiasammb son ras que simples leyes
de potencia truncadas, mientras que para las de estallidos de fonnestelar se trabaja por primera
vez, y de forma conjunta, con la parte estelar y la nuclear de la galaxiast&mrantexto, tenemos
gue las galaxias proto-esferoidales son los mayores contribuyentesdal &smico infrarrojo por
encima de las 350 micras, predominando las de tipddadrillos altos (las normales) y bajos (las
starburs). Por debajo de 250 micras, las galaxias proto-esferoidales son sisulpl@minantes. Este
hecho diferenciador nos puede ayudar a discriminar entre varios rsptaliendose corroborado el
delCai et al.[(2013) con las observaciones de Herschel/SPIRE.

Como se havisto, el estudio de estas fuentes nos proporciona informmagy valiosa del universo
temprano. Por ejemplo, Mancuso et al. (2015) predicdiriero de cuentas en radio de las galaxias
con formacbn estelar hasta niveles de nJy para la fase 1 del telescopio Square tkéldnray-mid.

Las estimaciones de los autores dicen que detatigalaxias con formamn estelar do$rdenes de
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magnitud por debajo de las detectadas por HerscHalpaso un fumero considerable de galaxias que
han sufrido el efecto lente gravitatoria.

En este contexto, Herschel se trata de un telescopio especialmeritedoisgra el estudio de la
evolucibn gahctica a altos corrimientos al rojo. Por ejemplo, Caseylet al. (2012b) rar@armpor-
tancia de las galaxias infrarrojas con muy alta forrbaastelar en la tasa de formaeiestelar del
universo, incluso e@pocas muy tempranas. iAsu contribuddn a la densidad total de la tasa de
formacbn estelar es det 10% az ~ 2,5,y del = 20% az ~ 4.

Tambén permiten estudiar otros objetos a alto corrimiento al rojo. 1, Aen
Planck Collaboration et al| (2015g) se toman 234 objetos muy brillantes dkiscpaeviamente
por Planck y ubicados en el rango= 2 — 4. El 97% de estos objetos se ha comprobado que
son regiones con sobredensidad que seipodcorresponder con los antecesores de los actuales
cumulos gahcticos, pudindose complementar con el @ago Sunyaev-Zldovich de Planck
(Planck Collaboration et al., 2014b). El restant® 3on objetos que han sufrido el efecto lente
gravitatoria.

Para estudiar bien el comportamiento de las diferentes poblaciones qreamhss en radio e
infrarrojo se usan las llamadasentas de fuentegiue no son otra cosa que dimero de fuentes
por estereo-radin y unidad de flujo. El modelo de De Zotti et al. (2005) mejoraba los preptéste
estudiando las contribuciones a las cuentas &itye30 GHz de diferentes poblaciones. Ese trabajo
estaba basado en nuevos modelos evolutivos para los radiares de espectro plano, objetos BL-Lac
y fuentes de espectro inclinado (ver tdbld 1.1 para veéasgcorresponden dichos objetos en rélaci
al modelo unificado paraleleos gacticos activos). Tambén son tenidos en cuenta los estallidos
de rayos gamma y los objetos ADAF/ADIOS vy las radiaciones sir@mogrlibre-libre al estimar las
cuentas de diferentes poblaciones de galaxias con fobmastelar.

EnlTucci et al.[(2011) los autores se centran en los espectros dedasshlas objetos dominantes
a flujos brillantes en las frecuencias aqhservadas (ver figufa 1110). En los resultadas necientes
(Massardi et all (2011); Planck Collaboration etlal. (2011b,a) y lesgmtados en la se6ai6.6) se ve
una tendencia al empinamiento de los espectros de las fuentes. Estedimtbipseta como, al menos
parcialmente, la transioch de un eégimenodpticamente grueso a uno fino en la edrssincroton de
los chorros de los AGN (Marscher, 1996).
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6.3.3 Separadn de componentes difusas

Asi pues, con toda esta variedad de componentes, tanto si se desea &nalinpia RFCM como
cualquier otra d@al presente en el mapa, se hace necesario el uso de herramieeteas germitan
separar las distintas componentes. Entre le®aos que se usan para separar las componentes difusas
se podran citar las siguientes:

e Combinacbn lineal interna(ILC por sus siglas en ingk): que consiste en una combirgaci
lineal de mapas a diferentes frecuencias, siendo el peso dado a gaalagqual que resulte de
minimizar la varianza de la combin&ai resultante.

e Analisis de componentes independientl3A por sus siglas en ingk): asume que la Bal
esfh compuesta de distintas componentes no gaussianassstadente independientes. Sin
embargo, es bastante comen experimentos de la RFCM que la propia RFCM y el ruido instru-
mental sean gaussianos. Por tanto, en &tpra se trata de buscar representaciones donde la

componentes sean independientes, o al menos tanto como sea posible.

e Método de raxima entroja (MEM por sus siglas en ingk): en este caso, la estimatide una
componente en particular se obtiene maximizando la probabitidassteriorio, 1o que es lo
mismo, el producto de la verosimilitud y la probabilidagriori (ver ec.[6.6). En este caso
particular, la probabilidad priori es del tipo entipico: Pr(s) o« exp[aS(s, m)], siendos la
sdial, m un vector modelo en el quese transforma en ausencia de datosna constante que
depende de la escala del problemé gs la cross-entrép des y m.

Tras esta introducén se hai un breve repaso a la téade los test de hijgesis y los rdtodos que
se usan para la detebai de fuentes compactas en mapas de la RFCM (verés€édd). Tras ello,
se procedéx a explicar y aplicar el &todo que se ha usado en esta tesis: el multifiltro adaptado (ver
seccon[6.4.4) sobre simulaciones realistas de Planck (ver @&&b y Lanz et al. (2010)) y sobre
datos de WMAP en los canales Vy W (ver séegb.6 y Lanz et al. (2013)). Paitimo, se expondm
un conjunto de conclusiones que resdltala potencia de esta herramienta.

6.4 Teécnicas de filtrado y detec@n

Se ha visto previamente la importancia de una correcta détedd las fuentes compactas en los
mapas de la RFCM. Vamos a exponer brevemente algunas de las herramigstasadas para este

caso. Pero antes de eso se hace necesario explicar, al menos bteyemeé consiste el problema
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de la detecdén. Normalmente nos encontramos ante la disyuntiva de decidir, al merios,des
hipbtesis complementarias. Hsues, debemos desarrollar@igtipo de procedimiento esfistico que
nos permita decidir entre las diferentesdigsis que se plantean. A este se le conoce destode
hipbtesisy consiste en verificar la validez estsiica de una hiptesis que se conoce comala (Hy).
En el caso binario, con solo dos bipsis, de no ser aceptada dichadbgsis, se dar por cierta la
complementaria a la nula que se llafalternativa(H;).

En los tests de hijtesis se pueden darasicamente, dos tipos de errores, que son diptdel,
consistente en elegir la Hipesis alternativa cuando es falsa yaestuy relacionado, en el caso de
deteccdn de objetos, con el concepto filgbilidad que veremos posteriormente; y eltgm II, que es
justamente el opuesto, elegir la btpsis nula cuando es falsa, relacionado, a su vez, camigletitud
Nuestro objetivo sér, en la medida de lo posible, minimizar nuestros errores, buscando un gguilib
entre ambos.

Por Gltimo, debemos definir un rango de validez para lsbtapis nula donde sea normal tener
pequdias variaciones que puedan ser atribuibles a fluctuacionesstistagly no a una posible de-
teccbn. Este rango de validez viene dado por el valot dea, siendoa la probabilidad de rechazar
la hipdtesis nula cuando es cierta.

Centandonos en el caso de esta tesis, donde se busca la detdeduentes puntuales, la bipsis
nula es aquella que dice que no hay fuente alguna, siendo la contrariahatalee Lo siguiente es
establecer un valor de para fijar la reghn de aceptadn de la hiftesis nula y un estéstico (que no
es mas que una variable aleatoria con una distribauae probabilidad dada) que nos permita elegir
entre la hiptesis nula o la alternativa. En el caso de esta tesis, elistitades el valor delipel y
nuestra redin de aceptadn aquella cuyos valores sean menores dé& mapa, siende la desviacbn
estindar del mismo. Tenemos, pues, un umbral de déteduer secd@n[6.4.2). Es decir, si tenemos
un pixel cuyo valor est por debajo ded, no rechazamos la higesis nula y diremos que no hay fuente.
De lo contrario, tendremos una detéoten los datos.

Pero como se dijo previamente, en los mapas no solo tenemdmlajse se desea obtener, taérbi
hay radiaddn de nuestra galaxia, la propia RFCM, ruido instrumental, etc. El cometidstddesis
sei la aplicaddn de unaécnica de filtrado multifrecuencial que se adapta a las propiedadeststad
del ruido definido local para ayudar en el proceso de dd€ircc®mo puede un filtro conseguir esto
es algo que veremos a continUuati

Como se mencidn previamente, conviene evitar en la medida de lo posible cometer errores en
nuestro proceso de detegni dependiendo de ales sean nuestros objetivos, priorizaremos unos sobre
otros. En cuanto al cakbgo que se obtenga,ietimamente relacionado con lo anterior, conviene
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resaltar tres caracfsticas que medan la bondad del mismo: kompletitudy la fiabilidad anterior-
mente apuntadas y fecisbnde nuestra detedm. La primera nos dice el porcentaje de fuentes reales
que detectamos para un cierto flujo. La fiabilidad nos da el porcentajecdtefureales detectadas
sobre el total de detecciones (incluyendo las espurias). Es decimtidazhl 00—fiabilidad nos da

el porcentaje de detecciones espurias. Y la pr@cisbs indica can precisa es nuestra detéxtien
relacibn a flujo, posiaddn, etc.

A continuacdn mostramos algunas de las herramientas msadas para la detgtde fuentes,
como son lasécnicas bayesianas, un par de detectores dedesomunes en el campo de la deténci
de objetos puntuales, como son el umbral de detecites citado y el lema de Neyman-Pearson para
el filtrado de los mapas, msomo distintasécnicas de filtrado, para finalmente presentar &ogho
usado en esta tesis, el multifiltro adaptado.

6.4.1 Tecnicas bayesianas

Las €cnicas bayesianas son los dispositiopmos para afrontar el proceso de deténgai se tiene
suficiente (y fiable) informabn estaibtica del ruido y la s&al. El teorema de Bayes se enuncia de la
siguiente manera:

P(0|D)  P(D|0)P(6), (6.6)

siendoP (0| D) la probabilidada posterioride un modelo dados unos daté¥,D|0) es la verosimilitud

o0 probabilidad de unos datos dado un model®(¥) es la probabilidaa@ priori del modelo donde la

0 representa el modelo ® los datos. La idea es maximizar la probabilidagosteriori es decir,
buscar aquellos valores del modelo (pasicde las fuentes, su amplitud,.) que maximicen dicha
probabilidad dados los datos. Este es un posible enfoque, percetas®poda caracterizar toda la
distribucibn a posterioriy obtener asmas informaadbn. [Arglieso et al.| (2011a) es un claro ejemplo
del primer enfoque: las diferentes égnitas (fimero de fuentes, sus posiciones y flujos) son indepen-
dientes entre ellas y por tanto sus distribucicmpsiori son independientes, siendo sus expresiones las
dadas por las ecuaciories]2.9. Si se supone un ruido gaussianngse sa verosimilitud y, por tanto,
teniendo sus probabilidadespriori, tambEn laa posteriori Solo resta encontrar los valores de las
incognitas que la maximicen._Carvalho et al. (2009) es un claro ejemplo deidegnfoque, donde

se trata de caracterizar la distribbigia posteriorial completo. Como hace Aigso et al. (2011a),

factoriza el la probabilidad priori y asume las mismas propiedades dstazhs para el ruido, siendo
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la verosimilitud la misma. A continuamn filtran el mapa con el filtro adaptado (Ec. 6.12) para localizar
las fuentes y posteriormente, y mediante wtado iterativo (Powell-Snakes), buscan Iasamos en

el espacio de pametros, realizando una aproximatigaussiana en cada pico y siendo sometido cada
uno a un criterio de deted@n basado en la regla de Neyman-Pearson que se intradurcel siguiente
apartado.

Los propios autores Balan algunas carencias de estétodo, y en un trabajo posterior
(Carvalho et all, 2012) corrigen algunas como usar distribuciane#ri mas realistas e introducen
novedades como hacer extensivo détatlo a varias frecuencias. Sin embargo, como ellos mismos
aclaran en su trabajo, tal implementatio se ha llevado a cabo del todo.

6.4.2 Detecdn

En esta sechise comenta@n dos procedimientos ampliamente usados para la detedei fuentes
puntuales. Uno ya ha sido anteriormente apuntado, y se trata del umbreledeth. La idea es
bastante sencilla: establecer un valor a partir del cual decimos que tenaendstecd@n. Ad, en el
caso de las fuentes puntuales, ese valor suele fijargrmimbs de la desviamn esandar del mapa,
normalmente @ o 50 (estelltimo es el empleado en esta tesis): por tanto, si encontramosein p
cuyo valor supere ese umbral, tenemos una detecci

Otro ejemplo de detector es el basado en la regla de Neyman-Pearsarbril de detecéin solo
usa la probabilidad de tener una fuente si el flujo (o intensidad)estencima de un cierto valor. Sin
embargo, se puede usar infornfaciadicional para mejorar el proceso de detatcEsto es lo que se
hace con la regla Neyman-Pearson. En este caso se usa la curvdtcaanpe normalizado. Con esta
informacibn se pueden construir la densidad de picos tanto en ausencia (Ridec@8® en presencia
de fuentes (Barreiro et al., 2003).

Aplicando una regla de Neyman-Pearson bayesiana, se puede JVerreggén de rechazo de la
hipbtesis nula (es decir, se rechaza labigsis nula que dice que no hay fuentes aceptando la alterna-

tiva) es:

- R s (6.7)

dondeL, es una constante elegida con ciertos criterios y n;, son las densidades nénicas de

detecciones y de detecciones espurias respectivamente.
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6.4.3 Tecnicas de filtrado

Al hablar de filtrado, nos viene a la cabeza la idea de sélecen el sentido de que sfiltramos>
algo es porque dejamos pasar (0 nos quedamos con) lo que nos inkstasafirmadin coloquial sin
mucho rigor estadtico nos da una idea intuitiva de lo que es el proceso de filtrado. Mtitemmente
hablando, un filtro puede ser definido como un operador tal que tramsfite alguna forma los datos
de entrada, dando lugar a unos de salida:

L: f(x) = g(x) = Lf(x), (6.8)

dondeL representa el filtrof los datos de entradagylos de salidaz es la variable independiente. Es
interesante que los filtros tengan las propiedades de linealidad y homagn®alpuede ver que, en
tal caso, se cumple lo siguiente:

Lf(z) = /f(u)h(ac —u)du =h® f(z), (6.9)

dondeh es la respuesta al impulgotal queh = Lé. Como se ve, y gracias a estas dos propiedades,
filtrar equivale a convolucionar. Y la convol@ci en el espacio de Fourier es simplemente un producto:

Lf(z) = g(z) = h e f(x) = / (h(q) f(@)exp i dg), (6.10)

dondeh(q) y f(q) son las transformadas de Fourier/dg f, respectivamente. En esta eciecse
puede apreciar que la furdei de transferencia(q) puede actuar como un dispositivo que seleccione
las frecuencias, entendidas en el espacio de Fourier.

En esta tesis, como ya se ha dicho, el objetivé $@rdetecén de fuentes compactas, es decir,
aguellas que tienen un tafitaangular menor que el dbkamdel experimento. Por tanto, tienen
una frecuencia bien determinada. Es por ello que los filtros resultan taergentes y han sido

ampliamente usados en este campo.

A continuacon se mostram algunos de los aplicados en la detéoae fuentes puntuales:

e Filtro de Wiener: viene dado, en el espacio de Fourier, por la expresi

|s(q)]?
|s(@)> + In(q)[*’

dondes(q) y n(q) son las transformadas de ldiaty el ruido respectivamente. Lafsg s es la

Ywr(q) = (6.11)
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convolucbn de la sBal subyacente y la respuesta del aparato (suponiendo que ncesdaltan
de Dirac). Este filtro eéptimo en el sentido de losinimos cuadrados.

Filtro adaptado: si deseamos tener un estimador insesgado y eficiente de la amplitud del objeto
gue deseamos detectar, como sd@unmbtenemos el filtro adaptado cuya expases:

A OV ()
vr(e) = o a= [l 612)

En esta ecuaoh, 7 es el perfil que mejor describe la respuesta de la antena del experimento a
un objeto puntuallfeamen ingks), P el espectro de potencias del ruida yina constante de
normalizacbn. El filtro adaptado eéptimo (dentro de los filtros lineales) en tanto en cuanto
maximiza el cociente $al ruido.

Ondiculasowavelet®en inges. Lo que hace interesante a esta herramienta es que conserva infor-
macibn espacial y de la escala de las estructuras de los mapas. Esto laste@wvgrmamente
adecuadas para la tarea de detectar fuentes puntuales. Un ejemplotgmatgdunciones es

la ondcula de sombrero mexicarftambién conocida por MHW, las siglas en ikgldeMexican

Hat Wavelex X )
x _a?
v(w) = = [2 . <E) } ¢ 3Rz (6.13)

La MHW se obtiene al aplicar el operador laplaciano sobre una gaasd@&manchuraR y

por eso es adecuada para la defatae fuentes con perfiles gaussianos (@egt al., 2000;
Lopez-Caniego et al., 2005; Vielva et al., 2001b). El laplaciano puedapseado tantas ve-
ces como se desee sobre la gaussiana con el fin de obtener una familietaaegMHW. La
MHW?2 es particularmente interesante por sus prestaciones #eanluevo et all, 2006).

Filtro adaptativo biparam étrico: mezclando la filoséh que hay defs de las oridulas y del
filtro adaptadol_bpez-Caniego and Vielva (2012) desarrollan este filtro, cuya exypres la

siguiente:

¥(x,R,g,b) = 2% <X_b|)7 (6.14)

dandonosR una idea de la escala y siengaun indice que se pot decir que desempa un
rol similar al orden del laplaciano en las MHW, es una fun@n que, para el caso de fuentes
gaussianas, toma la siguiente forma:

BaoR) = | g (R0, (6.15)
2

:]
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e Matriz de multifiltros adaptados: enl|Herranz and Sanz (2008), los autores desarrollan un
herramienta que trabaja con varias frecuencias same#imente, teniendo como salida el mismo
nimero de mapas que en la entrada. Se exige que estos multifitros cumplanguisiso® a
saber, que el mapa filtrado combinado a una frecuencia dada sea urdesiimsasgado de la
amplitud de la fuente a dicha frecuencia; y que las varianzas de los distamtgsos filtrados
sean nmimas (estimador eficiente). Teniendo que cumplir estas dos condiciodesnpps com-
probar (usndo el &todo de los multiplicadores de Lagrange) que la matriz de multifiltros han
de ser de la siguiente manera:

U =FP !, (6.16)

dondeP es el cross-espectro de potenciaB yna matriz en donde ésincluida el perfil del
beamde la antena.

6.4.4 Multifiltro adaptado

Tras este breve paseo por distintostados de filtrado y detedri, pasamos a explicar el filtro que
se usal en esta tesis: el multifiltro adaptado (ver Herranz ket al. (2002c)), grgup escogemos un

método como este.

De entre todos los filtros que hemos visto (salvo la matriz de multifiltros adaptddde¥ son
mono-frecuenciales, es decir, filtran tinico mapa a una frecuencia dada. Sin embargo, con esta es-
trategia no usamos toda la inform@weidisponible y los resultadosas recientes de WMAP y Planck
nos muestran que, aun funcionando correctamente, se aprecia @ueldshite en su capacidad de
detectar fuentes puntuales a flujos bajosi fAses, se impone un cambio en nuestra estrategia de de-
teccbn si queremos reducir el flujonhite de detecéin. Para ello, el uso détnicas multifrecuenciales,
como el multifiltro adaptado o las matrices de filtros adaptado$ (ed. 6.16)admeana opéin ya que
utilizaremos informadin adicional, como puede ser la correfacgue hay entre el ruido en dos fre-
cuencias suficientemente cercanas y el hecho de poder usar ciemagicifm espacial de las fuentes,
como es el hecho de que la misma fuente aparece en la mismadbpasicdos frecuencias distintas.
Tambén se puede parametrizar la dependencia frecuencial de las fuentespna ley de potencias
en esta tesis) aungue no pueda conocerse su comportamiento espgesrdieda detecon. Esta es
la principal diferencia con respecto a la matriz de multifiltros adaptados, cemegsa continuadn,
pues no parametrizar el comportamiento espectral de las fuentes haesujteenecesario tener tantos
mapas de salida como canales, y es lo que conlleva que la matriz de multifiltromseatiizNV x N,

a diferencia del multifiltro adaptado, que es un veéfedimensional de filtros.
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Para conocer la exprési del multifiltro adaptado, necesitamos imponer unas condiciones. Estas
se@an dos: que el campo filtrado total sea un estimador insesgado de la ampliauéldate y que
la varianza de dicho campo seanima, es decir, que sea un estimador eficiente de la amplitud de
la fuente. Con estas condiciones, y haciendo uso de los multiplicadoresgdenige, obtenemos la
siguiente expreén para el multifiltro adaptado:

V() =aP'F, al= /dq F'P'F, (6.17)

donde¥(q) es el vector column& (q) = [¢,(q)], F es el vector column& = [f,7,] y P! esla
inversa de la matriz del cross-espectro de poterigiaBara conocer &s detalles demo se obtiene
la expresbn del multifiltro adaptado, ver el desarrollo matgino del agndicd 2.1D.

6.5 Aplicacion del multifiltro adaptado en simulaciones de Planck

Una vez explicado el multifiltro adaptado, se procede a aplicar dicho multifittbnessimula-
ciones realistas del experimento Planck a 44 y 100 GHz. Para las simulkcenba usa-
do el modelo la herramienta de simufacidel cielo de microondas de PIanEk(PSM por
sus siglas en in@k, | Delabrouille et al.| (2013)). La enfsi libre-libre esh basada en el tra-
bajo | Dickinson et al. [ (2003), la sincrott en una extrapola@n de|Haslam etal. (1982) y la
emisbn trmica del polvo en el modelo 7 del trabajo Finkbeiner etial. (1999). Bianalar
las fuentes, escogemos ocho regiones situadas a latitudasticgd |[b| = 40°, tomando los
flujos los valores{0, 1, 0,2, 0,3, 0,4, 0,5, 0,6, 0,7, 0,8,0,9, 1,0} Jy y los indices espectrales
{1,0,0,7,0,4, 0,1, —0,2, —0,5, —0,8, —1,1, —1, 4}, respectivamente (para verasdetalles del
porglé de estos valores, ver Gdiez-Nuevo et al) (2008)), simulando para cada par de valores 100
fuentes que san distribuidas aleatoriamente en los mapas, evitando que se superp8agancede
de la siguiente manera: para cada conjunto de 100 fuentes se seleteaarauao de los ocho parches

y colocamos el 10 fuentes (aleatoriamente), y repetimos el proceso hasta tener wfzenies.

Para comprobar la potencia y eficacia del multifiltro adaptado, sa abfhitro adaptado (e€. 6.112)
gue intentad detectar las mismas fuentes. En la eduradel multifiltro se ve un pametro libre,
gue es eindice espectral: el estimador que usaremos del mismo es aquel que maxicoz&Ente
sdial ruido para cada fuente degside haber filtrado la misma imagen con el multifiltro adaptado con
diferentes valores déhdice.

Las diferentes pruebas realizadas muestran una importante mejora cottifdtrmu Asi, por

Zhttp:/lwww.apc.univ-paris7.frfAPC_CS/Recherche/Adam is/PSM/psky-en.php
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ejemplo, el iimero de detecciones es siempre superior con el nuétadm. En la figura 3]1 se puede
apreciar este efecto, en particular a flujos bajos, que son las regiomesvisten mayor intés.

Tambin se aprecia que la prednicon la que estiman los f@enetros con los que han sido
definidas las fuentes, a saber, el flujo en la frecuencia de referdddizHz (ver ed_2.62), y éhdice
espectral, se recuperan mejor con el multifiltro adaptado. Aspecto a tesaepta para posteriores
estudios y aalisis de dichas fuentes.

Para comprobar éntas fuentes espurias introduce el multifiltro adaptado se realizan ua nuev
conjunto de simulaciones as realistas, consistentes en simular fuentes que siguen una diétribuci
de Poisson casi uniforme (Gadez-Nuevo et all, 2005) a 44 GHz, y sus flujos el modelo de cuentas
de|De Zotti et al.|(2005). Adeas, los flujos a 100 GHz se estiman asumieimdiices espectrales
aleatorios de la distribugh del Gonalez-Nuevo et al. (2008). Pddtimo, y para dejar entrar as
fuentes espurias en el proceso de deteteel umbral de detedmn se reduce desba 3r. Se puede
ver en la figurd_3]4 que se detecta un mayiamero de fuentes reales a flujos bajos (por debajo de
~ 0.4 — 0.5 Jy), especialmente a 44 GHz.

La fiabilidad es otro aspecto muy a tener en cuenta en la coafedei catlogos: definida como
la radn entre fuentes reales y fuentes detectadas, vemos que la fiabilidatraeldaptado solo se
acerca a la del multifiltro para flujos@timos a 1 Jy a 44 GHz y a 0.3 Jy a 100 GHz.

Poriltimo, se representan elimero de fuentes reales frente a las espurias (ver figdra 3.6). Como
se ve, de nuevo el multifiltro mejora las prestaciones del filtro adaptadondedtacurva del multifiltro
siempre por encima. Esto equivale a decir que, paralmmeno de fuentes reales detectadas, el filtro
adaptado mono-frecuencial introduc@srespurias en el &obgo.

6.6 Aplicacion del multifiltro adaptado a datos reales de WMAP tras

siete &o0s de mison

Tras ver el buen funcionamiento del multifiltro adaptado en simulacionestasatle Planck, el si-
guiente paso natural es su apliéacisobre datos reales. Para ello se aisdos mapas de WMAP
tras siete aos de observaciones a 61 y 94 GHz (canales V y W), que resultanssehsoruidosos
y con un menor amero de detecciones de fuentes puntuales. Obviamente, se tienen &nlasien
diferencias con respecto a las simulaciones de Planck. Una deamsatables es el relacionado
con losheamsde las antenas: a partir de las funciones de transferencia te , Y usando la
ecuaodbn[4.1, somos capaces de construir un perfil bidimensional de Headm Se tenda en cuenta,

3lambda.gsfc.nasa.gov/product/map/dr4/beden_get.cfm
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adenas, que el centro de la fuente no tiene paE gstar en el centro deixel y que los perfiles reales
de WMAP no son siratricos rotacionalmente hablando (nuestro perfiles bidimensionales olst@nido
partir de las funciones de transferencia gracias a la €c. 4.1 hacgrogeenstrucdn, sean siretricos
rotacionalmente) de aljue se tengan que tener en cuenta estos efectos exdatos.

Una vez tenemos ldseams procedemos a filtrar todo el cielo. Como nuestro multifiltro trabaja
en el espacio de Fourier y no en el de los animos eséricos (ver ec[ 6.12), dividimos el cielo en
parches lo suficiente pedimes para que la aproximaci plana seaalida. Una vez tenemos todo esto
en cuenta, los pasos que se siguen en el filtrado €omidds a los de la sedri anterior. En este caso
particular, la frecuencia de referencia&stx de 94 GHz.

Vemos que el amero de deteccionesrSuera del plano galtico y de la Gran Nube de Magal-
lanes es de 129. Nueve de estas fuentes se corresponden codeonastra galaxia (ver talila 4.1)
y otra no tiene homloga en cualquier otro cabgo, resultando en un total de 119 fuentes de origen
extragahctico (ver tabla4l2). Lo as resBable es ver que en los datos de WMAP tras tfesale ob-
servaciones solo se detectan 22 fuentea 94 GHz en una dete@ni no ciegal (bpez-Caniego et al.,
2007) y que hay tres fuentes que el multifiltro es capaz de detectar sin dpagdohecho eEarly
Release Compact Source CataligPlanck.

Una comparadin de los flujos hallados con el multifiltro para las fuentes detectadas muestra u
buen acuerdo entre lo obtenido aguos calibradores y Planck (ver figufas]4.4 yl4.5) por encima de
2 Jy, con ciertas diferencias en los valores de la media atiealque podan indicarnos errores para
los flujos algo mayores de los indicados en la tablh 4.2.

La distribucbn delindice espectral para las fuentes extragitas detectadas muestra un valor
medio igual a -0,65 con una dispémide 0,71. Este resultado viene &aar el empinamiento de
las fuentes extragatticas por encima de los 70 GHz, algo ya apuntado por Sadler et al. (2008);
Gonzlez-Nuevo et all (2008); Marriage et al. (2011); MassardileR8l1(), confirmado por los tra-
bajos Planck Collaboration et/al. (2011b.a); Giommi et al. (2012) y exipad Tucci et al.[(2011).

Como se ha visto en esta tesis, hemos modificado el multifiltro adaptado (Hets&nz2002c¢)
para la detecéin de fuentes puntuales en mapa de la RFCM. El motivo es que los disti@todaon que
se han venido aplicando hasta ahora, en su niayeonofrecuenciales (ver dago[2), han mostrado
(o esn muy cerca de mostrar) una satubacen su efectividad al detectar estos objetos, geshace
necesario el desarrollo de nuevas herramientas que nos permitanrdeiectes nas cbiles. Para
ello, los nmeétodos multifrecuenciales son muy adecuados, ya que hacen uso de yoracargidad

de informacbn (como puede ser el cross-espectro de potencias del ruido, imiomespacial de las
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fuentes y parametrizar su comportamiento espectral como una ley de pstenmanos permite, en
los mapas filtrados, obtener un &laigo nas completo.

Como se dijo en elfrrafo anterior, el multifiltro adaptado ya se fahtilizado para la detedm
de dimulos de galaxias mediante el efecto Sunyaev&Zadth (ver secén[1.2.2). En ese caso, el
paiametro libre era el radio delimulo, ya que la dependencia frecuencial de dicho efecto es perfec-
tamente conocida. Trasladando la idea a esta tesis, en este caso conelcaimaso de los objetos
(fuentes puntuales, y por tanto con tdiaaangular menor al dddeamdel experimento), descono-
ciendo su comportamiento espectral. Modelizando dicho comportamiento caneyutte potencias
(ver ec.[2.6R), aunque dicha modelizaties opcional, tenemos quelelico paametro libre es el
indice espectral.

Con esto claro, el mapa en cuéstse filtra tantas veces como valoresiddice espectral queramos
probar, y el estimaddptimo de dichdndice sea aquel que maximice el cocientdiséruido (SNR por
sus siglas en ingk), como se ve en el &pdicd 2.111. Conviene resaltar que, en el caso del multifitro
adaptado, la SNR es la misma para todos los mapas que se han filtradarsganiente. Esto difiere
considerablemente de losetodos monofrecuencia, donde al filtrar un mapa cada vez, las SNR son
por lo general distintas, pudiendo darse el caso de que haya fueres on detectadas a ciertas
frecuencias. Esto no puede pasar con el multifiltro adaptado: la fueatesqietectada lo es en todas
las frecuencias y con la misma SNR, facilitando un posib8disis espectral de la misma al no tener
gue recurrir a célogos externos, interpolaciones, etc.

La facilidad al implementar el multifiltro, su capacidad de reducimeite inferior del flujo a partir
del cual se detectan fuentes y lo explicado enéetafo anterior, hacen del multifiltro adaptado una
herramienta especialmente buena para la détecs objetos puntuales.

Exigiendole que cumpla ciertos requisitos (veréddice[ 2.1D), obtenemos la expfesidel mul-
tifiltro adaptado (ec[_6.17) y lo aplicamos primeramente a simulaciones realistzsldale Planck
(comparando lo obtenido con el filtro adaptado) y luego a datos realeswsit® WMAP tras siete
afos de observaciones. Se puede apreciar que el multifiltro adaptada elejomero de detecciones
con respecto al filtro adaptado, en particular a flujos bajos, doddanteresa. Esto se puede apreciar
si nos fijamos en la figufa 3.6, donde para amero fijo de detecciones espurias, @fnero de reales
siempre es superior para el multifitro.

Una vez probado con simulaciones, es la hora de probar su eficadatosreales, y de nuevo se
aprecia que el multifiltro vuelve a demostrar ser un herramienta muy poterste. dgir que eliimero
de fuentes extragatticas confirmadas a 61 y 94 GHz es de 11%@ueda ciega as). Comgarese
este imero con las 22 obtenidas en los datos tras files de observaciones de la misma fbrisen
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una detecdn NO ciega a 94 GHz (bpez-Caniego et al., 2007).

La potencia exhibida por el multifiltro adaptado hace plantearnéspgdia pasar si el iimero
de canales usados es mayor. Creemos que la capacidad deGtesecricrement#a, y para ello se
ha empezado a utilizar en tres canales de Herschel, cuyos resultadogspres muestran resultados
esperanzadores. Dicha exténsia nas frecuencias potdr hacerse igualmente con Planck, haciendo
hincape que si las frecuencias escogidagieshuy separadas, elatodo podia dejar de funcionar al
dejar de tener las mismas fuentes o el mismo fondo en los mapas.

Otros aspectos entiar en consideragn cuando el ratodo se extienda aams frecuencias. Uno ser
la dificultad que pueda enfiiar hallar el raximo de la SNR en un espacio mayor que el unidimensional
cuando son dos los mapas filtrados sidmétamente. Distintosé&todos nuraricos, disponibles en la
literatura, podian dar una solubn rapida y eficaz al problema en cuésti

Con todos estos ingredientes, se puede pensar en preparar el muléfitmoada futuras misiones.
Dos campos san muy importantes en los@timos dos: la polarizaéin de la RFCM (para la posible
deteccbn del modo B) y la comprertsi de la materia y enei@oscuras.

La mision COrE++H, alin no aprobada por la ESA, proporcici@amapas del cielo de microondas
en 15 canales entre 45y 795 GHz con préeisgt resoluddn mejores que Planck. La aplicanidel
multifiltro nos permitifa detectar fuentes extragaticas que complementan los catlogos de Planck.

El otro gran foco de inté&s de la cosmoldg en los pbximos dos sed desentridar los misterios
de la parte oscura del universo: la materia y la €i@eagcuras. Para ello, en algunas misiones se
utilizan dos fel@menos como son el efecto de lente gravitatoria y las oscilacionstiaes babnicas.
El primero es debido a la distoési en la trayectoria de la luz en presencia de un campo gravitatorio; el
segundo por las fluctuaciones (figticas) en la densidad de la materia baitca como consecuencia de
las oscilaciones @sticas en el plasma primordial, y que se manifiestan en una escala de 1%€rMpc
coordenadas cobwiles). Misiones como Euclid (Laureijs et al., 2011) y J-PAS iBemet al. [(2014)
llevaran a cabo el mapeo de grandesas del cielo, principalmente erbgltico, y en varias frecuencias.
El multifiltro podra, por tanto, ser aplicado, ayudando en la detecde dimulos de galaxias para una
mejor observadin de las oscilaciones @sticas bafnicas.

“http:/findico.ipmu.jp/indico/getFile.py/access?contribld=69&sessiorfdefld=0&materialld=slides&confld=72
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