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Introduction

In the last decades cosmologists have seen a substantighgrothe understand-
ing of the early stages and the evolution of the Universe.oMijeoretical predic-
tions were either confirmed or ruled out by more and more peeabservations,
thanks to modern technological progresses. This allowedctimstruction of a
parameterizable and measurable model, which during thes yes been tightly
constrained by accurate datasets, leading to the estaiglighof a Cosmological
Concordance Model.

The entire picture is based upon four observational pilldre Big Bang Nu-
cleosynthesis (BBN), the large scale structure, the actelé expansion of the
Universe and Cosmic Microwave Background (CMB). Withouincoitting our-
selves in providing an extensive review of these topicsuebriefly introduce
them.

The theory of BBN gives a detailed mathematical descriptitime production
of the light elements (namely, deuterium, helium-3, heldirand lithium-7) in
a well defined epoch a few minutes after the Big Bang. Spelifidhe theory
yields precise quantitative predictions for the mixturetlofse elements, that is,
the primordial abundances (Alpher, Bethe & Gamow, 1948)e Tarrent level
of agreement with observations, achieved by measuremémsiigsion lines in
the galaxies, is by no means trivial or guaranteed, and septs an impressive
success of modern Cosmology: BBN extrapolates the consmt<onditions of
the present Universe back to times of about one second (&eig2007).

The large scale structure is observed via redshift survieysliion of galaxies,
as the Sloan Digital Sky Survey (SDY%ind the 2dF Galaxy Redshift Sunfey
These surveys allow to construct three dimensional magsedihiverse extending
up to hundreds of Mpc and, under the assumption that the bhumimatter traces
the presence of dark matter, to constrain the spectrum ofiubtuations today,
that can be fruitfully compared to the primordial power dpam, inferred through
the CMB. In the cold dark matter (CDM) scenario, where theetails made by
collisionless particles with negligible kinetic energytiwirespect to their mass,
structure grows hierarchically, with small objects codlmqg first and merging in a
continuous hierarchy to form more and more massive objebie CDM theory

thttp;/www.sdss.orgre/
2httpy//www2.aa0.gov.guT DFgg
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makes no exact predictions about the nature of dark maskf,iwvhich must be
looked for in specific models of the early Universe, or diseat modern particle
physics experiments.

In 1998, observations suggested that the expansion of thekda is surpris-
ingly accelerating (Perlmutter et al., 1999; Riess, 1998ese measurements used
the Type la as standard candles, which are explosions oétaagrcarbon-oxygen
white dwarves in binary systems reaching the Chandrasigki¢iof approximately
1.4 solar masses. This breakthrough left cosmologists mvithe open questions
then answers, since the nature of this acceleration isljtad@lscure and unex-
pected. Indeed, the most obvious explanation for tfmcg a Cosmological Con-
stant coming from the energy density in vacuum, overesdmtite measured value
of 123 orders of magnitude. The Cosmological Model stillssagthing about the
fundamental physical origin of this “energy” that, accoglito the observations,
accounts for more thery3 of the all content of the Universe.

Last but not least, here it comes the main topic of this thibesCMB, the
relic radiation that comes from the early Universe. In trst [ED years, outstand-
ing technological improvements made it possible to measusesignal with high
accuracy.

About 300.000 years after the Big Bang, as the Universe wabkngodown,
the protons and the electrons started to combine to genati@ates, and the pho-
tons were able for the first time to decouple and free streamarth us. Since
this process was almost instantaneous, this cosmic radliggia snapshot of the
Universe at those early times. The Friedmann-RobertsodkeNg-RW) metric,
i.e. the metric commonly used to describe the cosmologieahéwork, naturally
leads to the existence at each time of a special scale, dadiézbn, that defines
the largest distance within causal contact is established, function of time. The
epoch at which a given cosmological scale is equal to thebwiis therefore spe-
cial, and referred to as th®orizon crossing At the moment of decoupling, such
a distance subtended an angle that today is about one ddgusegiferences in
the CMB coming from greater angles are able to trace thosaaogical pertur-
bations which were urfected by causal processes, giving us directly a picture of
primordial perturbations. On the other hand, regions sndtian the horizon un-
derwent dynamical processes before decoupling, mainlyltneg in oscillations
due to the oppositefkect of gravitational infall and photon pressure. These scou
tic oscillations are imprinted in the CMB and bring to us madtiable information
on the status and the composition of the early Universe.

Remarkably, the initial conditions and the subsequent ulyos give rise to
anisotropies as low as 1®on all scales. This results in a non-trivial simplification
of the treatment: metric fluctuations, as well as pertudpetiin the various com-
ponents, may be treated linearly. In addition the CMB detingpmccurs at about
T~ 3000K, corresponding to an energy scale where physicakepsas are well
known, i.e. the electron-photon scattering may be analyrzéae Thomson limit.

Together with what we already achieved with the observafititeoretical pre-
dictions still have to be verified and tested, like the onechtis the subject of
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this thesis and that we introduce now. The Thomson scattediows a fraction
of the radiation to be linearly polarized; the CMB polarinatfield can be conve-
niently divided into two components: the gradient-like Edas and the curl-like
B modes. According to the linear theory of cosmological yérations, the latter
can be activated by gravitational waves coming from thefiofia an epoch of ex-
ponential expansion that the Universe underwent just #fieBig Bang, driven
by a negative-pressure vacuum energy density (Guth, 1981 inflation magni-
fies the original quantum fluctuations to cosmic size, thablree the seeds for the
growth of structure in the Universe. The gravitational wapeoduced by this pro-
cess survived until the decoupling. Then a detection of tmed8les would be of
the most importance for Cosmology and for Physics in genarsirong prediction
of the inflation would be confirmed and, even more importartlig existence of
the gravitational waves would be proved.

Hunting B modes is then one of the most exciting frontier irderm Cosmol-
ogy. Given the tiny level of the signal, its detection willauoidably require that
two conditions are satisfied: the control of instrumentategnatics and of the fore-
ground radiation from our own Galaxy. The present work tteeaddress the sec-
ond issue. The most advanced operating instrument, i.&Vilkeson Microwave
Anisotropy Probe (WMAB), a NASA satellite that has been observing the CMB
for 5 years, demonstrated that in the microwave band thalsgmitted from our
own Galaxy may be comparable or higher than the expected CMid@e power
at all the angular scales and frequencies. In less than argareother CMB satel-
lite, the ESA mission Planékdoubling the covered frequency range and reaching
a sensitivity about ten times better than WMAP, will fly; ttiger with the main
scientific outcome from the CMB observations, Planck will ptriingent limit on
the level of B modes from primordial gravitational wavesd amovide crucial in-
formation on the level and properties of the foreground Galamission limiting
our capability of detecting the signal. Moreover, the comityuof theorists and
instrumentalists which worked in these years for theseiorissis conceiving a
future CMB satellite aiming specifically at the detectionBofnodes. As part of
this dfort, a new interdisciplinary area of the CMB data analysierste is born
in recent years, concerning the application of algorithmsetbped in signal pro-
cessing in a CMB context, aiming at the separation of the dgrackd signal from
the foregrounds on the basis of multi-frequency data. Omsaimimental side, a
relevant €ort is being made for carrying out several sub-orbital expents for
testing the new technologies for the detection of the sjgasivell as applying the
new data analysis techniques mentioned above, targetiosg tregions of the sky
that are known to be less contaminated by the Galaxy.

This thesis contains the first steps in this framework. Thienate goal of this
work, which extends well beyond the results exposed hetbeiassessment of the
minimum detectable level of B modes when the foregroundsa&emn into account,

Swmap.gsfc.nasa.gov
“www.rssd.esa.ifiPlanck
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applying the new data analysis techniqgues mentioned alodhe incoming data.

Here is the outline of this thesis. In Chapter 1, | will inttmé the current
cosmological model and review the theoretical aspects ®fQNIB anisotropies
and the present status of the observations. In Chapter 4, foaus on the difuse
emissions of our Galaxy in the microwaves, expected to be@usecontamination
for the CMB studies. The separation of thesfudie components and the CMB
cleaning will be the main topic of Chapter 3, where | will delse a few algorithms
I've worked on during my Phd . Finally, in Chapter 4, | will gent a couple of
applications of these methods aimed at B mode recovery.



Chapter 1

Theory of CMB anisotropies

1.1 Introduction

Our current knowledge of the beginning of the Universe isntydbased upon the
successful theory of the Hot Big Bang. It states that our Ehsie began about
14 billion years ago as a hot, dense and very uniform sea ofeglary particles,
mutually interacting and at thermal equilibrium.

After the quasi exponential inflationary expansion, baryanatter formed
within the first second, while the nucleosynthesis lasteglarhinutes as the Uni-
verse was expanding and cooling. The baryons were in th@masstatus until
about 300,000 years after the Big Bang, when the Universehesha tempera-
ture suficiently cool to permit protons to capture free electrons fmth atomic
hydrogen. This process, called recombination, loweredtlyr¢he density of free
electrons and dropped the photon-plasma cross section lgeBsoof magnitude,
leading to the decoupling of matter and radiation, and ntpkie Universe trans-
parent to light.

The Cosmic Background Radiation (CBR) released duringetasof decou-
pling has traveled almost unperturbed until today. We caenke the peak of this
black body emission in the microwave region, corresponding temperature of
2.73 K, about 1000 times smaller than the one at the recoridsmal his radiation
is then called Cosmic Microwave Background and brings uspsmot of the Uni-
verse as it was 14 billion years ago. It was predicted by tlgeB2ing theory and
first discovered in 1964 (Penzias and Wilson, 1965).

The CMB is until now the best tool in our possess to probe thrby dini-
verse. Theories of structure formation predict small inbgeneities in the matter
distribution at early times that later became galaxy andxyatlusters trough grav-
itational collapse. These density inhomogeneities areimtgad in the CMB black
body as temperature anisotropies, detected for the firstitiynthe COsmic Back-
ground Explorer (COBE) satellite on angular scales largant? (Smoot et al.,
1992; Mather et al., 1992).

The importance of the CMB in modern Physics is enormous, &sdkearly

7



8 CHAPTER 1. THEORY OF CMB ANISOTROPIES

confirmed by the the two Nobel prizes awarded in this resetetthto the works
cited above.

The next promise that cosmologists hope to be fulfilled cofrms the po-
larized part of the CMB radiation. The CMB polarization anrspy, unlike the
temperature, can discriminate betweefiadent kinds of perturbations, as we will
discuss in this Chapter. It has then the potential to revedhe signature of pri-
mordial gravity waves and could show us the “smoking gun’hef inflation (Zal-
darriaga, Seljak, 1997; Kamionkowski et al., 1997).

We will start this Chapter by introducing the cosmologicahfiework in which
the model is defined. Then, we will describe the CMB phenorogycand dynam-
ics, taking advantage of the linear perturbations theohys Will naturally lead us
to the definition of the CMB power spectra. We will concludeghna short review
on the status of the CMB observations and planned experiment

1.2 Cosmological framework

The starting point is the Cosmological Principle that stdteat on large spatial
scales, the Universe is homogeneous and isotropic. Whdiedpthis principle
severely restricts the large variety of possible cosmoklgheories. The proper-
ties of homogeneity and isotropy assumed by the CosmoloBitaciple suggest
that Earth is not at a preferred place in the space and tha@ratarge scales the
Universe is smooth (i.e. not fractal). A very strong suppoithis principle comes
from the CMB itself, being isotropic to roughly one part in01000.

The casting of the following CMB anisotropy theory is basedite text book
by Dodelson (2003) as well as the work by Hu and White (1997).

1.2.1 The FRW metric

Homogeneity and isotropy leave essentially only two degjiefefreedom to the
system. The first one is the scale facéft), that fixes at each time the value of
physical lengths and determines the cosmological redsigfined ag+ 1 = ag/a,
where the subscript 0 marks the present. The secondgnerelated to the global
space curvature, as an homogeneous metric can be more outged. Then, the
fundamental length element is:

1
1-Kr2
wherer, 6 and¢ are the usual spherical coordinates for radius, polar aimoludiz
angle, respectively, ang),, is the metric tensor. In this expression the scale factor
a has been factored out of the spatial part. The spatial coatetr, 6 and¢, are
then at rest with respect to the cosmological expansion emdalled comoving
coordinates. Similarly we can introduce the conformal time

dt
dr =20 (1.0)

d’ = g, d¥'dx = —dt? + a(t)z( dr? + r2de? + r? sir? 9d¢2) , (1.0
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Finally, the FRW metric may be easily written as:

-1 0 0 0
0 (1-Krdt1 o 0

g/JV = a2 : 0 ( 0 ) r2 0 = azy/lv > (10)
0 0 0 r2sirfe

so that the cosmic expansion can be completely factoredefiiing the comoving
metricy,,. We will indicate the conformal time derivative with a dot tmp of the
quantity, while those with respect to the ordinary time ardidated with thet
subscript. It is also useful to define twdl@rent quantities describing the velocity
of the expansion, i.e.

H=2 -2, (1.0)

a a

named ordinary and conformal Hubble expansion rates, ctgply.

As for the metric, also the stress energy tensor, that spedifie content of
spacetime in terms of physical entities, is simplified by assumptions of homo-
geneity and isotropy. The relevant quantities are just tieggy densityp, and the
pressurep.

T =

—p

0
2 0
0

0 0O

p 0 O

0 0p

where the minus to the energy density is due to the choice o$ignature. The
stress energy tensor may also be written as

Tyv = (P + p)uuuv + PGy » (10)

wherew represents the quadri-velocity of a fluid element with respe a given

observer: e
uu —

=—. 1.0
dr (1.0)
The quadri-velocities are normalized ag# = —1. In comoving coordinates,
where theu® = 0, this condition implies:
1
W= (—,O, 0, O) . (2.0)
a
The dynamics of the system is driven by:
G,y = 81GT,, , Tj]v =0 (1.0)

respectively the Einstein and the conservation equatidimgnks to the assump-
tions of the FRW metric, they reduce to twdidrential equations only, with the
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conformal timer as independent variable; they rule the dynamics of the estpan
and the conservation of energy. They are the Friedmanniequat

_&G
-3

and the simplified conservation equation:

H? ap-K, (1.0

p+3HE+p)=0. (2.0

A further assumption is needed to solve these coupled emsati.e. a relation
between pressure and energy dengify). For interesting cases, pressure is pro-
portional to the energy density:

p=wp, (1.0)

wherew is the equation of state of the fluid.

Starting from the Friedmann equation (1.2.1), it is strdmfward to define the
cosmological critical density

_ 3H?
Pc = 8:G "’

that is the density required to make the Universe spatiadly flThe amount of
each components that make up the Universe is usually definegfms of their
contribution to the critical densitf2s = ps/pc, for each componers We will see
in the next Section how they are defined and what are the prdsgrestimated
values for each of them.

(1.0)

1.2.2 The Cosmological Concordance Model

The number of parameters needed for describing a given nvadigls a bit ac-
cording to anyone’s taste and on how simple the consideratehi® supposed to
be. The Cosmological Concordance Model provides a minimetnofsparameters
suficient to describe the status of the observations up to daieseTare:

h, O, Q% , ne, 7, og, (1.0)

which we describe and define below. In the concordance mbdeg is the under-
lying assumption that the Universe is flat (actually in petrBeccordance with CMB
observations). Moreover, according to the inflation me@manthere may be grav-
itational waves in the perturbation spectrum, and this rapeterized relatively to
the density perturbation. Therefore, we add two more paensie

Qt , T, (1.0)

describing curvature and gravitational waves amplitudspectively. Let's now
take a quick look at these 8 parameters. We will provide thest fit values
(with 20 errors), using the WMAP data (see Dunkley et al., 2008, afeterces
therein).



1.2. COSMOLOGICAL FRAMEWORK 11

-h

As introduced before, the so called Hubble consténis the derivative of the Cos-
mological scale factor, measured today. Locally it prositlee Hubble expansion
law, v = Hor and then is measured in units of kmsipc™. For practical conve-
nience it is sometimes defined s= Hp/100. The most recent estimation gives
h = 0719958 Since the Hubble constant is a rate, its inverse definesestiate,
that is more or less the age of the Universe (that actuallyldp also on other

parameters of the model).

= thz

It is the contribution given by the total mass density. Beftite supernovae ob-
servations (Riess, 1998; Perlmutter et al., 1999) thismpatar was thought to
be the largest among all the densities contributions. Newbdést fit value is
Qmh? = 0.1326+ 0.0063.

- Qph?

It defines the fraction of the matter that is accounted by drasy In CMB obser-
vations, it influences the relative height of the acoustiakige Current value is
Qph? = 0.02273+ 0.00062.

- Qot

The overall curvature of the Universe depends on the suni tiatelative densi-
ties of all the components that make up it. It is define@gs= >, Qs. The CMB
played a crucial role in constrainin@, since the position of the acoustic peaks
in the CMB strongly depends on its value. It is now measurdaktolose to unity,
Qtot =102+ 0.02.

-nS

Slope of the scalar power spectrum of the initial pertudretj defined as the vari-
ance of the fluctuation density in the Fourier spaces asguthalatter to be Gaus-
sian distributedP(k) « k™. Its current best fit isg = 0.963+ 0.014

-T

We know that the Universe reionized at some redshift highan 6, probably due
to the earliest stars. The understanding of that periodykras the end of the Dark
Age, is an open issue in Cosmology and the CMB can help in #ke $&nce the ex-
tra Thomson scattering, that occurred at that time, phréahsed the anisotropies.
The parameter used to describe tHiget is the optical depth, whose current value
isT=0.087+0.017.
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_0-8

It is the rms mass fluctuation amplitude in spheres of sizé 81pc and measures
the normalization of the matter power spectrum. The curestitnation isog =
0.796 + 0.036.

-r

It is the ratio between gravitational waves and densityysbation amplitudes, ex-
pressed by means of their induced power on the CMB anisesaiilarge angular
scales, as it will be discussed in the next sections.

1.2.3 Linear perturbations

The most important assumption that, for most of their evoiyt perturbations

were in linear regime comes from the CMB itself, since thadgptemperature

anisotropies are of the order of PQwith respect to the average temperature, over

the whole sky and up to very small scales. Then, the linearoappation should

be valid to describe cosmological perturbations on a langerval of time and

physical scales, before and after the CMB origin, breakimgrdonly recently and

on scales smaller than those of galaxy clusters. In this@eate will briefly de-

scribe the cosmological perturbation theory, building ¢gbtup for understanding

the physics of the CMB anisotropies, that will be treatedrlan in this Chapter.
Consider now the definition of the perturbed metric tensor:

Qv = Qv + 0G0 = (¥ + M), (1.0)

where the bar means background plus perturbations. $ino@ntains cofficients
of order 1 (in the flat FRW it coincides with the Minkowski mejr linearity is
satisfied if:

hy <1, V u,v (2.0)
At the same time, the stress energy tensor is perturbed as
T, =T,+T,, (1.0)

and in this case linearity may be expressed in terms of thezeom quantities in
the background tensofr,,,:

o, <p,p, Y v (2.0)
Most importantly, a direct consequence of the linearithat perturbations do
not dfect the background dynamics. Therefore, any equation imelogy splits
in two and (1.2.1) become:

Gy = 87GT,, (1.0)

G,y = 81GT,,
0G,y = 8rGoT,, °

TV _ Tﬂl; =0



1.3. THE COSMIC MICROWAVE BACKGROUND 13

1.2.4 Decomposition and Fourier expansion

Perturbations can be classified according to their pragsetinder spatial rotations
(Dodelson, 2003). Since we are dealing with a tensor thdiany a very general
point of view a function of the space may behave as a scala,vastor or as a
tensor. Now, while the physical nature of scalars is unigaeh vector or tensor
function may be divided in full generality infllerent parts. Indeed vectors can be
divided in a scalar-type component, i.e. the part that isdémivative of a scalar,
and a vector-type divergenceless component, describirigxrtke perturbations.
Similarly, tensors can be decomposed into a scalar-typepooant (responsible
for the trace), a vector-type component and a tensor-typgoaent that satisfies
the transverse and traceless conditions. The latter gannelsto tensor fluctuation
modes in general relativity, i.e. gravitational waves.

Moreover these perturbations are conveniently defined enFburier space,
taking advantage of the fact that in linear theory any modadveg independently
in that space. A gauge freedom allows us to choose in a farfiitpimes that dier
among each other for coordinate change as small as thelpsiiturs themselves.

In this work we adopt the Newtonian gauge, where the onlywagleelements
are¥ and®, parameterizing the Fourier amplitudes of the generalinadar New-
tonian potentials, associated respectivelyde, 6gi, and the elemertilt, associ-
ated to the gravitational waves expressed by the tenserdgmponent ofg;;.
Since their evolution is suppressed by the expansion, weotlaonsider here
vector-type perturbations.

Similarly, the perturbations in the cosmological compdaesre associated
with the fluctuations in the corresponding species of thesstenergy tensor. For a
given species, density fluctuationspx/px correspond toé(Tg)x, peculiar veloc-
ities Vx to the componento(! 0)x: isotropic pressure perturbations to the diagonal
terms in ¢T})x, while viscosity, or shear, to thefadiagonal ones.

1.3 The Cosmic Microwave Background

1.3.1 Main phenomenology

The CMB is made by photons that carry information of an epactvhich they
were interacting electromagnetically and gravitationallith the other species.
During that epoch, the Thomson cross sectignbetween electrons and photons
was large enough to keep the latter in thermal equilibriurth\thhe rest of the
fluid (tight coupling regime). As the Universe expanded gtoand the tempera-
ture dropped dfticiently, the electrons started to recombine with nucletorsying
hydrogen and helium atoms and causing the cross sectioreéetelectrons and
photons to rapidly decay. The photons stayed in thermalibgum until the mean
free path, = 1/(neot), got larger than the horizon:

A, >H?1 (1.0)
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This epoch is calledecoupling The physical quantities in the relation above con-
spire to set this epoch about 3000 years after the Big Bang, corresponding to a
redshift of about &+ z ~ 1100. To be noted that the decoupling process was not
instantaneous, and took an interval of ab&amt~ 100.

Soon after that time, CMB photons may be thought to be fremasting in
any direction. Therefore, they represent a sort of snapshibieir distribution at
last scattering. They bring to us a picture of the anisoé®pas they were in the
Universe at the last scattering surface (LSS).

We may expect to see two classes of records in this image, fiesintensity
coming from a given direction should be recording the enefgyhotons and the
metric perturbations at the LSS. Second, since the decauplas not instanta-
neous, photons in general had time to generate an anisotogular distribution
around the last scattering electrons, that were then abliegarly polarize the
light through the Thomson scattering, bringing to us extfarmation in terms
of cosmological perturbations. We describe these prosessee in detail in the
following.

1.3.2 Linearly perturbed black body

Photons are described as a fluctuating perfect relativiisiid at thermal equilib-
rium. At the temperatur&, the number densitgin, of photons with energ¥ and
momentumg is that of a black body obeying the Bose-Einstein distriuff with

g, = 2 degrees of freedom:

_ 3._ % 3
dn, =F(E, T)d’p= XPE kaT) = 1d p. (1.0)

The perturbed distribution of the black body can be obtasiewbly by replac-
ing E with E + 6E:

Oy Oy
_ , 1.0
exp(55E) -1 exp[iE&(1-0)-1 (1.0)

where® = —6E/E may be interpreted as the first order correction to the teaper
ture T which would lead to an equivalent perturbation to the blasybspectrum

if E was unperturbed. As we will see through this Chapdas the key quantity to
characterize the CMB anisotropies. At first order, one catewr

Y
expE/ksT) - 1
ex kgT
_oE 9 oPEkeT) (1.0)
ksT [exp(E/ksT) — 1]2

©® may depend on a generic spacetime poink), as well as on the photon mo-

mentap“. Definingriasp = EA, we can write® = O(r, X, A, E) . On the other

hand, we do not allow to depend ore, as that would represent a distortion of the

E d
oF =-0 ksT d(E/kgT) [
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black body spectrum and the breaking of thermal equilibriMvithin this assump-
tion, the perturbed spectrum is still black blackbody foy apacetime position and
photon propagation directio® = O(z, X, ).

1.3.3 Polarization

An homogeneous and isotropic black body distribution isalamized by defini-
tion, but if the black body temperature varies with posito photon propagation
direction, this is not true anymore. Indeed@ifis measured on a given direction ~
one may project the intensity onto two perpendicular axésogonal tonforming
the polarization plane We can define:

Q(T’ X, ﬁ) = ®|| -0, U(T’ )z) = ®H -0y, (10)

which are the Stokes parameters describing linear potagavhere the symbols
} and¥ represent axes rotated by 45 degrees with respect to thedefiaig Q.
The last Stokes parametér, would be needed to describe circularly polarized
radiation, but since the Thomson scattering producesrlipelrization only, we
will not consider it anymore. The polarization behaves aank 2 tensor.

It is possible to show tha andU represent the amplitude of the decomposi-
tion of the polarization tensor into the Pauli matricesandos:

P=Q0'3+U0'1=(8 _L(Jg) (1.0)

Under a counterclockwise rotation of axes aroumthrough an angley, Q and
U exchange their roles; on the other hand, it is possible tavghat the quantity
Q = iU transforms as

Q+iU - & (Q=+iV), (1.0)

making manifest the spin 2 nature of the polarization fieldfilting the matrices
1 .
Mi25(0'3¢IO'1), (10)

one also obtains

P=(Q+iUM,+(Q-iUM_. (1.0)
The polarization tensor is often described through its &oge /Q? + U2 and a
direction defined as:

U
2¢ = arct . 1.0
¢ = arc an6 (1.0)

If Q andU rotate of a given angle) remains unchanged, representing plodar-
ization directionon the polarization plane.
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1.3.4 Harmonic expansion

The dependence @ andQ + iU on the argumentg andri makes these quantities
suitably expandable in Fourier eigenfunctions and sphkeharmonics. Concern-
ing the latter, in this Section we perform twdigirent kind of angular expansions,
made in two diferent frames.

The first case is the natural expansion, made in the labgrétame, corre-
sponding to the and ¢ directions defined in the previous Section. The second
choice is less intuitive, but extremely useful to deal with CMB dynamics, as we
will see later. This is th&—frame expansion, flierent for each Fourier wavevector
and having the direction & coincident with the polar axis. Let us see these two
cases separately.

Lab-frame

Spacetime dependence and harmonic expansion are compietebendent. There-
fore, for any given positiorx, the angular expansion 6fandQ + iU is

®(T’ K ﬁ) = Z ®Im(7’ X)Y|I’T1(ﬁ) s
Im

(Q+iU)@ X M. = > (Q = iU)m(r, Q2 Yim(IMs (2.0)
Im

where we notice tha + iU has been expanded tensorspherical harmonics,
indicated as,Yim(f), being the components of a rank 2 tensor. This is the hanoni
expansion in the lab-frame, defined by thend¢ directions.

The expansion cdgcients in (1.3.4) fully describe the CMB observables; how-
ever, for polarization, two more quantities can be defindtk fivo combinations:

1
Y5 Mg = 5 @YmM 4 +2YinM) ,

1
YEMp = 5 @YmM.+ = 2YinM ) (1.0)

turn out to be extremely useful because of their special ection with the cos-
mological perturbations. ThE and B notation has been chosen because of the
parity relations between these two quantities in analogh e electric and the
magnetic fields. It can be showed that they represent theegraaind the curl of
a scalar and vector potential, respectively. In Fig.1.1 ketch typicalE and B
patterns, generated byfi#rent contributions of Q and U. It is easy to see that, for
parity inversionn"= —f, wherer'is the direction perpendicular to the figure, only
B modes are changed.

Using this new definitions, the polarization tensor can bi&evr.

P=> (EmYmMe + BmYMs) , (1.0)
Im
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Q>0 U=0 Q<0 U=0
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E<0 ‘

/‘\ NS

Figure 1.1:Typical patterns foE andB modes. From Zaldarriaga, Seljak (1997).

where the new cdicient are:

Eim = 5 [(Q+1U)im + Q= Ui

Bim = 5 [(Q+ V) — (@~ V)] - (1.0)

The great advantage on using these quantities, as we wilasae is that theE
modes are excited by all kinds of cosmological perturbatiavhile theB modes
are activated only by the non-scalar ones.

Itis now straightforward to introduce the angular powercsgzeof CMB anisotropies.
At any spacetime locatior, they are defined as:

% 1
CPw R = 57 D, O 9
m
~ 1 .
CPE %) = 577 D, Om(r. DER(1. 9 .
m

CO%r ) = 5 > Ol VB (5.9

. 1
CrE = > IE 2
I A+1 4 |Em(, X)I°,
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~ 1
@BB _ 2: B 2
| A+1 4 |Bim(7, X)| >

< 1
CEB = o 1; Eim(, QB (7, X) . (1.0)

Although this represents a lossy compression of the CMBrehbtes, (the phases
of the aj, codficients are definitely lost), it is still convenient from theimqt of
view of a statistical description. Moreover, if tkﬁn codficients are Gaussian
variables with known variance, no physical informationagled into the phases of
CMB anisotropies, so the compression (1.3.4) is lossless:

< OmOrny >= CP%61 6mmt » < OmErmy >= CPES1 St

< EmE;j,y >= CE501-0mnt » < BmBrm >= CP261: 6mm
< OmByw >=0, <EmB;,, >=0. (2.0

The vanishing spectra above are due to thedince in parity relations. It is
important to distinguish between the angular power spéct(a.3.4), defined on

a given realization of the cdiicients, and those in (1.3.4), which are supposed to
describe the averaged variance of the anisotropy powertbeewhole Gaussian
statistics.

k—frame

We now want to perform the harmonic expansion of the tempezdtuctuations
O(t, % 1) in the k—-frame, where the polar direction is parallell?toThis expansion
has to be done after we moved into the Fourier space. Indeetiarmonic modes
for @ are given by:

Gin(% K. ) = () V(K 9y 5 Y75 (1.0)

whereYim(f;) are the usual spherical harmonics, the subscript indichggris ex-

pressed in th&—frame, and the constants in front are purely conventiorié; x)
represents the Fourier expansion mode, correspondingue pvaves for flat Uni-
verses.The harmonic cieients of® along the basis (1.3.4) are given by:

Om(r, K) = f d3x f dQE@(T, %, A)Gim(K, X A) (1.0)

and the full expansion @ is

O(z, X, fi) = f > Om(r, Gim(X, K, Mk (1.0)
Im
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For polarization, the expansion is analogous and procemtteptually as out-
lined in the previous Section for tHeandB modes .The polarization tensor in the
k—frame is given by:

P(r, X 0) = (Q+iU)(r, X, M, + (Q—-iU)(r, X, A)M_ =

- f d3kZ[E|m(r, KGE (ME + Bin(r. IGE (AMEK | (1.0)
Im

where all arguments have been made explicit.

The use of thék—frame is convenient because, as we will see, cosmological
perturbations only activate a few modes in it. At the end eftieatment we will
make an explicit connection between theérame and the more intuitive lab-frame.

1.4 CMB dynamics

The CMB distribution is ffected by two processes, gravity and Thomson scat-
tering. Therefore, by propagating the total time derivativ all arguments, the
Boltzmann equation for the CMB may be written as:

dF OF oOFdX OFdE oFdn — =

E_E*—ﬁa-kﬁ@*—ﬁa_e-’-c’ (10)
where the two terms on the right hand side represent thetgtiavial and Thomson
scattering, respectively. The first simplification coneetime first term: since the
distribution does not depend explicitely on tind&,/dr is null.

At the perturbation level, Eq.(1.4) determines the evoluif O(z, X, ). In a
flat FRW background the last term in (1.4) contributes onlgéoond order and
we neglect it. Moreover, the termiX /dr may be directly related to the photon
propagation directiony’, dX/dr = (dX/dp) - (dp/dr) = p'/p® = n'. Therefore,
exploiting the perturbed expression (1.3.2) the pertuibelizmann equation may
be written as:

®+Nn-VO =6G +6C°, (1.0)

where the gravitational and Thomson scattering terms will be defined.

Gravitational scattering

The time derivative of in (1.4) is determined by the the geodesics propagation
of photons in a linearly perturbed FRW metric. As we haveoditiced before, the
latter may be written as

gyv = az(vi + h,uv) > (1.0)

whereh,, represents the perturbation.
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The complete computation of the gravitational term can hedoin Sachs
& Wolfe (1967). We report here the final result for arbitrdry,, useful for the
following discussion:

_d® _ d@E/E) _ —}hij,oninj N

1
dr  dr 2

zhoo’i ni - hOi’oni . (1.0)

These relations determine thé term in (1.4).

Thomson scattering

The CMB temperature today 1 ~ 3K which corresponds te 1 eV at decou-
pling. The most relevant interaction for photons at thesgias is Compton scat-
tering onto non-relativistic electrons, indicated by tokdwing relation:

e (o) +¥(p") = e (@) + ("), (1.0)

whered, p*, ¢/, p*’ are the electron and photon incoming and outcoming quadri-
momenta, respectively. We are interested in the changeeiphbton distribution
F from Compton scattering.

We don't write explicitely the computation here and justjidhe reader to Hu
and White (1997). The final result for the collision term fr@ompton scattering
is:

ad .
6C® = aneo-TEa—E((D S ELAR (1.0)

wherevrepresents the peculiar velocity of electrons, and we difime diferential
optical depth: _
¥ = ano . (1.0)

Eq.(1.4) represents the Thomson scattering term in (1.4xlggous terms, which
we do not write here explicitely, drive the evolution of Qe iU terms, character-
izing the linear polarization of CMB photons.

1.4.1 The Boltzmann equation in the harmonic domain

We now expand the perturbed Boltzmann equation in sphehiahonics in the
k—frame. This will lead us to important conclusions.
The first thing to notice is that the gradient temAV becomes a dipole term

given by
if-K= i,/i;kvf. (1.0)

Thel = 1, m = 0 spherical harmonic function above multiplies the fio&nts
of the k—frame expansion fo® andP in the expansions (1.3.4) and (1.3.4), cou-
pling different angular terms between each other. This is actuall{etie which
describes thdree streamingi.e. the projections of local anisotropies on larger
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and larger angular scales as time goes. In the harmonic &siprefor the Boltz-
mann equation this means that the power is transferred dgafiynffrom | to | + 1
(this can be seen easily applying the Clebsh-Gordan decsitiggoto the prod-
uct of (1.4.1) with the spherical harmonics@), i.e. during the free streaming the
anisotropy power at higher and higher multipoles is poalafs we will see later,
the anisotropy pattern we see today in the sky on all angukles is essentially
given by the monopole and dipole of the radiation field at deting. Similarly,
one can see that, in tHe-frame, the scalar metric perturbations activate= O
terms only in@lm and Elm, while tensor perturbations excite ®1“ EIm and BIm the
m = =2 modes only

The expansion of the Boltzmann equation proceeds straigefdly with spheri-
cal harmonic algebra, becoming an infinite set of evolutignagions for the har-
monic multipoles in® andQ + iU. Its expression fo®" is:

oK™

. . ok™
®|m + 19®|m -k ﬁ@lnll - ﬁ)®ml) = |m s (10)

wheres™, = /(12— m?)(12 — )/I2. In this relation, the second term on the left
hand side represents the friction due to Thomson scatteringsing a damping of
anisotropies because of the scattering itself, while tird time is the free stream-
ing; the source terr§" collects all the contribution from the metric perturbason
and the remaining ones from Thomson scattering. Let us i explicitely:

SY =903 -, S? =2+ k¥, S =P, (1.0)
Sil = ovit, sit = 9Pt (1.0)
SE2 = P2 — HE?, (1.0)

where: B
1 6

P =@= - —

10 10

An analogous computation gives the evolution equationthtE andB modes:

ED. (1.0)

. . 2K|m 2m 2K|ml
E'mWE'm_k(z—l Ry L i i
= —9V6P™S), (1.0
g gpn k(2 g 2M pm 2agm ) (1.0)
' ' 2-1"17 00+ 2437 '

Several interesting features may be noticed here. Firs, evident how theB
modes may exist only for non-scalar perturbations: theofrupy power activates
Bonly if m# 0in Eq.(1.4.1), since the right hand side is null. This is tno¢ for
E modes. Second, the free streaming mikesnd B dynamically for each given
pair of | andm values, as it is represented by the presencBbfn (1.4.1) and
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EMin (1.4.1). Third, the power transfer from total intensity olarization and
back is represented by " term defined in (1.4.1) and shows that the polariza-
tion perturbations are activated by the quadrupole termwAshall see later, the
anisotropy power is sourced by the metric perturbations elkag the monopole
and dipole in the® function; by free streaming, the power is transferred to the
quadrupole and the higher moments, activating the polasizand projecting the
whole anisotropy spectrum at higher and higher multipoles.

1.4.2 Acoustic oscillations and large scale power

The integral solution to the Boltzmann equation is easilyieed in thek—frame
(Hu and White, 1997):

Oun(ro R =@ +1) [ dr 7 S Sin(e R Mo -] (1.0)
I/

where -
'ro—'r=f ddr’ | (1.0

represents the optical depth for Compton scattering betweeepoch correspond-
ing to T and the present. Similar solutions are found for E and B modes

This solution fully accounts for the relevant CMB anisotrgghenomenology.
The integral over the conformal time may be seen as a linegbt sveighting of
the diferent contributions. More in detall, let us consider settpe perturbations.
Plugging into Eq.(1.4.2) the expressions for the sourceth@fperturbations in
Eqg.(1.4.1), one obtains:

% = fo " dre” To{[#O@go(t, K) + F¥(1, K) + ¥(1, K) — D(1, K)]-
jilk(ro = )] + M7, K) jHk(ro — 7)] + PO, K) jPk(ro — 7)) . (L.0)

It can be shown that the terms proportional to the combinataf ~7° selects con-
tributions at the last scattering only, since that is thedpod of &, a sort of step
function with is non-zero at decoupling and earlier, wéfit”0, that is one up to
decoupling and then exponentially suppressed. The §8%is a combination of
the Bessel functions and their derivatives (Hu and Whit&7)9that are sharply
peaked at multipoles,~ k(ro — 7). The product betweejf® andde’ ~° creates a
one to one link betweehandk, | ~ k(tg — tged. This relates the particular scate
to the angle at which it is probed, that simply correspondfiécone subtended at
last scattering:

by k1

0=~ :
| TO — Tdec
For scalar-type fluctuations, th&ects which are picked up at decoupling are

four. The first one is the monopole of CMB anisotropi®gg, that represents the

(1.0)
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contribution from the intrinsic photon density fluctuatsoat last scattering. The
second one is the gravitational potentl known as Sachs-Wolfeftect, repre-
senting the contribution from the metric fluctuations at kttering, simply due
to the redshift or blueshift which photons undergo comingaba gravitational po-
tential well or hill, respectively. The third one is a Doppéhift, due to the electron
peculiar velocityvg. Finally the fourth one is a combination of the total intéysi

and polarization quadrupoleB? = (0,9 — V6E20)/10, related to the anisotropic
character of the Thomson scattering.

Afifth term is represented by the time derivatives of the gational potentials,
¥ — . Along the line of sight, this is multiplied by the quanti&f~"°, which is
essentially equal to 1 from decoupling to the present. Theéams thatV — @ is
integrated along the whole line of sight of CMB photons ark&santo account the
variation of the gravitational fields experienced by thetphdraveling to us. Itis
known as Integrated Sachs-Wolfe (ISWWijezt.

As we stated above, integral solution exists also for poddion. It may be
shown that the latter contains only the first kind of contiilmos, i.e. the one which
comes from last scattering, as polarization is generatetidojocal quadrupole in
0 at decoupling.

Tight coupling and acoustic oscillations

Most of the phenomenology of the CMB dynamics@noccurs because of the
competition between gravitational infall and photon puess This can be easily
seen in the limit of infinitely strong coupling between phwtand baryons (tight
coupling). In this regime, the hierarchical equation sys{é&.4.1) reduces to two
equations fo®§ and®?, which correspond to the baryon-photon fluid density and
peculiar velocity perturbations, respectively (Hu and Whi997). The equation
for @3 is simply:

k2 k2

It can be shown tha? is slowly varying when sub-horizon angular scales are con-
sidered. Therefore, the solution is made by a superpostforpsine and sine
modes, with @set given by¥. This setup corresponds precisely to acoustic oscil-
lations activated by gravity. Although in this simple exdenposmological quanti-
ties remain rather hidden, these oscillations markedhedémn the various abun-
dances, density and velocity perturbations, as well asittted primordial fluctu-
ations inW, giving us important insights on the physical conditionghase times,

as we will see later.

.
O

1.5 The CMB anisotropy angular power spectrum

In this Section, after introducing the primordial power &pem of the perturba-
tions, we will focus on the CMB power spectra, expliciting tink between the
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k—frame and thdab—frame. We will then give a phenomenological description
of the diferent features that the power spectra show, both in totahgityy and
polarization.

1.5.1 Primordial perturbation spectra

As we have seen the Boltzmann equation, Eq.(1.4.1), drive®volution of the
photons fluid. The perturbations are activated by the saeroe on the right hand
side. They depend on the gravity tertifs ® and Hrt, defined in Sec.1.2.4, the
latter term being the amplitude of the gravitational waves.

The inflation excites all the metric components, but, wHike tector contribu-
tions are washed away by the expansion, scalar and tens@ocamts keep being
relevant. Historically, cosmological perturbations hbeen classified according to
two distinct families of initial conditions. In the iso-owature scheme, the super-
horizon metric perturbations are arranged in order tofyutie linear perturbations
to the curvature. On the other hand the adiabatic (or ismpit) perturbations do
possess large scale curvature fluctuations and tfiereint species are arranged
together as dictated by thermal equilibrium. In the inflagicy paradigm, where
perturbations were born inside the horizon, thermalized, siretched outside by
the expansion, a negligible or null contribution from isgA@ture perturbations is
predicted. Therefore, only adiabatic perturbation willdoasidered in this work.

In addition, assuming Gaussianity, the density pertunbatiare characterized
by the following relation:

< 6k >= P(K)S(K - K') (1.0)

whereP(K) is the power spectrum and completely characterizes theiétions. It
may be shown that the request of having the same amount afttogéc power
(i.e. k3P(k)) on all scales at the horizon crossing implies @t k) « k (Harrison-
Zel'dovich spectrum).

Deviations from scale invariance are parameterized thrdig introduction of
the scalar spectral index for perturbationg, such that

P(7,K) o K™, (1.0)

whereng = 1 reduces to the pure scale invariance.
The power spectrum of gravitational waves is also charaetgby Gaussianity
and defined similarly:

< Hr(KHT(K) >= Pr(K)o(K - K) . (1.0)

Pr(K) is also a power law in most models of inflation, characterilzg an ampli-
tuder and a spectral index;. In the simplest model, where the inflation energy
density is represented by a single scalar field with a defmiss,r andny are
related by:

n=r/6.8. (1.0)
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Measuring these parameters is equivalent to constraihi@gnflationary mecha-
nism.

1.5.2 Total intensity, E and B mode angular power spectra

Now that we have the solution for the Boltzmann equation we aampute the
C, of the CMB. The last step to be made is the connection betweeabserved
quantity in thelab—frame with the one evaluated in theframe. For the angular
expansion ca@écients of the temperature anisotropy it is (Hu and White, 7199

C = ; f K2dK® (r, k) . (1.0)

In Fig.1.2 we show the theoretical CMB power spectra forltimiiznsity and po-
larization, according to the current Cosmological Conea® Model.

Let us start with the TT power spectrum (black line). At laggales { < 100)
the spectrum is almost flat because the angular scales pone$o wavelengths
which were outside the horizon at decoupling, reflectingesicaariance. At lower
multipoles, the power spectrum grows slightly because efltitegrated Sachs-
Wolfe effect, that enhances fluctuations at large scales, but ragéistys as con-
tributions at smaller scales tend to average out.

As the perturbations enter the horizon in the tight couptiegime, they start
to oscillate as described before. The position of the peak®spond either to
maximum compression or maximum rarefaction in the fluid. fhase, the height
and the relative amplitudes of the peaks of theseustic oscillationsn the CMB
power spectrum are most important tools to infer many pararsén the model.
Finally the damping tail of the spectrum is due to the loss aliezence in the
anisotropies because of the finite width of the LSS: smatlpleations are washed
away as the dierent photons decoupled infidirent regions within the LSS.

For what concerns the EE power spectrum (red line) the fiegtife to note
is that the acoustic oscillations are in counterphase vagipect to TT. Indeed,
in the tight coupling regime, at the time in which the acaustscillations take
place, it may be shown that the quadrupole is proportiontddéalipole of the local
CMB anisotropy distribution®1, and that the latter is essentially the velocity of
the photon baryon fluid. The maximum of the velocity is obglgureached in
the middle of an oscillation, between compression and aatiei, i.e. when the
temperature power spectrum is in a well (to be noted here@has proportional
to the derivative 0f®g). Another feature is the bump &t < 10. It is due to
reionization: the photons, in their travel to us, interdotégth the local reionized
medium in the Universe. With a mechanism analogous to theoorthe LSS, the
qguadrupole of the photon radiation scatters with free sdestand power is then
generated on large scales (corresponding to the horizdragtiine). Finally, the
TE power spectrum (blue line) expresses the high level gktation between total
intensity and polarization. This reflects the fact that poétion is mostly due to
the temperature anisotropies.
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The BB power spectrum (green line) is actually the collag¢hcée diferent
physical processes. First of all it shows the same bump atrlaltipoles as the EE
power spectrum. Second, there is a pedk-all00. As we know, at the decoupling
the quadrupole contains the term due to the gravitationaésédr, that is almost
monochromatic ir?, i.e it selects multipoles that correspond to perturbatithrat
were entering the horizon at the decoupling. Indeed, fdesdarger then the hori-
zon no polarization is expected since super-horizon geations cannot interact
by definition, while, at smaller scales, once the pertudnetientered the horizon
they are rapidly washed away, because they are masslesamut éxperience
any pressure. This explains the rising shape of the speatuio ¢ ~ 100 that
is quickly damped at larger multipoles. The rise we actuaée in the plot for
¢ > 100 is the contribution of a thirdfiect: the gravitational lensing. Indeed,
photons traveling to us are perturbed by local gravitatifie&ds that twist the po-
larization patterns of the CMB. Reminding Fig.1.1, it ise#&s understand that
even a small change in the patterns causes a mixing betwesthEE@odes. Since
the former are much larger then the latter, the contaminatioche BB power spec-
trum is expected to be high. The power at multipoles arour@id 18 then due to
power coming from the E modes, as the evident correlatiowdet the two lines
demonstrates. The gravitational lensing is a valuabletoiap the matter in the
Universe and probe structure formation and dark energfheasrbss section of the
lensing is exactly half a way between the LSS and us, at abeutl (Lewis &
Challinor, 2005; Acquaviva et al., 2006).

1.6 Status of CMB data and future expectations

Since its discovery by Penzias and Wilson in 1965, the CMBUess the target
of many experiments. The first one to find evidence for the CMiBatropies was
the COsmic Background Explorer (COBE) satellite that obegthe CMB on all
the sky on angular scales larger th&(3moot et al., 1992).

While another satellite mission was being prepared, mahyoshital experi-
ments measured the CMB radiation on limited portions of the &mong these
we quote here BOOMERANG (de Bernardis et al., 2000) and MAXIf#ianany
et al., 2000) who were the first to detect the acoustic peait@imfer the flat-
ness of the Universe, while the first experiment to find ewigeior the polarized
E modes was DASI (Kovac et al., 2002).

A second generation satellite, WMAP, was launched in 20@iLsaiccessfully
arrived to the fifth year of observations. WMAP was able toepbs the whole sky
at 5 diferent frequencies (from 23 up to 94 GHz) with an angular e about
10 times better than COBE (see Tab.1.1 for more details). SFear release of
the data is currently the best available all-sky measureeo€tMB, both in total in-
tensity and polarization. In Fig.1.3, we report the cursgatus of the observations
for what concern the total intensity and E mode power spectiapared with the
best-fit theoretical model (red line). Together with thiss worth quoting the work
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Figure 1.2:Theoretical CMB power spectra for th€ DM model described in this Chap-
ter: TT (black line), TE (blue line), EE (red line) and BB (greline). Values for the
parameters are the current best-fit to the data. The tensoatar ratio is = 0.1.
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by Reichardt et al. (2008), who saw evidence for weak grawital lensing of the
CMB at more than & significance, by comparing the likelihood for the best fit of
lensed and unlensed models to the ACBARMAP 5-year data.

Currently, many CMB experiments are being prepared anchplhnLet us see
into details some of them.

1.6.1 Planck

The Planck satellite is a mission of the European Space Againeed to provide
a measure of the microwave sky with an unprecedented satysiti a very broad
frequency band, both in total intensity and polarizatiohe Taunch is supposed to
be at the beginning of 2009. Once the satellite will have iedahe observation
point, Planck will start a 14 months survey of the all skyngsihe two instruments
on board: the Low Frequency Instrument (LFI), that usesoradiers in the range
30-70 GHz, and the High Frequency Instrument (HFI), thas is#ometers in the
range 100-857 GHz.

The Planck mission has manyfidirent objectives. The first, most obvious
one is to provide an all-sky high sensitivity CMB map, bothotal intensity and
polarization, with an angular resolution down to 5 arc-nbixsuand sensitivity of
~ 1QuK. This will allow to tighten the constraints on the most imjamt cosmo-
logical parameters, as well as investigate open problerols aa discriminating
between dterent inflation models, the nature of dark energy and darkeméi-
nally it will set stringent upper limits on the presence ad\gtational B modes.

Beside these important aims, Planck will also provide asiysical informa-
tions on the Galactic and extra-galactic emissions, enostg@xpanding our knowl-
edges on the physics of these processes. As we will see taieiis extremely
important for the study of the CMB itself.

In Fig.1.4 and 1.5, we report the comparison of the expectadcR perfor-
mances with respect to COBE and WMAP. Compare the latteresfeiplots with
the one showing the current status of the observations éoptlwer spectrum es-
timation in Fig.1.3. Planck promises to be a big leap forwarthe knowledge of
the CMB.

No. channels  Frequency coverage Angular resolution  S@hs{tmK+/s)
WMAP 5 23-94 GHz (up to) 15 arc-min (upto) 0.8
Planck LFI 3 30-70 GHz (up to) 14 arc-min (up to) 0.17
Planck HFI 6 100-853 GHz (up to) 5 arc-min (up to) 0.05
EBEX 3 150-420 GHz (up to) 8 arc-min (up to) 0.01

Table 1.1:Comparison between the nominal performances of WMAP, RIddel +HFI)
and EBEX.
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Figure 1.4:Comparison between the expected resolution of Planck anairtes achieved
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Figure 1.5:Reconstruction of a realization of the CMB power spectruonttie ACDM
model (red line), by WMAP on the left and Planck on the right.
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1.6.2 Sub-orbital B mode probes

The cosmological B modes are the holy grail of the forthcam@MB observa-
tions. The faintness of the curl component and the presehdé&fase emission
from our own Galaxy (that will be the central topic of the n€tiapter) make the
detection of this signal extremelyficult in an all-sky survey. Sub-orbital exper-
iments are being plannédo deeply observe small, clean patches of the sky, to
achieve at the same time two important results: a high signabise level and a
low contaminated CMB map.

Among these experiments we cite here: Spidéne Polarization of Back-
ground Radiation (PolarBe¥r Clover* and the E and B EXperiment (EBEX
Since I'm a collaborator of the last one, | will introduce riddly. It is a NASA
funded balloon borne instrument optimized for the measererf the linearly po-
larized component of the CMB anisotropies, and scheduled fost flight from
North America in spring 2009, and a second one from Antaaabice year later;
the angular resolution of 8 arc-minutes, sensitivity on $hene angular scale of
about 05 uK, as well as the frequency coverage between 150 and 410 Gz, ha
been optimized for the observation of the curl component &BQoolarization.

In the Antarctica flight, EBEX will exploit 1406 bolometer tdetors to observe
an area of~ 1% of the sky in a region expected to be have a very low Galactic
contamination (see Fig.1.6). We will talk more about EBEXha last Chapter.

Yfor a complete list: httglambda.gsfc.nasa.gbv

%nttp://www.astro.caltech.edu/ lgg/spider_front.htm
Shttp://bolo.berkeley.edu/polarbear/
“http://www-astro.physics.ox.ac.uk/research/expcosmology/groupclover.html
Shttp://groups.physics.umn.edu/cosmology/ebex
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Figure 1.6:Target areas of some CMB experiments. The red region shoprésence of
the Galaxy emission and is expected to be highly contandr(gge next Chapter for more
details).



Chapter 2

Foregrounds

2.1 Introduction

In this Chapter we will review the current knowledge abowt @alactic emission
in the microwave band. As pointed out before, our capabitityemoving the
different emissions that cover and pollute the background Isigitidoe one of the
ultimate limitation in the CMB science. Thef@egroundsare indeed known to be
a serious contaminant at all the frequencies of cosmolbgiterest, both in total
intensity and in polarization.

Foregrounds can be divided into two main categorieffusi and point-like.
The former are due to fluse emission from our Galaxy, while the latter come
from unresolved (in the telescope beam) sources, both Badam extra-galactic
Obviously, since they enter into the game dtatent angular scales, these two
types of foreground have fiierent impact on the CMB power spectrum and have
to be addressed accordingly in the data analysis. During iy IFhave mostly
focused on the diuse foregrounds cleaning, developing and testing componen
separation techniques, as | will show in the next Chapter tts reason, we will
focus mainly on the diuse foregrounds and point-like sources will be treated only
marginally.

We will start by introducing the physics of the most impottdifftuse Galactic
emissions and their observations, both in total intensilg polarization, outside
the microwave band. Then, we will review the main results &P for what
concern the foregrounds: what that data-set can tell us doad & still missing.
Finally, we will conclude the Chapter with a discussion omvhibe difuse fore-
grounds contaminate the CMB signal.

IN.b.: In this distinction, we are neglecting a few galaxysttus that are still resolved in a typical
CMB experiments

33
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2.2 Diffuse Galactic foregrounds

The difuse emission in the microwave sky, beside the CMB, comeslynfaom
three Galactic components: the synchrotron radiation feteastrons spinning in
the magnetic field, the free-free radiation associated witized interstellar gas
and the thermal radiation of interstellar dust. Moreovewe will see later, there
are also several clues on the existence of anotliersgi Galactic component that is
still not clearly identified today but it is likely to be redat to spinning dust grains.
We will conservatively call imnomalous emission
Before entering in the discussion, it is useful to introdtiefollowing quantity
that we are going to use to define the intensity of the signtids: antenna (or
brightness) temperature. It is the temperature at whiclaekbbdy would have to
be in order to mimic the observed intensityof an object at a frequenoyin the
Rayleigh-Jeans limit: ,
I,C
Tp = 22k (2.0)
wherec is the speed of light anklis Boltzmann’s constant.

2.2.1 Synchrotron

Synchrotron emission arises from the acceleration of cosayi electrons in mag-
netic fields. The morphology of the observed emission depéath on the dis-
tribution of the relativistic electrons in the Galaxy and thie Galactic magnetic
field structure. The latter is generally weak in our Galaxyigally of the order

of a few microgauss) and then thdfdse synchrotron emission is mostly observed
in the radio band. Another small contribution is expectenrfidiscrete supernova
remnants, but they contribute only10% of the total synchrotron emission at 1.5
GHz (Ulvestad, 1982).

Across the Galactic plane, the Galactic magnetic field atehiblarge-scale or-
dering with the field parallel to the spiral arms (regular pament). Superimposed
to this, there is an irregular component with small scalacstires which shows
variations between the arm and inter-arm regions and wspbase. The regular
and irregular components seem to be of comparable magnifidegh latitudes,
there is a contribution from the Galactic halo, and speci@arhy structures, i.e.
the North Polar Spur (Rybicki & Lightman, 1979) .

One of the most important properties to characterize thetspiron emission
is its behaviour with frequency, usually characterized tgpactral indexgs. In-
deed, over a large frequency range, the intensity, in aatéemperature, of this
component can be modeled by means of a single power law:

v\Ps
Ts(v) = AS(—) , (2.0)
Y0

whereAg is the synchrotron amplitude, in a given position of the slitythe fre-
quencyyg. It exhibits a quick decrease with frequency, (typical ealaress ~ 3),
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reflecting the energy distribution of electrons.

Variations in the frequency spectral index of the synclamirontinuum emission
arise from variations in the cosmic ray electron energyspat, which has a range
of distributions depending on age and the environment gfiroife.g., supernova
explosions or dtuse shocks in the interstellar medium). Reich & Reich (1988)
used radio continuum surveys of the Northern sky at 408 a2 MHz, from
Haslam et al. (1982)to demonstrate a range of spectral index values between 2.3
and 3.0. The steepest spectra were observed towards thie Ragr Spur, and
there was a flattening in spectral index towards higheruldgis in the Galactic
anti-center direction. Such behavior has been confirmedtbedull sky by Reich

et al. (2003), who find that the flattening is particularly moanced in the South-
ern hemisphere. At higher frequencies, the antenna tetuperspectral index is
expected to steepen by 0.5 due to electron energy lossdar{llat al., 1998).
Banday et al. (2003) derived a mean spectral index betwe8riviz and 19.2
GHz from the Cottingham (1987) survey and between 31.5, %398 GHz from
the COBE-DMR data: they found a steep spectral index3L for Galactic lati-
tudes|b| > 15°, consistent with expectations. Bennett et al. (2003) cldiat the
spectral break occurs near the WMAP K-band. Spectral iscib®ve 10 GHz are
then likely between 2.7 to 3.2.

Given its physical origin, synchrotron radiation can be@mstfly polarized in
the direction perpendicular to the Galactic magnetic figldgrinciple up to 75%
(Rybicki & Lightman, 1979). The polarization has been meedwat a number of
frequencies from Leiden between 408 MHz to 1.4 GHz (Wollebeal., 2006 ),
from Parkes at 2.4 GHz (Duncan et al., 1999), and by the Me@afactic Latitude
Survey at 1.4 GHz (Uyaniker et al., 1999). The morphologyhef signal showed
a substantial power on small angular scalgs { £~2) and no dependence on the
Galactic latitude up intermediate latitudes. Moreoveereif the theoretical upper
limit is higher, typically measured values for the fractigipolarization reached a
few percent.

Indeed, these observations aféeeted by the Faraday depolarization. Elec-
trons in the Galactic magnetic field rotate the directionafpzation because the
left and right circular polarizations propagate witlfeient velocities in the in-
terstellar medium (Faraday rotation). Such rotation isrcfion of the electron
density and the component of the Galactic magnetic fieldgatbe line of sight.
In our Galaxy, given the strength and properties of the Gialasagnetic field, a
typical value for the net rotation is6 ~ 420° /v?, with the frequency expressed
in GHz. This means that at WMAP frequencies thieet is negligible, while it
becomes important in the radio band. For these reasons @ ertidpolation from
the low frequencies can be problematic in polarization aedigcare must be taken
when using low frequency maps as tracers of the synchrottariped emission
at microwave frequencies.

’Haslam et al. (1982) represents one of the most importachsgtron surveys, covering the all
sky, with a nominal resolution of 52 arc-minutes.
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2.2.2 Free-free

The free-free is a non thermal emission due to bremsstrghd@ifree electrons in
presence of Hydrogen ions, in the so called té¢gions. The scatter of the elec-
trons produces microwaves with an antenna temperaturgrgpe€ss ~ »~214
(Rybicki & Lightman, 1979), given a temperature of the alecs, Te ~ 8000K.
Radio astronomy provides no free-free emission maps bedadses not domi-
nate the sky at any frequency. Nevertheless, as discusdehimett et al. (2003),
high-resolution maps of &tlemission can serve as approximate tracers of free-free
emission and several large-area slrveys of the sky are indeed available. Among
them we list here: the Wisconsin H-Alpha Mapper (WHAMhat used Fabry-
Perot spectroscopy on an angular scale’afdvering the northern sky ~ —30°),

the Virginia Tech Spectral-Line Survey (VTSS) that ex@dita filter system with
an angular resolution of 1 arc-minute and covers the soutsler (Gaustad et al.,
2001), and the Southern H-Alpha Sky Survey Atlas (SHASSA) tised a similar
approach in the northern sky on a 3 arc-minutes scale Damisal. (1998).

The major issue in estimating the free-free emission ouh@s$é cited surveys
is the fact that the absorption by interstellar dust mustaliert properly into ac-
count; this correction is significant at intermediate anddoGalactic latitudes, as
reported by Dickinson et al. (2003).

2.2.3 Thermal Dust

The thermal dust emission that contributes to the freqasnai interest for CMB
analysis arises mostly from grains large enough to be imtakequilibrium with
the interstellar radiation field, and is known from analysfsthe Infrared As-
tronomical Satellite (IRAS) and COBE-DIRBE data to peak atavelength of
approximately 14Qum. The dust is mainly composed by a mixture of compact
graphite and silicate grains. The spectrum of the dust tiadi#s a so called grey
body, that is a not isolated black body warmed by the stat.ligkt higher fre-
qguencies, there is a contribution from the optically activedes of the polycyclic
aromatic hydrocarbons (PAH) molecules, but these are tatasting for our dis-
cussion. In the Galactic plane where several clouds oventafhe line of sight,
results are easier to interpret in term of physical propsrtif dust. Nonetheless,
studying the dust as a CMB contaminant requires a good kmigslef dust emis-
sion also outside the Galactic plane. At these high latgutiee determination of
the Galactic component relies on the existence of a spatieglation between gas
and dust and thus of gas emission lines with the associatstdethission. The
correlation which has been the most extensively invesaja the one between
IR emission and the 21 cm line from atomic hydrogen. It turnstbat the dust
spectrum is well fitted by a single Planck curve with an emaigsproportional to
v? and a temperature of 17.5 K (Draine & Lee, 1984).

3httpy//www.astro.wisc.edwhamnyindex.html
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In the microwaves, using the Far Infrared Astronomical Ba€¢FIRAS) data,
Finkbeiner et al. (1999) showed that the one temperaturaifitbe significantly
improved by including a second emission component with atéonperature (£9
K) and an IRvisible emissivity ratio one order of magnitude larger thiat of
the warmer component. It is unclear yet what is the physidglroof such a cold
component and in particular if it represents the emissiomfgrains that are cold
due to large sub-mm emissivity. This second component wiitngperature of
about 9 K can be seen as a sub-mm excess with respect to-thié K modified
black body. Such an excess has also been detected in theofiecdata (Benoit
et al., 2004) and confirmed by Boomerang (Masi et al., 200A MAXIMA (Jaffe
et al., 2004). The model by Finkbeiner gives for the dust faixhe frequency:

f1(01/02)(v/3000 GHzJ 3 f,(v/3000 GHZz}2*3
KT — 1 AT P

wheref; = 0.0363,f, = 1 - f1, @1 = 1.67,a2 = 2.70,q1/02 = 13, T1 = 94 K,
T, = 16.2 K, andh andk are the Planck and Boltzmann constants, respectively.

Lots of experimental data on dust absorption of starlighiehaeen gathered
and show that this absorption generates polarization. Btgral explanation of
this is that dust grains are aspherical and that they arelyraigned. A compi-
lation of these measurements and a mapping of the polanizdirection started
by Serkowski et al. (1975) show that this alignment is higtdyrelated with the
Galactic magnetic field and that optical polarization tetalbe aligned with the
magnetic field. It therefore implies that grains are orth@do the magnetic field
on average. Qualitatively, the incident radiation (optis@avelength) polarizes
the grains and generates electric dipoles that will in tawhiate. Millimetric or
sub-millimetric measurements of the Galactic dust paddign are usually con-
centrated in Galactic clouds and starforming regions withnainutes angular res-
olution (Hildebrand et al., 1999). They show a few per cerappation and no
clear frequency dependence. The first observations on #argelar scales of the
polarization of the Galactic dust emission are provided bgh&ops at 353GHz
(Benoit et al., 2004). The Archeops data show a significdattye scale polarized
emission in the Galactic Plane, with a polarization degreé586, with several
clouds of few square degrees appearing to be polarized & than 10%.

Dust flux o« (2.0)

2.2.4 Anomalous emission

Inrecent years evidence has been reported for an additibeammal dust correlated
component called anomalous microwave emission, that mayrdde, at least in
some Galactic regions, in the 20-40 GHz range where it hasgaéncy spectrum
similar to synchrotron. It may be caused by tiny, fast spigndust grains (Draine
& Lee, 1998; de Oliveira-Costa et al., 2004). Indicationghig emission are found
by analyses of several CMB experiments (see Bonaldi et@D72and eferences
therein).



38 CHAPTER 2. FOREGROUNDS

Although Bennett et al. (2003) concluded that spinning damaission con-
tributes less than 5% of the WMAP Ka-band antenna temperagwidence of the
anomalous emission was uncovered by combining WMAP data etier mea-
surements, especially at lower frequencies (Lagache, @13; de Oliveira-Costa
et al., 2004; Finkbeiner, 2003; Watson et al., 2005 ; Davied. £2006; Bonaldi et
al., 2007). Moreover, according to Page et al. (2007), therzation properties of
this dust-correlated low-frequency componeffiatifrom those of the synchrotron,
suggesting a dlierent emission mechanism. Nevertheless, the exact ndhare,
spectral properties and the spatial distribution of thiegoound remain uncertain.
There is not even general agreement over its existence; hication of free-free
emission and strongly self-absorbed synchrotron couldl atgount for the data,
according to Hinshaw et al. (2006). In the next Chapter, wkoeme back on this
topic in the discussion related to the work by Bonaldi et 200(7), in which we
found evidences of an anomalous emission, strongly coeckhith thermal dust,
in the WMAP 3-year data.

2.3 WMAP observations

Up to now, the most powerful all-sky measure of Galactic gooeinds in the mi-
crowave band came from WMAP. In this Section we will reviewithanalysis,
both in total intensity and polarization.

To disentangle the fferent sources that are present in a sky map, itis necessary
a dedicated study callecbmponent separationThis will be the central topic of
our discussion in the next two chapters, but we need to patieisome of concepts
here, altough the WMAP methodologyfidirs from the ones we will study. The
WMAP team used a Maximum Entropy Method (MEM) to separategoosunds in
total intensity, as proposed by Bennett et al. (2003). ésdomponent separation
method, not specialized for cleaning the CMB, but usefukesating the diierent
Galactic components exploiting theifiéirent emission mechanisms and frequency
behaviours. The basic idea is to minimizg?of the modelled data, combined with
some prior informations about the components.

The starting point of the method is to model the componerasatre expected
in the data:

Tm(v P) = Temb(P) + Ss(v, P) Ts(P) + Sg(v, p) Te(p) + Sa(v, P) Ta(p),  (2.0)

where the subscripts cmb, £, and d denote the CMB, synchrotron, free-free,
and thermal dust components, respectivaly(p) is the spatial distribution of the
component at the pixelp, andS¢(v, p) is the spectrum of the emission, which is
not assumed to be uniform across the sky.

The model is then fit in each pixel by minimizing the functibikh= A + AB,
whereA = 3, [T(, p) — Tm(v p)]?/02, is the standarg? of the model fit, and
B = 3. Tc(p) IN[Te(p)/Pc(p)] is the so called MEM functional, that contains the
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prior informations (Press et al., 1992). The parametntrols the relative weight
between the data and the priors in the fit. In the functid@)dahe sum ovec s re-
stricted to Galactic emission components, &) is a prior estimate oT(p).
The form of B ensures the positivity of the solutidn(p) for the Galactic compo-
nents, which greatly alleviates degeneracy between ffereint foregrounds.

For the prior informations, Hinshaw et al. (2006) exploifedeground tem-
plates built using observations out of the microwave basdjiscussed above in
this Chapter.

A prior estimate for dust emissioRgy(p), was done using Model 8 of Finkbeiner
et al. (1999), evaluated at 94 GHz. The dust spectrum is maddas$ a straight
power law,Sq(v) = (v/vw)*?C. For free-free emission, the prid®g(p), was esti-
mated using the extinction-corrected rhosaic (Finkbeiner, 2003). The spectrum
was modelled as a straight power 188¢(v) = (v/vk) 2. For the synchrotron
emission, they constructed a prior estim&gp), using the Haslam 408 MHz map
and scaling it to K-band assumipg = —2.9.

Fig.2.1 shows the three input prior maps(p), and the corresponding output
component map9g,c(p), obtained from the 3-year data. These maps are available to
the public as part of the WMAP 3-year data release. The mapdisplayed using
a logarithmic color stretch to highlight a range of inteps$#ivels. The morphology
and amplitude of both the thermal dust and free-free emisaie well predicted
by the prior maps.

The most notable discrepancy between prior and output ngagsen in the
synchrotron emission. Specifically, the K-band signal hasuah more extended
Galactic longitude distribution than the 408 MHz emissiand it is remarkably
well correlated with the thermal dust emission. Whethes tki K-band non-
thermal component due to anomalous dust emission or moatlggkectrum syn-
chrotron emission that dominates at microwave frequerisiaest clear. Hinshaw
et al. (2006) claim that the answer to this question was nsgipte with the WMAP
data alone because the covered frequency range does nad éosteenough to dis-
entangle the two. We will be back on this at the end of the névetp@er.

Polarization observations are available at all the WMAPhcdledés. The measured
polarization amplitude P and the angleare shown in Fig.2.2. The polarization
vectors have length that is logarithmically dependent enntfagnitude of and
direction according tge. These vectors are plotted whenever the signal to noise
(P/N) is greater than unity (see the figure caption).

The analysis of these data is much mor@clilt with respect to the total inten-
sity case. The signal to noise ratio is much lower and our fowledge of the
polarized foregrounds much poorer. Then, the Maximum Bpytidethod could
not be used on this data set. In the analysis made by Pagd22@r), the WMAP
team proposed a model for the polarized Galactic emissidre tosed to explain
the general features in the observations.

The two dominant components of the polarized foregroundssion in the
23 - 94 GHz range are synchrotron and thermal dust (Bennett,e2G03). The
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Figure 2.1:Galactic signal component maps from the Maximum Entropyhdet(MEM)
analysis.top-bottom synchrotron, free-free, and dust emission with logarithremper-
ature scalesleft: Input prior maps for each componerright: Output maps based on
WMAP 3-year data. From Hinshaw et al. (2006).

ingredients for the polarization model are a descriptiothef Galactic magnetic
field and some rule to define both the fraction of polarizatod the polarization
angle across the sky. The model can be written as:

Qc = lc(R) I ge(N) coq2yc) (2.1)
Uc = I¢(R) e ge(R) sin(2yc),

wherel. is the total intensity template of the componer(either synchrotron or
dust) andIl; is its polarization fraction multiplied by anffective functiongc(n)
that takes into account cancellatioffiexts along the line of sight . Finally. is the
polarization angle.

In order to estimate the polarization angle it is necessamddel the Galactic
magnetic field properly. As explained above, the angle expected to be the same
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Figure 2.2:P andy maps for the WMAP bands in Galactic coordinates. The patidn
vectors are plotted whenever a pixel, (roughly 4 gdégleg) and three of its neighbors
has a signal to noise (R) greater than unity. The length of the arrow is logarithafiic
dependent on the magnitudelf From Page et al. (2007).

both for synchrotron and dust. It is computed as a functiathetwo components
of the Galactic magnetic field that are perpendicular to ithe of sight. We are
not entering into details of such a model here (see Page, &0dl7, for the full
explanation), we just point out that they exploited infotimas from the WMAP K
band itself to partly fit such a model. In Fig.2.3, we reporbanparison between
the angle of the magnetic fieldy = y. + 90°, derived from the synchrotron
radiation in the K-band map (smoothed with°d$am) and the predicted magnetic
field direction given by the simple model adopted by Page.€2aD7).

The ultimate purpose of these foreground models was CMBhciga more
than extracting good templates for the Galactic emissioasause, as we will see
in the next Section, the fluse foreground contamination turns out to be remark-
ably more severe in polarization than in total intensityvéheless, some global
physical features still can be drawn out of the data and theeinmonstructed for
them. First of all, it was possible to measure the large staleture of the Galac-
tic magnetic field, mainly thanks to the strong synchrotromission in the K band,
and with that to infer the polarization angle at those scldesynchrotron. More-
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Figure 2.3: Left: The angle of the magnetic fielgy = ypa + 90°, derived from the
synchrotron radiation in the K-band map (smoothed with belam).Right: The predicted
magnetic field direction given by the simple model adopted\HMAP. From Page et al.
(2007)

over, assuming the Galactic magnetic field is 1008icient in determining the
polarization direction of both synchrotron and dust, théefawas also modelled
accordingly, for what concerns teh poalrization angle.

Moreover, the WMAP data provided a measure for the poladadtaction. It
turned out to bdls ~ 15% for the synchrotron andy ~ 5 — 10% for the dust,
confirming previous results (Uyaniker et al., 1999; Benoitle, 2004). These
measures refer mostly to low and intermediate latitudes. slnchrotron,I1s is
lower than theoretical expectatior {5%) because of cancellation along the line
of sight.

2.4 Contamination to the CMB

In this Section we study the foreground properties as conims to the CMB.

The first, macroscopic distinction to make is the one betwetl intensity
and polarization. In the former case, the CMB is expectedotmidate the sky
emission, out of the galactic plane, at least in a certaigeaf frequencies. This
is no more true for polarization where, as we will see in a eihihe foreground
emission highly contaminates the background signal at mguéncy of interest.
Because of this dlierence, the WMAP team during the analysis had to cut out
two different portions of the sky to avoid the major contaminatiofooégrounds.
The masks they used are called Kp2 and P06, for total injeasitl polarization
respectively, and are shown in Fig.2.4.

A first consideration to be made concerns the behaviour ofiifierent emis-
sions in frequency and the their relative level with resgecthe CMB. In total
intensity the situation is sketched in Fig.2.5, where thecsja of the CMB and
of the other sources of contamination are shown. Theseslegédr to an angular
resolution of 2, out of the Kp2 mask. The high frequency part of the spectrum
(frequencies greater than 90 GHz) is dominated by the tHeemé#ssion of the
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Figure 2.4:Mask used in the WMAP analysis of the CMB, Kp2 for total intigngleft)
and P06 for polarization (right). The sky fraction that ig out is 18% and 27% respec-
tively.

dust, while lower frequencies are dominated by free-fres mchrotron, show-
ing different slopes as explained above. Grey bands are the frggoeverage of
the Planck channels.

The diference in the behaviour of the components in the frequencaiois
the key feature that allows to disentangle them. Comporegdration techniques
exploits exactly this handle in order to separate thgetint emissions, as we will
see in next Chapter.

The contamination level is also a function of the angulasdescThe next two
plots, in Fig.2.6 and 2.7, report the total intensity ancapaked emissions in the sky
at the diferent WMAP channels and their comparison with the CMB powercs
tra, outside the Galactic plane, using the Kp2 and the PO&smasectively. These
plots clearly show that, while in total intensity the contaation is significantly
lower outside the plane, in polarization, even if most of filneground emission
is cut out with the mask, the Galactic contribution to theltehicrowave signal
is expected to highly contaminate the CMB E modes and tolyot@minate the
CMB B modes at any frequency in the band.

In the work by Page et al. (2007), they propose a very simplgaito parametrize
the foreground emission outside the P06 mask region:

€€+ 1)C%"%/2n = (Bo(v/65 + By(v/65Pa) (™. (2.0)

where we have introduced the notatigf* = ¢(¢ + 1)C}*/2x to simplify the
expression. From an unweighted fit to all the r&w 100 data with the dust index
fixed atBy = 1.5, they find for EEBs = 0.36 (uK)?, Bs = —=3.0, B4 = 1.0 (uK)? and
m = —0.6; and for BBBs = 0.30 (uK)?, 8s = —2.8, B4 = 0.50 (uK)? andm = —0.6.
This model obviously gives an approximate guide. In FigtBe’ dashed red line
represents this equation evaluated at the minumum (60 GéiZA3, modes.

The high level of the polarized foregrounds makes it vefiidailt the detec-
tion of the cosmological B modes in the CMB, even at the mostrogtic levels
of T/S. Cleaning two dferent foregrounds, that are, at least, one or two orders
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Figure 2.5: This figure, from the Planck Bluebook, shows the spectrum MBGand
the frequency coverage of the Planck channels (grey baftdsso shows the spectra of
other known sources of fluctuations in the microwave sky.tPsysichrotron and free-free
temperature fluctuation levels referring to an angularltg®m of ~ 1°, correspond to the
WMAP observed levels outside the Galactic plane.

of magnitude above the signal to recover is hard to belieeetuRately, the fore-

ground level is not constant across the sky and there are aefgians where it

drops down considerably. One of these clean patches hawbserved in the past
(see Montroy et al., 2005, and references herein) and isthettof EBEX (Oxley

etal., 2004). This patch is centered atF#°, DEC=-50° in Galactic coordinates
and is more or less 1% of the sky.

Due to the theoretical expectations outlined in the previGhapter, the de-
tection of CMB B modes and the challenges posed by foregmane one of the
main issues in modern CMB data analysis, and will be extehsiliscussed in the
last Chapter. We conclude here by describing the expectedraund contamina-
tion to B modes in selected areas of the sky, focusing on tledust mentioned,
sketched in Fig.2.8. It shows the spectrum of foregroundsoen from Galactic
dust and synchrotron expected outside P06 (dashed) and EBEX area (solid),
as well as the CMB B modes (black, solid),fa& 100. The latter was obtained
simply by assuming that the dust power, as estimated by WMédes down as
the ratio of the variance between the EBEX patch and theamiB06 area. Even if
the contamination from the dust is still challenging, mdrart two orders of mag-
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Figure 2.6: The measured foreground power spectra are shown for each Rviéhd
using the Kp2 mask. The smooth red line is the CMB from the ie€€DM model.
Contamination from unmasked point source (expected to Beexrm) are shown in the
dashed lines on the right. From Bennett et al. (2003).

nitude could be gained, simply by restricting the obseovetito this very clean
patch. In the last Chapter we will show how component sejperabdes can help
in finishing the job.
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Figure 2.7:The absolute value of the EE (solid, violet through greem) BB (dashed,
violet through green) polarization spectra for the WMAPedatitside the Galactic plane.
Black lines are CMB polarization power spectra from the fie€DM model with a tensor
contribution of r= 0.3. The dashed red line represents Eq.(2.4) evaluated atittumum
(60 GHz), for B modes. From Page et al. (2007).
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Figure 2.8:Comparison of power spectrum of foregrounds B modes, aeiB30 (dashed)
and in the EBEX area (solid). The black solid line is the lesEICMB B modes for
r = 0.03. All the spectra are considered at the angular scalesfoneling to = 100. The
bands show the EBEX (yellow) and Planck (grey) frequencynobés and instrumental
noise level. From the successful EBEX proposal to NASA fording support up to the

Antartica flight.
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Chapter 3

Component separation
technigues

3.1 Introduction

In the last Chapter, our current knowledge of foregroundstieen summarized.
An important lesson that the CMB community has learnt in thst years is that
the Galactic foreground emission dangerously contansréie cosmological sig-
nal (see for example Page et al., 2007)) and that this isssidohbe addressed
as a data analysis problem. Cosmologists are now aware datche¢hat a new
piece of pipeline is required for cleaning godseparating foregrounds in the data
and an entire line of research is being dedicated to the devednt and testing of
algorithms for the so calledomponent separatiorT he latter is a very general ex-
pression to mean any algorithm or data processing aimeda@aiminating between
different physical sources of emission.

The component separation problem can be stated as folloets odel the
datam as

my =S, + Ny, (3.0)

wheres is the total signal and is the instrumental noise. The subscripindi-
cates whatever data item these quantities depend on {(tipreel p, multipoles?,
etc...). Quantities in the above equation are all vectashhve as many elements
as the number of available measurgs In general the signa denotes a linear
combination ofn. physical components

SJ = AuCu, (30)

whereA is called mixing matrix. The final purpose of component sapan is
to invert the System (3.1) in presence of noise and recoeecdmponents. To
cast the problem in a cosmological context, the componeptay the role of the
astrophysical sources (both Galactic foregrounds and CMBiJe the mixturesn
are the outputs of a multi-frequency experiment. The mixmmegrix A takes into
account the relative frequency scaling of each compondhiginlata.

49
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Quite a number of techniques have been recently proposedseTimethods
differ in many aspects and can be classified in various ways, diagoio any-
one’s tastes. For example, a typical distinction is the osigvéen “blind” and
“non-blind” techniques, depending on how strong are tharagsions made by the
algorithm, i.e. what kind o& priori knowledges are imposed to infer the mixing
matrix A.

| will use a diferent classification here dividing theffldirent methods in three
main categories, depending on what part of the whole datthegtuse in a single
separation process. More specifically, the rationale likttie following scheme
is the number of data items (pixels, multipoles, etc...)t tra considered in the
analysis at the same time:

e All the items,
e One item,
e Some of them.

Providing an extensive presentation of all the availabléhods is certainly beyond
the purpose of this work and maybe found elsewhere (see letaah 2008, and
references therein). I'll mostly focus on three methods tha been working on
during the PhD: the fast independent component analysiSTRBA, Maino et al.,
2002), an approach based on the parameterization and fiftthg foreground and
background unknowns (MIRAMARE, Stompor et al., 2008b), &mel correlated
component analysis (CCA, Bonaldi et al., 2006). Each of thambe considered a
good example of the three categories introduced aboveethads we will see later,
FASTICA exploits the overall statistics of the signals tcsle@arated, analyzing all
the pixels together; MIRAMARE is designed to maximize théadikelihood on
a single pixel; finally CCA uses a second order statisticat{gpcorrelation) of
subsets of the data to infer the spectral behavior of the dntxenponents. Let's
now have a closer look at these three techniques.

3.2 FASTICA

It is an application of the Independent Component Anal\i§ig\], a general tech-
nique broadly used in signal processing. It was originaityaduced to deal with
problems closely related to the so calledcktail party problemwhere a linear
mixture of components has to be separated into the origmatss. As it will be
clear soon, ICA is a totally blind approach.

To introduce the technique, let's take into account Eq.)(8rfd work for sim-
plicity in a space where the number of the components and auwnftfrequency
channels are both equal to 2. Moreover let's drop the noisa fer a while.
Suppose then to measure a linear combinatigrof two components; andc,,
My = a31C1 + a12C,. It is quite obvious that it is not possible to find the oridina
components, if the cdicient a;; are unknown. Thus, it may be surprising that,
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under some assumptions, a solution can be found when anivttiependent mea-
surem, is added to the problem (here independent means that thétwdigve to
be diterent). Then the system:

My = a11C1 + a12C (3.1)

My = a1C1 + az2C2

can be solved without knowing neither the weigstsnor the components;. The
ICA approach allows to solve this problem using the statidtproperties of the
components. Indeed, it turns out that it is enough to assimatethe quantities
cj are statistically independent and that at most one of the@aisssian. These
assumptions are not unrealistic in many practical casesrasdly important for
our purposes it can be safely assumed that the CMB is staflgtindependent
from foregrounds and that, as we know from observations dtier are highly
non-Gaussian.

3.2.1 The basic idea

Non-Gaussianity is the key point to understand ICA (Hywén, 1999). The Cen-
tral Limit Theorem states that, given some assumptionsditebution of a sum
of independent random variables tends to be Gaussian. ahsisn of two (or
more) independent random variables has a distributionishelbser to Gaussian
than any of the original random variables.

Let's consider now a linear combination of the mixturesthrough a generic
vectork

y=k'm. (3.0)

According to the central limit theorem this varialyibas to be more Gaussian than
anym;,. But using Eqg. (3.1)y is a linear combination of the components too:

y=k'Ac=17"c, (3.0)

wherez simply represents a change of variabes; ATk. The quantityy is then
more Gaussian than amy. Now, since there is full freedom on the choice of the
codficientsk™, one can pick up that combination that minimizes the Ganigia
of y. Such a choice will set one and only one of #eélifferent from zero, because
any other combination aff would sum more than one componentcausing the
Gaussianity ofy to depart from the minimum. In other words, by minimizing the
Gaussianity of/, one selects out one of the componewts, c;. In a case where the
dimension of the space is larger than 2, once the first commdrass been found it
is suficient to go to the space orthogonal to that component andpethe same
procedure again.

It is now clear why | put ICA in the first group of the componesparation
techniques, as introduced at the beginning of this Chalfiérinfers the statistical
properties of the signals by using all the available pixekhe map at the same time
(of course this do not prevent us to perform the separatioa subset of data).
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3.2.2 Measure of non-Gaussianity

To apply the ICA principle, we need a quantitative measutb®hon-Gaussianity
of a random variable, say

Kurtosis

Historically, the classical measure of non-Gaussianityhéskurtosis, also known
as the (normalized) fourth order momentum of a distribution

kurt(y) = E{y*}. (3.0)

Such a quantity equals to zero for a standard Gaussian laridlypically non-
Gaussianity is measured by the absolute value of the karéosl has the advantage
of being very fast to compute. There are of course non-Gaisandom variables
that have zero kurtosis, but they are very few and not retemghe present context
(Hyvarinen, 1999).

Unfortunately, kurtosis has some practical drawbacks,miteevalue has to
be computed from a measured sample. The main problem ishiaurtosis is
very sensitive to outliers (Huber, 1985), making it a ratheor estimator of non-
Gaussianity in many cases.

Neg-entropy

Entropy is an important concept in information theory. laqgtifies the degree of
information that an observation of a variable can providbe Tore a variable is
random and unpredictable, the larger its entropy is. Fomda@n vectory with
density f(y), the entropyH is defined as:

H(y):—ff(y) log(f(y)) dy. (3.0)

It can be demonstrated that a Gaussian variable has thetianggopy among
all the random variables with equal variance (see e.g. CaveérThomas , 2006).
This means that entropy could be used as a measure of nomsi@ts It is in-
deed small for distributions that are concentrated on iceviaues, i.e., when the
variable is clearly clustered, or has a probability disttiln function that is very
"spiky”. To obtain a measure of non-Gaussianity that is Zerca Gaussian vari-
able and always non-negative, it is useful to introduceghtir modified version of
the definition of diferential entropy, called neg-entropy. Neg-Entrdpg defined
as:

J(Y) = H(Ygaus9 — H(Y) (3.0

whereygaussis a Gaussian random variable with the same covariancexaeatyi
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The advantage of using the entropy, or equivalently theawdgppy, for esti-
mating non-Gaussianity is that this choice is fully supgdrby information the-
ory, being the entropy the optimal estimator of the non-Gimty. On the other
hand, it results computationally demanding to compute tipy of a variable in
practical situations, since it requires a non-paramesiitration of the probability
distribution function. Therefore it is necessary to intiod approximations of the
neg-entropy, that maintains the robustness of the estimétide being faster to
compute. These approximations are based on the maximwuwpgrdrinciple. In
general we obtain the following approximation:

Jy) ~ {EIGY)] - E[GM)])? (3.0)

whereG is some non-quadratic function amds a Gaussian variable. The point
here is to choose wisely the functi@h In particular, very robust estimator are
obtained wherG does not grow too fast. These two choices proved to be very
useful for our purposes:

Gi(u) = aillog cosh au, (3.0)

Go(u) = —exfU?/2), (3.0)

where 1< a; < 2 is a suitable constant. These functions are used in the EAST
algorithm as contrast functions, as | will show in the nextiems.

3.2.3 The algorithm

The Independent Component Analysis was initially intrasthe astrophysics by
Baccigalupi et al. (2000), exploiting an adaptive techgidor learning progres-
sively the independent components in a given multi-frequenixture by consid-
ering one realization (pixel) after the other. However, tragplications nowadays
in the context of CMB data analysis are based on the FASTI@érahm (Hyvari-
nen & Oja, 2000) which provides arheient and computationally cheap method
for the cleaning of the CMB maps, using the whole statisticanae.

At the core of the FASTICA algorithm lies an assumption tha statisti-
cal independence of the components can be measured viantheiGaussianity
1 The component estimates are therefore sought for as lm@abinations of the
input data, which maximize the selected measure of the reus§ianity. In the
FASTICA approach, the neg-entropy is used for this purpasel, a number of
computationally #icient approximations have been proposed (Hyvarinen, ;1999
Hyvarinen & Oja, 2000); later, they were found to perfornmyell in the context
of the microwave sky maps, in total intensity (Maino et all02) and polarization
(Baccigalupi et al., 2004).

1We anticipate here that this assumption is not fully resbat CMB analysis since the fore-
grounds are expected to be correlated within each other. Weawback on this point later in this
Chapter.
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The FASTICA separation process is done in three steps, wiicttescribe briefly
below.

| - Pre-processing

Our assumed input data are a set of multi-frequency mapg akihin a microwave
band. Each map is discretized and is composet,ebixels for which the relevant
amplitudes, corresponding to some or all Stokes paraméf€)< U are recorded.
For each sky pixelp, and Stokes parameter, we model the data as,

where all the vectoran, ¢, andny (i.e., measured maps, sky components, and
noise, respectively) have as many elements as the numbeaaitzflde maps,£ ny,)
and which either correspond tofidirent frequency channels or Stokes parameters,
and have to be analyzed separately. Hereafter, we alwauysnasthat a single
mixing matrix exists for all considered pixels. Whenevestls not the case, it
may be possible to limit the analysis to subsets of pixelctetein a way that the
assumption of identical mixing matrix holds for each sulssgiarately and proceed
with the analysis as described below, accepting the losseafigion incurred due
to a smaller number of the data points used in each of the |Gdysis.

From the datam, we first estimate the data correlation matrix

= <m mt>, (3.0)

where(...) denotes the average over all the map pixels. Then, givenrtberk
(by assumption) noise propertiad, we get the signal correlations for the input
maps as,

C=X-N. (3.0

Given the derived estimates of the signal correlationsF&®&TICA algorithm
subsequently pre-whitens the signals in the input datat i§fdone by computing
a "square root” of the signals correlation mati®/2, such as,

C =CclY?2ct2, (3.0)

The input datam, are then replaced by thedignal prewhitened and decorrelated
version,w,
w=CY2m, (3.0)

Indeed, we have,
(wwt) = 1+ CV2N (CV2)". (3.0)

Note that to perform this step, the signal correlation mai@, has to be non-
singular and positive definite. In the standard FASTICA iempéntation that re-
quires, for example, that the number of the input mapsjs equal to a number of
the independent sky components, which are to be recovered. If that is not the
case and that is not due to the noisiness of the signal cborekestimator we need
to find another way to proceed. We describe a relevant apipilater.
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Il - Mixing matrix determination

Assuming the pre-whitened input data, the FASTICA algaomighroceeds to esti-
mating the mixing matrixB, of the prewhitened data,

w=Bc, (3.0)

and
wwh =B(cd)B'=BB!' = 1. (3.0)

And therefore, the matriB has to be orthonormal, if only we fix the arbitrary
normalization of the sought-after components to unity.

The algorithm determines the mati column-by-column, and is referred to
as one-unit, fixed-point algorithm (Hyvarinen & Oja, 2008ach column is found,
as a vector maximizing the selected neg-entropy definitaarsorthogonal to all
the columns already determined earlier. The maximizatioth® neg-entropy is
reached iteratively, as sketched in the following table:

Algorithm 1 Basic FASTICA ALGORITHM
for every pre-whitened data sget
do
— pick a random unit vectds;
while the last correction tb; not suficiently small do
— orthogonalize it with respect to all previously procesgectorso; wherei < j;
— find a correction tdy; so the newvb; is more non-Gaussian;
end while

end for

The mixing matrix,B, determined in this manner, is by construction orthonor-
mal.

Il - Post-processing

Given the recovered mixing matrix the components are foyudyang the trans-
pose of the matrix to the pre-whitened data, i.e.,

c=B'w. (3.0

In general the amplitudes of the components recovered ukigrASTICA ap-

proach are arbitrary and set to unity in Eq. (3.2.3). Thiedam is due to the
degeneracy between the values of the mixing matrix paramated the compo-
nent normalizations. Maino et al. (2002) resolves that jerloy noticing that the
freedom in the normalization essentially corresponds ¢cctivice of the physical
units for the component signal. For example, setting to thigy/wall the mixing

matrix elements corresponding to one of the input frequenaps is equivalent to
choosing the component map units as those of the input mapeddlected fre-
quency. Given the definition of the mixing matrix, Eq. (3.8aino et al. (2002)
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normalization procedure requires that every element ofitsierow of A has to be
equal to unity, i.e.,

Agi =1, foreveryi=0,...,ns—1, (3.0)
where given Egs. (3.2.3) & (3.2.3) we have,

A =CY?B. (3.0)

3.2.4 Achievements

Since its introduction in astrophysics, FASTICA has beartsssfully applied both
on simulated and real CMB data sets.

Tests on simulated observations of the microwave sky weronneed with
nominal specifications of the Planck satellite both on totnsity (Maino et al.,
2002) and polarization (Baccigalupi et al., 2004). Theysidered several ob-
servation channels containing the most important knowiusk signals: CMB,
synchrotron, dust and free-free emissions (the latter whgby absent in the po-
larized simulated sky). The algorithm proved to be reliadotel dficient in those
conditions. In particular, the CMB angular power spectra vezovered at the per-
cent level of accuracy up tb ~ 2000 for total intensity, up té ~ 1000 for the
E modes and up té ~ 1200 for the cross correlatioRE. Simulations for the
recovery of theB modes were performed by Stivoli et al. (2006) and will beteda
in the next Chapter.

Beside the good results on simulations, FASTICA was ablestd dith real
data also. The first application was on B®@BEDMR 4yr data by Maino et al.
(2003). Despite the low signal to noise rat®/lN ~ 1) and low number of pixels
available, the approach was able to extract the CMB sigridd kigh confidence
and to detect the foreground emission. The results wereciellexit agreement with
previous ones in terms of frequency scaling, foregroundpmaiogy and CMB
power spectrum.

Another application of the code was performed by Donzellale(2006) on
the Background Emission Anisotropy Scanning Telesc@&ieAS T) data. After a
detailed calibration procedure, they extracted the CMBgraspectrum and found
very good agreement with the one found by BEEAS Tcollaboration.

Finally, Maino et al. (2007) performed the analysis of the WRA3rd year data.
In that work we achieved two important results. First the CptBver spectrum
was recovered up to degree scale. In Fig.3.1 (left panelplek solid line is the
WMAP 3rd year best fit while the fferent colored represent thetdrent channel
combinations used in the analysis. Here the Kp2 mask hasdmg#ied before to
run FASTICA . The agreement is evident both on the low mulépas well as to
higher ones up t6 ~ 150. Large spread in the results is present for the highest bi
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Adopting the consistency with the WMAP power spectrum aswa&@f merit, we
can judge which is the optimal combination: this is the KQWWicating that
the best tracer of low frequency foreground contaminatiohigh frequencies is
represented by the K band data. On the right panel of Fig 2w similar results
from the full sky analysis (the Kp2 mask is here applied ord§obe computing
the power spectrum): the agreement with WMAP results are evere evident
for both low and high?. This is an indication of the fact that even in presence
of strong and possibly correlated foreground on the Galgdtine, FASTICA is
not only still able to properly recover the CMB pattern atthi@alactic latitudes
but it performs better than in the case of a pure Kp2 analy$his means that
the level of signal correlation along the Galactic planat tholates one of the ICA
assumptions, does not compromise the reconstructiontaGadactic latitudes and
that the regions near the plane included in the full sky asiglgre useful for better
distinguish dfferent signal statistics.
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Figure 3.1:The binned power spectra from all WMAP channel combinatimrapared
with the WMAP 3yr power spectrum for a complete Kp2 analysgper panel) and full sky
analysis with Kp2 mask applied when computing the powertspec(lower panel). Chan-
nel combinations are color coded: red for KKaQVW, green fof\Q blue for KQVW,
yellow for KaQVW, brown for KKaQV, indigo for KaQV, turquogsfor KQV and grey for
KKaVW. From Maino et al. (2007)

The second main result of Maino et al. (2007), already ndtindependently
by several authors (see for example Hansen et al., 2006,edeictinces therein)
is the fact that FASTICA did confirm the north-south sky asyetmyn Analyzing
the CMB power spectrum in the two hemisphere, we found thenasstry shown
in Fig.3.2 , left panel. In a pure FASTICA analysis, one migattempted to try
an explanation in terms of aftierence in the overall foreground spectral indeces
in the two hemispheres, since FASTICA assumes an uniforoguéecy scaling
across the whole sky; but the fact that we obtained the samut ngith totally
independent procedures, and most importantly the follguést, make this expla-
nation unlikely. Indeed, we performed the component sejoaran the northern
and southern hemisphere separately and derived the CMBrzpeetrum sepa-
rately for each of them. The spectra are reported in the gghel of Fig.3.2. Also
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in this case the northern spectrum is systematically lowan the southern one.
This result strongly disfavors an explanation based ongfonds for the asym-
metry found in the FASTICA CMB maps. In addition, we point the remarkable
agreement between our results and those of Hansen et ab) (@@ their Fig.8),
obtained with a completely independent technique.

On the FASTICA side, this confirms the reliability of the aliglom when exploited
to reconstruct the finest structure in the CMB pattern out givan dataset; on a
purely scientific side, we confirm the existence of a markgdasetry in the CMB
anisotropy power between north and south in Galactic coatds, which at the
moment escapes explanations in terms dedence in the foreground properties
on the corresponding two hemispheres.
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Figure 3.2:The power spectra derived on the northern (dashed line) antiern (solid
line) hemisphere in the reference frame with north poledap)( = (80°,57°). The left
panel shows the spectra derived from the ICA CMB map out of. Kp2he right panel the
CMB maps are obtained applying FASTICA separately on thehemispheres. Colors
mark channel combinations as in previous figure. From Mairad.¢2007)

3.2.5 Extensions of the algorithm

The achieved results have been shown to be at tmaptar with, and often better
than, those obtained with the other methods. That has beé&watmy a further
exploration of the potential of the algorithm and its apgliitity in a progressively
more realistic and demanding circumstances . This task éas, lhowever, made
significantly more diicult by a number of limitations characterizing the existing
implementations of the algorithm and which had to be resblwead hocmeans
devised on a case-by-case basis (Maino et al., 2007).

Stompor et al. (2008a) addressed two issues that have b&staraling in that
respect. The first one relates to a proper treatment of thendsoht noisy data
provided as inputs. In fact the original FASTICA algorithnasvdeveloped with
mostly noiseless data in mind and required the user to rettheceedundant input
data to an independent set, i.e. such that the number of dgiatsets is equal
to the number of the anticipated independent componentsthier words in the
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original version of the code, the mixing matixwas supposed to be square and
extra measurement had to be discarded. In realistic casiesheinoisy data, such
an approach may unnecessarily lower the quality of the fiesllts. The second
issue is related to a lack of a framework for incorporatingnsrin the method.
Though the priors may be seen as a departure from the spittiieafnethod, i.e.
its "blindness”, however, striving for the best possibléreator, it is interesting to
investigate if some priors can be used consistently in theréthm. In this context,
the inclusion of the CMB frequency scaling as a prior seenigetof a particular
interest, and the one we focus on hereafter. In relationisddist aspect, we point
out that in the process of the preparation of the manuscfifiteoStompor et al.
(2008a) paper, a preprint by Vio & Andreani (2008) has bedniglied, addressing
this issue in a way which is similar to ours, and obtainingsistent results.

Lossless input data compression

As introduced in Stompor et al. (2008a), I'll describe noe feneralization of the
pre-whitening procedure, which properly treats the naisgundant data sets, pre-
serving all the available information. The proposed procedcombines the stan-
dard data compression and Principle Component Analysismigges. Our goal is
to find a linear combination of the input maps which presealtethe information
concerning the sky signad, but which consists of the independent data.

We use the eigenvalue decomposition to define the null spateecsignal
correlation matrixC = (s<). Let U be a matrix rows of which, denoteg, corre-
spond to eigenvectors & and diagg) — a diagonal matrix of the corresponding
eigenvalues, i.e.,

C = Udiag(g) U'. (3.0)

The null space is spanned by a subset ofutheactors, which we will calV.
We also usé&V to denote the remaining vectors; so we have,

U= [wt, v (3.0)

Any signal mapss, in the n-dimensional space can be found only up to an un-
known arbitrary vector from the null space. Therefore, t&enaur solution unique
we can impose a set of additional constraints. For exampmesam look for solu-
tions which have no component in the null space, i.e.,

Vs=0. (3.0)

We then have .
s=W'y, (3.0

wherey is a vector of the lengthn,,, which defines the number of the indepen-
dent components. = N, and we have introduced/ = diag(e; /%) W (the only
non-zeroe value are included here), making use of the arbitrarinegbdéndata
normalization. Then we can plug that into Eq. (3.2.3) to mhta

m=Wy+n. (3.0)



60 CHAPTER 3. COMPONENT SEPARATION TECHNIQUES

A minimum variance (and maximum likelihood) estimatepfy is then given by,
g =(WNIW) " WNm. (3.0)

y is the new, by construction, non-degenerate data set taloegsed by the current
FASTICA algorithm with the noise correlations respectjvgiven by,

Ny = (WN2WY) . (3.0)
Note that the correlations of the noise betwedtedtnt maps already on the input
are also introduced in the standard FASTICA algorithm duthéopre-whitening
procedure and therefore are not a new feature of the propgasedapproach.

The signal correlation matrix for the new dayajs given by,

Cy=qFy") = (WN‘lwt)_l WN(mmt) x
x NTWHWNTWY) = 1 (3.0)

We thus see that the new data set, thanks to the rescalingp@mplEq. (3.2.5),
does not require any more any pre-whitening stage.

Now, in the case with the input data compression, the nomat#din and fre-
quency scalings are determined in a way analogous to thesatkin the standard
FASTICA technique. This time, however, one needs to accfaurthe fact that the
maps on the input of the ICA procedure will, in general, natespond now to any
particular frequency but will be a linear combination of giegle frequency maps
as defined in Eq. (3.2.5), i.e.,

y=Bc, (3.0)

where the mixing matrixB, is estimated on the ICA routine output.
From Egs. (3.2.5) & (3.2.3), we can obtain,

g=y+(WNTW) " WNTn, (3.0

just showing that our independent data estimator in Eq.5Bi2 unbiased, i.e., in
the absence of the noise, as assumed hereafter, wg/ kaye Given this and with
help of Eq. (3.2.5), we further have,

s=W!y=W!'Bc, (3.0)

and hence .
A =W!'B. (3.0)

Our normalization procedure requires then,

G, (3.0)

ci=AonC = [Z Wjo B
j
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where prime marks a component normalized to the same unitseasput map
corresponding to the 0-th frequency. This generalizesppecach of Maino et al.
(2002), which corresponds to the cholte= P21,

Similarly, the frequency scalings of the recovered comptes now given by
the generalized expression for the mixing matix, Eq. (3.2.5). As before this
reduces to the standard form whenewiis a square unit matrix.

CMB prior

The assumption is that the CMB is an "independent” compoimetite ICA sense.
By applying the CMB prior we want to ensure that the scalinthefderived CMB
component follows tha priori known law. Consequently, one of the columns of
the mixing matrix,A, which is to be computed via the ICA algorithm needs to
comply with that scaling law up to, at least, an overall, amdlévant, constant
factor.

The columns of the matrixd, are uniquely related to the columns of the "com-
pressed” mixing matrixB. The relevant relation reads as follows,

—

b=Wa. (3.0)

Herea andb denote the corresponding columns of the matriéesndB, respec-
tively. Imposing the CMB prior, i.e., setting one of the amlns of the matrixA,
to reflect the CMB frequency scaling,= a®™B, can be then formulated as fixing
the relevant column of thB matrix tobh®™B  wherebB andatMB are related as
in Eq. (3.2.5).

Subsequently, we need to construct the full mixing matéixpne column of
which is known ahead of the time. The construction is basetheract that the
sought-after matrix is orthonormal and therefore all thmaming columns have
to span the subspace orthogonal to the direction definedegssumed prior. Our
amended ICA algorithm needs therefore to look for the matakumns which
simultaneously maximize our measure of non-Gaussianitifualfill the latter re-
quirement. Once all but one columnsBfre determined, the last one is bound to
coincide with the imposed prior.

The blue print of a simple numerical implementation is ot below. Here
we just note that if only the CMB map is required, we in fact dbmeed to proceed
any further as the CMB map of the sky will be readily given by,

cCMB _ bCMBty’ (3.0)

with the normalization expressed by Eq (3.2.5). This carobeca basis to an
extremely simpl&, non-iterative and therefore fast CMB cleaning algorititote

Note that if the input data set is free of any redundancies; the Eq. (3.2.5) is equivalent to
multiplying the prior,a®® by the input data pixel-by-pixel, i.ec®M® = a®™B m, Generally, this,
however, is not true as the redundant noise of the input detiaimed in the null space of the matrix,
C, has to be projected out before performing the dot product.
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that in spite of its striking simplicity this algorithm rets all the pros and cons
of the full FASTICA algorithm as far as the determination toé tCMB component
is concerned. However, as fewer sources of the uncertamtyngolved in the
simplified algorithm one may expect that a simple error esfiiom of the final
cleaned CMB map based on the linear error propagation catderits suficiently
precise estimates in this case. We discuss the relevaesisstier in this Chapter.

Note that if indeed the compression procedure is done pisotier scaling of
the recovered component will be as imposed by the prior. Thatbe seen as
follows. First, note that the frequency scaling of the rewed component is given
by the relevant columrg, of the matrixA and thus can be expressed as,

a=W'bMB 1 BV = W!Wa®™B 1 v, (3.0)

where the second term results from the zero kernel of the fression” matrix,
U, andd is a vector storing arbitrary céi&cients. However,

AV =aMBy =, (3.0)

because the singular vectors are determinedifgk matrix and thus must be or-
thogonal to all columns of the matrik, including the one corresponding to the
CMB components. Given that, the dheient vectord, has to be zero and,

a=W!'Wa™B - ytua™B - acus, (3.0)

asU is a full-rank orthonormal matrix as defined in Eq. (3.2.5).

Note that in practice the rejected eigen-modes may only peoajmately sin-
gular and thus some minor deviations of the posterior sgdtom the prior can be
expected.

In principle that could work with any component for which tbealing is as-
sumed to be known. However, the single out component has tmben, on
physical grounds, to be indeed independent. In particulagnever we have mul-
tiple components with the scaling determined a priori, thkkyeed to be mutually
independent.

3.2.6 Pre-launch Planck simulations

One of the first application of the extended FASTICA algarithas been done on a
Planck total intensity simulated data set. As introducetténlast Chapter, Planck
is an experiment designed to surpass previous CMB expetimemlmost every
aspect. Therefore, a complete and timely exploitation etidta will require meth-
ods that improve upon foreground removal via template aghbtm and masking.
The development and assessment of such methods is coedlimghin the Planck
‘Component Separation Working Group’ (WG2).

Leach et al. (2008) reported the results of the WG2 activitye framework of
a component separation challengsing a common set of simulated Planck data.
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The objective of such a challenge was to assess the readihéss Planck col-
laboration to tackle component separation, based on thgsimaf realistically
complex simulations. Itffered an opportunity for comparing the results from dif-
ferent methods and groups, as well as to develop the expectides, organization
and infrastructure necessary for this task.

Sky simulations were based on an early development versite &lanck Sky
Model, as explained in the last Chapter. This data sets warglemented by a
set of ancillary data including hit maps and noise level#4$R408 MHz, and k
templates, as well as catalogues of known clusters and poirntes (see Leach
et al., 2008, for more details).

A bunch of methods have been applied to this data set to edifthse compo-
nent separation. Table 3.1 reports the complete list of thénods with their main
characteristics. Although we report here some of the re$udin all the exploited
algorithms, we do not describe them. For details, see tlegartes in the table.
In the remaining part of this Section we outline the main FASA results in this

| Channels used Components modeled CPU/tinméme
CCA PLanck, Haslam 408 MHz CMB, dust, sync, FF 70 hr, 1.5 day
Bedini et al. (2005)
COMMANDER WMAP, Pranck 30-353 GHz, CMB, dust, sync, FF, 1000 hr, 2 day
Eriksen et al. (2008) monopoles, dipoles
FastICA 143-353 GHz none 21 min, 20 sec
Maino et al. (2002)
FastMEM Pranck CMB, SZ, dust, sync, FF 256 hr, 8 hr
Hobson et al. (1998)
GMCA PLaNcK CMB, SZ, sync., FF 1200 hr, 6 day
Bobin et al. (2007)
SEVEM Pranck CMB 30 hr, 30 hr
Martinez et al. (2007)
SMICA PLanck, WMAP CMB, SZ, dust, total galaxy 8 hr, 4 hr
Delabrouille et al. (2003)
WI-FIT 70-217 GHz CMB 400 hr, 8 hr
Hansen et al. (2006)

Table 3.1:A summary of methods, dataset, components and computhtisoairces used
in the Planck simulations. From Leach et al. (2008)

particular application.

In Fig.3.3, a quantitative measure of the raw residual CMBp nsashown,
provided by its RMS, calculated for 18 zonal bands, eachexfitiO degrees wide
in Galactic latitude. It is clear the FASTICA is performingige than the other
methods close to the Galactic center (see next Section ficassion about this
issue). Nevertheless, the algorithm is able to providedives$t residual among all
the codes at high Galactic latitudes.

FASTICA was applied to a limited range of frequencies whieedifuse emis-
sion is mostly represented by CMB and dust. The algorithm peacularly ef-
fective in recovering the dust emission at high frequenaresoutside the Galactic
plane. In Fig.3.4 | report a dust patch at 143 GHz as recovbyeBASTICA
(Leach et al., 2008). Although a proper characterizatiotheffaithfulness of the
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(]

Figure 3.3:RMS of the residual error of the CMB map, calculated at 45t. g@mnparison
ocme = 69.8uK andopeise = 0.7uK at 143 GHz. From Leach et al. (2008)

reconstruction was not done, the visual inspection re\aeglsod recover.

3.2.7 Remarks

Up to date the study of the capabilities of FASTICA is not fivéd and the algo-
rithm still have some evident limitations that I'm going testtribe in this Section.

The first issue is represented by the fact that in a typicaliegion, the al-
gorithm is asked to break one of its fundamental assumptitmdeed, the ICA
approach assumes that the components to be recovered epeinknt, while
Galactic foregrounds are expected to be correlated with ettwer, as it may be
understood from what we discussed in the previous Chaptethé\tests made so
far seem to show that FASTICA fails in separating the foragas among them,
while it is still able to recover the CMB component that isependent on the
Galactic emission (Maino et al., 2002). Then, in practi@aletions in which more
than one foreground is known to be in the data, FASTICA candea s a fore-
ground cleaning algorithm, rather than a component séparahe.

Another intrinsic limitation is represented by the assuorpof a single mixing
matrix in the data. This is clearly an approximation, sinesexpect the foreground
properties to be dlierent across the sky. For example, we saw in the last Chapter
that synchrotron and thermal dust emissions haffergint spectral indeces in dif-
ferent position in the sky. This is not a big issue for smalthaxperiments, where
the spatial variation are expected to be small and posségligible, but it becomes
important when one has to deal with all-sky surveys. At firdeo it is possible to
ignore this fact and force the code to look for a single mixamafrix, but it has been
demonstrated (Baccigalupi et al., 2004) that in this caseséparation is worse in
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Input dust at 143GHz FastICA dust at 143GHz

0.0 — mmmm 55.4 ukKg, —2.3 m— mmmm 56.0 ukK,
(113.6. -38.1) Galactic (118.6. ~38.1) Galactic

Figure 3.4:Comparison between input and output dust patch as recobgreASTICA
at 143 GHz, from Leach et al. (2008).

terms of foreground residuals in the CMB recovered map. Qussiple solution
would be to cut the sky in ffierent patches (given any possible driver to choose
them) and perform separation separately on each of them x#eng&ve study on
this possibility has not been done yet, but it is easy to f#escouple of potential
drawbacks here. First of all, given the smaller amount ofialvke pixels in each
separation, the statistics of the components would be h&wdefer and the sepa-
ration itself could be harder (this is probably not a big ésfor the analysis on the
Planck data, given the huge number of available pixels)o&#at is not trivial to
put back together all the small separated maps, withoutiimguin sudden jumps
at the borders.

Finally, there is a third issue that is becoming more and rimop®rtant inside
the CMB community: error assessment. The non-linear natutee FASTICA al-
gorithm makes it dficult to propagate fully consistently the noise and recaowstr
tion errors from the input all the way to the maps of the sepdraomponents.
In the past the problem have been addressed with help of mtahekperiments
and simulations (Stivoli et al., 2006; Maino et al., 2007he$e can be considered
as first attempts toward a better understanding of the erogragation within the
FASTICA process. Of course, the final goal would be an amalydatment of
the problem, that would allow to properly propagate thersrto the next steps of
CMB data analysis pipeline.
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3.3 Parametric Approach

The defining premise of a parametric approach to the comp@agmration is the
assumption that the functional form of the frequency sgalor all involve com-
ponents is known, and our ignorance can be quantified by mefaskatively few,
though non-linear, spectral parameters (see for exampla@ir et al., 2008b, and
reference therein). The approach consists in modelingeghawor of all the com-
ponents in the mixing matrix and trying to recover the paramseof such a model
via a fitting procedure, that in principle can be performeaqixel-by-pixel basis.
This aspect puts the parametric approach in the second ¢roug item”) of our
category. The attractiveness of this approach lies in itgbcity, the flexibility
of the parameterization schemes and possibility of phgaie separation prob-
lem in a coherent maximum likelihood form (Baet al., 2004). Its strength lies
in exploiting nearly optimally the prior knowledge of the@fuency scaling of the
components, while ignoring the information which is lesswn and more debat-
able. Its weakness is related to thdfidulties in performing the non-linear and
high-dimensional parameter fits especially in a low sigoatioise ratio regime
on the pixel, and numericalfficiency, given the large number of pixet3(10),
anticipated from the next generation of the CMB experiments

In a recent paper, Eriksen et al. (2006) reconsidered a gdrianapproach to
the component separation task originally introduced bynBrat al. (1994) and
proposed a method which was shown to be both numerictllyient and stable in
the application to the nearly full-sky real (WMAP) and simtigld (Planck) data. In
that method, the numericaffecacy and stability is achieved by splitting the param-
eter and component map estimations into two separate skbpsspectral param-
eter fitting is performed pixel-by-pixel on the input dataigrhare first smoothed
and underpixelized. This preprocessing stage is found teebessary because of
the high noise in the full resolution pixels. It also makes finrocedure more nu-
merically tractable as fewer fits have to be done. The fittiitgerion, employed by
Eriksen et al. (2006), uses a likelihood function (but notaximum likelihood as
we will see later), and involves at the same time the (nosalihspectral parameters
as well as (linear) component amplitudes of the smootheut imaps. They use a
Monte-Carlo Markov Chain sampling technique as a way tordete the best-fit
parameters. Once the non-linear parameters have beemtestiat low resolution,
by marginalizing over the component amplitudes, the laterrecovered at full
resolution simply by solving the System (3.1).More detaifsthe method can be
found in Eriksen et al. (2006).

In the work we describe now (Stompor et al., 2008b), we matiifie Eriksen’s
method, deriving analytically its maximum likelihood foyimproving some of the
features outlined above, while preserving tifiscency of the two steps approach.
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3.3.1 The maximum likelihood parametric approach

As introduced with Eq.(3.1), we can model the multi-frequiesky signal as

Here,d, is a data vector containing the measured signals far;dhequencies (but
also for theng Stokes parameters, if one wants to explicitely deal wittappbd
maps), which are to be analyzed simultaneouslyis a vector of the underlying
true values of the, components, to be estimated from the dag;= Ap (8) is

the mixing matrix, which hereafter will be assumed to be paaterized by a set of
unknown parameterg;}. With these definitions and models in hand we can write
a single pixel log-likelihood which up to an irrelevant ctars, K, is given by,

21 £(5.8) = K+ (dp — Apsp) N (dp — App). (3.2)

Here,Np is a square, symmetric noise matrix of the frequency maps foixel
p. This likelihood is the basis of the Eriksen et al. (2006) rapgh. It is clearly
straightforward to introduce a multi-pixel version of thileelihood:

21N Lyata(sB) =K +(d—As) N H(d-As), (3.3)

where all the matrices and vectors now span over many pikkdseafter, we will

refer to this likelihood as the full data likelihood. In thienple case of the matrix
N being block-diagonal (thus allowing for correlations beém diferent Stokes
parameters at each pixel), Eqg. (3.3) becomes:

210 Laaa(sA) =K+ > (dp—Aps) Ni*(dp ~Apsp). (3.4)
p

This likelihood reaches its maximum for the valuessadnd B; that satisfy the
relations:

~(Ags) N1 (d-As)=0 (3.5)
s=(AIN1A) " AINL, (3.6)

where g denotes a partial derivative with respecptoSolving the generally non-
linear first equations above can be potentially problemiatithe case of multi-
ple spectral parameters, due to their generally non-linkaracter (Brandt et al.,
1994). However, once the values of the spectral parameter®and the second
set of linear equations provides straightforward estismafehe pixel amplitudes.



68 CHAPTER 3. COMPONENT SEPARATION TECHNIQUES

3.3.2 Non-linear parameters

The new idea in the work by Stompor et al. (2008b) is to malgiedhe likelihood
in Eq. (3.3) over component amplitudes

-2INLmarg(B) = -2 Inf ds exp[—% (d-As) N1(d —As)]
= K- (A'N"1d) (A'NTTA) T (ATNEd)
; In‘(At NTA) T, (3.5)

where|...| denotes the matrix determinant. This expression definebkilihood
function for the parameters;, given the datag, and under the assumption of the
flat priors for the component amplitudes, Thanks to this relation, the spectral
parameters for any subset of pixels can be estimated viafahg gtandard meth-
ods of gridding, maximization or sampling. This approacfuily consistent with
the one proposed by Eriksen et al. (2006), apart from thetffettit does not re-
cover the components amplitudes at low resolution, somegtthiat usually is not
useful in the analysis anyway. On the other hand, this analijt derived likeli-
hood function has the advantage that it is really straigivfod to incorporate in
the formalism some of the essential features of the CMB detg as we will see
later.

Marginalizing over the component amplitudes is not the dmprovement
made by Stompor et al. (2008b). Indeed, the spectral paesrestimate based
on the maximum value of the marginalized likelihood in Eq5§3urns out to be
biased with respect to an ensemble of noise realizationis CEm be seen by cal-
culating the first derivative of Eq. (3.5):

8 In Lmarg _
oBi

-2 2 (A'N"d) NAINA, R (ATNd)
- 2(A% N"d) R (A'Nd)
- 2t [N (A'NTAR)], (3.4)

and taking its average over the noise realization, denatéd.a with the spectral
parameters set to their true values,

9 In Lmarg
IBi

which in general does not vanish. Here, we have introduced

—2 Y= —2tr[NA'NTA L], (3.5)

B=Birue

R=(AINTLA) (3.6)

and exploited the fact th&t is symmetric. The bias is quantified by the logarithmic
term in Eq. (3.5). To avoid it we can introduce an unbiaseinegor based on the
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Figure 3.5:The RMS of the signal amplitudes for the CMB (dot-dashed)taedmal dust
(dashed line) smoothed with thé Beam and for, left panel, total intensity,and, right

panel, Stoke€) parameter, is shown as a function of frequency. The sol&ilidicates
the RMS of the total coadded signal. The noise RMS per pixglk(= 1024) is also shown
for the three frequency channels considered in the texmftompor et al. (2008b).

maximization of the marginalized likelihood as before buthmthe logarithmic
term dropped:

21N Lspeo) = K - (A'N"d) (AINLA) T (AINTd). (3.7)

The equation above is one of the main results of the work bt et al. (2008b).
The additional attractive feature is that its solution cales, case-by-case, with
the maximum likelihood solution of the initial, non-marglized likelihood as in
Eq. (3.3). This can be seen by comparing the first derivativieoth likelihoods,
which in the case of the full data likelihood reads (see E}8)(@nd (3.5)),

0In Lyata

1t .
% 2 (A'N"td) NAY Ntd

2
+ 2(A'NTd) RAY NTARAINTD (37)

and which thus agrees with the expression in Eq. (3.4), dytwhen the logarith-
mic term derivative is neglected.

Numerical examples

A few examples of the applications of the formulae above béllpresented now.
To perform such a study, we simulated the CMB and thermal plistrized emis-
sion on a patch of sky with an area of 350 square degrees edraéRA = 60°
andDEC = —-45°, adopting the HEALPix convention (Gorski et al., 2005) thwi

a pixel resolution of 3V (nsijge=1024). Simulated sky are made at three channels
(150, 250 4105H2) at 8 resolution, with a white noisRMS level of 0.56, 0.66,
1.13uK respectively, in antenna (Rayleigh-Jeans) units. Wesstiest this setup
corresponds to a typical one for modern suborbital probesngi at CMB polar-
ization measurements (Oxley et al., 2004). The componeaus been simulated
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Figure 3.6: The one dimensional likelihoods for the slope indéx,computed for the
total intensity and the Stok&g parameter (left and right panels). The histograms show the
result of the MCMC sampling of the full data likelihood, E®.3). The thick solid and
dashed lines show the result for the biased and unbiasdithtkel expressions, Egs. (3.5)
and (3.7) respectively. The dotted vertical lines showahalue corresponding to a peak
found through a direct grid search. From Stompor et al. (Bp08

following the recipes introduced in the last Chapter with ¢imly diference that in
order to extrapolate the dust from 65 GHz back up to our fregqueange we used
‘Model 3’ of Finkbeiner et al. (1999),

v eXpe - 1( v )ﬁ
exp -1 %o ’

sa(v) = Ad (3.8)

Y0

with Tq = 181K andpB = 1.65, assumed constant on the patch. In Fig.3.5 we plot
the frequency scaling of the CMB and dust RMS for total initgrend polarization,
along with the error bars from simulated noise. The dusttsgleindexg is the
non-linear parameter involved in the problem (the tempeealy is assumed to be
known) and the following analysis will be centered on it.

Three major observations made so far are visualized in E&y. First of
all, there is a perfect agreement between the numericalinadiation (the his-
tograms, computed via MCMC) of the full data likelihood in.E33) and the an-
alytic formula derived, Eq.(3.5) (solid lines). Secondsitvident the presence of
the bias when these two quantities are compared to the pahk &fll data likeli-
hood found through a direct grid search (vertical dotted)lirFinally, the lack of
such a bias when the spectral likelihood, Eq.(3.7) (dasihed), is adopted.

But let’s push the comparison a bit further. In the searchHerbest estimation
of B, there are two implementations of the formalism that can dmpted. One
is the single-pixelapproach, as proposed by Eriksen et al. (2006), that is to firs
smooth the available data and downgrade it to a lower rasoluprior to calcu-
lating the spectral likelihood for each low-resolutiongligeparately. The spectral
parameters determined in this way are then applied to aHititeresolution pixels
falling into the low resolution one. The second implemedatats the one proposed
by Stompor et al. (2008b) in which, without any preprocagsen subsets of the
available maps, for which the assumption of a single set ettsgl parameters is
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Figure 3.7:The one dimensional likelihoods for the slope inggxgomputed for the total
intensity and the StokeQ parameter (two left and two right panels). The solid andetbtt
lines represent the unbiased and the biased cases, equ&ffaand 3.5 respectively, com-
puted using thenulti-pixel approach The dashed and dot-dashed lines (nearly perfectly
overlapping) show the corresponding results derived fersthgle-pixel approach The
homogeneous and inhomogeneous noise cases are shown bgttaedithe second panel,
respectively, of each pair of panels. From Stompor et aD&B).

physically justifiable, is analyzed. Let’s call the latteulti-pixel approach.

The likelihood functions (both the biased and the unbiasatulated in the
two ways are presented in Fig. 3.7. The two left panels sheatdtal intensity
cases for homogeneous and inhomogeneous noise distrilftii® latter was ob-
tained by allowing for a3 noise RMS variation across the patch, changing ran-
domly across the patch). The unbiased and the biased likelibre represented by
the solid and dotted lines in threulti-pixel approach, while the nearly overlapping
dashed and dot-dashed lines are fordimgle-pixelone. In the homogeneous case,
the bias in the likelihood of Eq.(3.5) is evident for thmulti-pixel approach, while
the same likelihood still performs well in thengle-pixelapproach (I will give an
intuitive explanation for that later on). Neverthelesstha inhomogeneous noise
case, the dierence between the two approaches as well as the biasedlzindedh
likelihoods is much more evident and manifests itself as\emnadl shift and broad-
ening, showing the macroscopic gain in adopting the exjmess equation (3.7)
throughout the analysis.

The two right panels of Fig. 3.7 show analogous cases buthfoiStokesQ
parameter. Here the biasatllti-pixel likelihoods (dotted lines) are not shown as
they do not fit thex-axis ranges. Note that unlike in the total intensity cagesih-
gle and multi-pixel likelihoods diier even in the homogeneous noise case (middle
panel, the solid and dashed lines). This reflects the fatirtlihe simulations used
here there is more small-scale power in the dust polarizdtian in the total inten-
sity, which leads to the loss of constraining power as a tegldmoothing in the
single pixel approach. Thefect is additionally enhanced if the inhomogeneous
noise is present as shown in the right panel. In both casebidiseand the loss
of precision are small, as expected given a relatively smuatiation of the dust
foreground as adopted here.

At this point one may wonder what happens when more pixelsadded to
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the analysis. As expected, by using more pixels, the canttraan be usually
improved. However the rate at which that takes place is noaltiand will depend
on the specific, and not known a priori, magnitude of the skypponent in the
newly added pixels, as well as the pixel instrumental naesels, and therefore
may not conform with the usual, 1/ \/Mpix» expectation. Nevertheless, for the dif-
fuse components, and in particular at high Galactic lagisudre find that once the
number of included sky pixels is large enough the uncestadhthe slope deter-
mination falls roughly as expected, i.e.,1/ {/Mpix. However, even in an extreme
case when the newly added pixels happen to contain no infamabout a given
component, the uncertainty, estimated using the mulelpgpproach, is guaran-
teed not to deteriorate. This may not be however the casethétisingle pixel
approach, where including too many, for instance, dug-frieels may suppress
the noise power less than that of the dust and consequentiyaige the errors of
the dust parameter determination. In a less extreme and cooneon case, the
smoothing of the rapidly varying sky components whose anmdis change across
the low resolution pixel, will somewhatiact the precision of the spectral param-
eter determination, though will not bias the estimatioruites he presence of the
inhomogeneous noise on the scales smaller than the lowtiEsopixel will also
have similar consequences.

In the examples considered so far, the smoothing genemdigisl to an im-
provement of the constraints on the spectral parametemubedhe noise is typ-
ically suppressed more significantly than the dust compon&nyway, in all the
cases shown, theulti-pixel approach will produce nearly optimal constraints, in-
dependently of the actual sky distribution of the signalsis kalso more flexible
as it permits arbitrary pixel subsets for which identicatepal parameter values
are assumed, and thus can better deal with the masked pndlskg patch edge
effects. Moreover, as discussed before, it also treats moimalpt cases in which
either the noise or the relative component content varigslsaacross the sky. For
all these reasons thaulti-pixel approach described in Stompor et al. (2008b) is
therefore an approach of the choice here.

The evaluation of the spectral index is the first step towhedrecovery of
the actual maps of the components in the data, that will beridbesl in the next
Section.

3.3.3 Component amplitudes

We can calculate the maximum likelihood estimates of thegmment maps, given
the maximum likelihood estimates of the spectral parameterived in the previ-
ous Section and expression for the peak of the data likelihequation (3.6). |
rewrite that equation here for simplicity:

s=(A'NA) T AINLd. (3.8)

The above equation also corresponds to a standard gerestestpiare solution
for the components, if the spectral parameters are perfenttwn ahead of the
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time. In this case the solution error is quantified by therecmorelation matrix\,
equation (3.6):
- -1

N=(A'NTA) . (3.8)

Whenever the spectral parameters are not known perfenthneed to be con-
strained from the data, we can get some insight into thetsireiof the error corre-
lation matrix from the curvature matrix computed at the peékhe likelihood.
Stompor et al. (2008b) provided a complete analysis of thetiea error (see
Appendix A of the paper for the full computation). We can wréxplicitly this
expression for the component amplitudes:

Nis= R+ [N (AINTAss— ALNT! (d - A9))| x (3.9)
RAs [N (AN Ags- AN (d - As))| .

This quantity is thes—sdiagonal block of the inverse curvature matrix. It desibe
the correlation pattern of the recovered sky componentdiewthe 8 — 8 block,
NA;5, provides estimates of the errors, and their correlatiohshe recovery of
the spectral parameters:

N {(Aﬁi S)t N (Ags) = (A S)t N (d-As)
[A'NTAgs-ALNT (d-A s)]t

-1

x N[A'NTAgs-ALNT (d-As)|) (3.7)

The two relations above are clearly an important tool alkédlan the appli-
cation of this method. One can analytically associate aor ¢or the recovered
component maps, a fundamental step that is still missingatmymother component
separation techniques.

3.4 Correlated Component Analysis

The last method we present in this work is the Correlated Gorapt Analysis
(CCA, Bedini et al., 2005; Bonaldi et al., 2006), which is ehteique that exploits
second order statistics of the data to estimate the spdxehalviour of the mixed
components. Let’s introduce the basic idea.

3.4.1 Mixing matrix estimation with CCA
As usual, we express the data vealan each pixel as:
d=As+n, (3.7

whereA is aM x N mixing matrix,sis theN-vector of sources (components) and
n the M-vector of instrumental noisé\ is then the number of independent maps
used in the analysis).
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Given a generic signal, defined in a two dimensional space with coordinates
(&, n), the covariance matrix of this signal is:

Ca(r,¥) = ([D(& ) — ll[DE +.n+ ) — ] "), (3.8)

where({...) denotes expectation under the appropriate joint prolakaind i is
the mean vector. Every covariance matrix is characterizeth® shift pair ¢, ¢)
that links each pixel to a shifted one:andy are the increments in theandn
coordinates.

From Eq.(3.4.1) we can easily derive a relation between #ta dovariance
matrix Cq at a certain lag, the source covariance ma@ixat the same lag, the
mixing matrixA, and the noise covariance matfly:

Ca(r,¥) = ACSr,Y)AT + Cn(7,¥). (3.8)

The covariance matri€€y can be estimated from the data as
1
Ca(r.v) = 5= D [dE.n) — ualld(€ + 7.+ ) =~ el (3.8)
Pren

whereNp is the number of pixels sampling the data. Given a noise pgoge
can model the noise correlation matf: for example, if noise can be assumed
to be signal-independent, white and zero-mean, then foll éaguC,, is a diagonal
matrix whose elements are the noise variances in the mebshiaanels, while for
(r,¥) # (0,0), Cy, is the nullM x M matrix. If the noise process deviates signifi-
cantly from this ideal modelC,, can be computed using Monte Carlo simulations
of noise maps.

OnceCq andCy, have been set, Eq. (3.4.1) can be used to identify the mixing
operatorA. The strategy of CCA is to parameterize the mixing matrixriden to
reduce the number of unknowns and then to take into accoonigiimonzero shift
pairs (, ¢) in order to estimate botA andCs. To solve the identification problem
we perform the minimization:

(,2(;,:) = argminz || AD)Cy[X(r, 1//)]AT(I‘) + (3.9)
Y

~Ca(r,¢) = Ca(z,¥) Il

wherel is the vector of all parameters definiAgand(;, :) is the vector containing
all the unknown elements of matric€g for every shift pair.

The main product of CCA is an estimate of the mixing matixlocally on
patches, whose dimensions can vary case by case, depemdiagvanany pixels
are needed to have the problem in Eq.(3.9) to converge (Boetzdl., 2006). Once
the matrix has been estimated, it can be used to perform tireesceconstruction
with standard inversion methods.
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3.4.2 The analysis on WMAP

In this Section, | will present the main results of the anialyse performed on
the WMAP 3-year data using the CCA technique. Complete ldatain be found
in Bonaldi et al. (2007). This work was mainly focused on thedg of the fore-
grounds and the impact of the residuals of the separatioh@@€MB, as we will
see now.

The data set

The basic data are the WMAP 3-year maps at all the frequenagneis (K, Ka,
Q, V and W bands). As requested by the algorithm, some prepsirey of the data
was necessary. First of all, the maps were smoothed to thenoomesolution of
1°. Then, a proper mask had to be defined to put the code in thevogstcon-
ditions. Point sources have been masked according to tim¢ gmirce catalogue
provided by the WMAP team and, to mask out the most intenggyfound region,
we applied a Galactic cut af3°. Finally, we masked a few highly contaminated
regions, namely Cen A, the Large Magellanic Clop@ph, Orion A, Orion B and
Tau A.

The noise correlation matrix;,, has been estimated with a Monte-Carlo on
10 simulated noise maps with the nominal characteristigh@finstrument, pre-
processed in the same way as the data.

Together with the WMAP channels, we found necessary to cemht the
data set with two templates, one for the thermal dust and @néané synchrotron.
As explained in the previous Chapter, the former is obtamddapolating to 850
GHz the FIRAS dust map using the best-fit model of Finkbeirteale(1999),
while the synchrotron map is based on the Haslam et al. (1482MHz map. To
avoid free-free contamination in the synchrotron templtte latter was obtained
by subtracting from the Haslam map the free-free controuéstimated from the
Ha map corrected for dust absorption (Dickinson et al., 2003).

Evidence for an extra component

The first step in the analysis was to define a conservative hiadihe data, con-
taining only the standard mixture of CMB, synchrotron, ffese and dust. Since
the thermal dust spectrum is only very poorly constrainetheyWMAP data, the
results are very weakly dependent on the assumed dust tetageand emissivity
index. We then fixed these quantities to the commonly usegesdly,s; = 18K
andgBq = 1.67 in Eq.(3.8). Since also the free-free spectral index easdfely as-
sumed as known, we are left with only one free parameterythehsotron spectral
indexgs.

The distribution of3s obtained with CCA is shown in Fig.3.8 (left panel). The
two-peak feature is evident. One peak is8at~ 2.7 and has a dispersian =~
0.2, which is roughly what is expected for the synchrotron siois The second
peak, aiB, = 2.3852, is extremely narrows( ~ 0.0004), hinting at a dferent
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component. We explicitly checked that this distributiorurstected by diferent
choices of the thermal dust parameters. In Fig.3.8, righepave show the map
of the recovered synchrotron spectral indices. The flatt@nponent is mainly
located at low Galactic latitudes, more thard0° away from the Galactic center
and does not correlate significantly with the synchrotronpiate.
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Figure 3.8:(Left pane) The distribution of the synchrotron spectral index recedeby
CCA. It shows the presence of an unmodeled component witlyanasrow distribution
index. Right panel Map of the recovered spectral index. The flatter componentat
show significant correlation with the synchrotron template

To account for this extra component, it was necessary totpatthe model.
According to de Oliveira-Costa et al. (2004) and Davies ef24l06) the spectrum
of the anomalous emission fer- 20 GHz may be represented by a parabola in the
(logv,logS) plane:

Me0 109 Vmax
log(Vmax/60 GHZz)

Meo 2
21000 mag60 GHZ) 29" (3.8)

with v in GHz andvmax = 20 GHz. The free parametaryy, is the angular cdié-
cient at 60 GHz in the (log, log S) plane. CCA found that the mean valuesw
over the sky patches are in the rang® 8 mgo < 4.5, and correlate witjgs. The
linear best-fit relation is:

Meo = (2.1101+ 0.0005)85 — (2.073+ 0.002). (3.8)

The corresponding spectral shape is compatible with thenataus emission de-
tected by Davies et al. (2006).

Last clue on the nature of this extra component came fromttialy ®f its mor-
phology, once the component maps were recovered. It turaethat it shows a
high, but not perfect, correlation with the dust componebavies et al. (2006)
suggested that, if this component is due to spinning dushatild be better corre-
lated with the small grains dominating the mid-IR emisstmartwith the big grains
dominating at far-IR to sub-mm wavelengths. The map of thisponent yielded
by our model could then constitute its first, albeit prelianyall-sky template.

logTax(v) = const—

+ 2) logv
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Recovered CMB

Even if the work by Bonaldi et al. (2007) was mostly focusedtmn study of the
foregrounds, the code was able to provide, as a side pratiedEMB map showed
in Fig.3.9. We did not go into a detailed analysis of this niagside the fact that it
shows a negligible spatial correlation with all the foragrd templates used in the
analysis when the extra component is considered into themod

=

=500 m— mmmmmm 500 1K thermodynamic

Figure 3.9: Recovered CMB maps, out of the WMAP 3 year data. This maps show
negligible corelation with the foreground templates usethée analysis.

The last question we tried to address was the following: tatveixtent do the
different foreground modelingtact the estimates of the CMB power spectrum on
large scales? To answer this question we performed thesasaljth 5 diferent
models for the foregrounds, including the one we introdusdealve. I'm not going
into details here, but out of this 5 models, 3 provided reabtresults in terms
of foreground recovery, all of them including #fdirent model for the anomalous
emission (see Bonaldi et al., 2007, for a complete discassiothis point). The
recovered CMB power spectrum for each model is shown in EitD.3We gen-
erally find good agreement with the WMAP power spectrum, shbwthe solid
line, but there are significant fiierences among the various models at the lowest
multipoles, especially evident for= 2. At large multipoles the power spectrum
seems to be uiizected by the choice of the model.

Regardless of which is the actual model we are exploitinig, rissult shows
that the model of the Galactic components used to perfornpooent separation
can dfect the CMB power spectrum on larger scales. Thus, large bens are
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required to take into account possible biases at thesepuldti, something that
the WMAP team never considered so far. In this analysis, asighr estimate of
uncertainties associated to foreground modeling, it makese to consider the
spread of our three CMB power spectra. In Fig.3.11 we reperpbwer spectrum
as recovered by CCA, averaged on the three models, with tlead@mround the
mean as error bars. It is compared to the begt@DM model (smooth solid line,
shaded area is the cosmic variance).
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Figure 3.10: Binned CMB power spectra obtained from all models compaceth¢
WMAP three-year power spectrum.
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Figure 3.11:Upper panel: best finCDM model (smooth solid line) compared to the
WMAP CMB power spectrum (dashed line) and to the mean finalgsapectrum re-
sulting from our analysis (open diamonds; the error barsvsihe spread of results for
different models). The shaded area shows the cosmic varianeer panel: uncertainties
associated to foreground modeling (dashed line) comparéuket cosmic variance (solid
line).
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Chapter 4

B mode recovery

4.1 Introduction

The main target of the planned probes for measuring the ipethcomponent
of the Cosmic Microwave Background (CMB) radiation is regaeted by the B
modes, also known as ‘curl’ component (Zaldarriaga, SeljaR7; Kamionkowski
et al., 1997). As introduced in the first Chapter, the CMB B meijnal is known
to be generated by primordial gravitational waves and thakwensing due to
structures forming in the Universe (Zaldarriaga, Selj@98), and thus contains
unique information about the early Universe, and, potéwtighysics of very high
energies, beyond those reached in modern particle actwkera

The B signal in the CMB polarization is more than one order afmitude smaller
than the ‘gradient’ mode (E) coming from all kinds of cosngial perturba-
tions, and about two orders of magnitude lower if compardd thie total intensity
anisotropies (T). The CMB E mode and tié& cross-correlation, have been de-
tected by the WMAP satellite as well as instruments opegatimthe ground (Ko-
vac et al., 2002; Readhead et al., 2004) and from balloons{iidy et al., 2005).
No glimpse of the B has been seen so far and it is apparenttshdetiection will
represent an experimental and data analysis challengems t& control and treat-
ment of systematics and instrumental noise needed to #teairequired precision.
An additional important limiting factor for these experintg is related to fore-
ground emissions. In the frequency range going from 70 toGBG& the difuse
Galactic emission is known to be sub-dominant with respetihé total intensity
CMB signal at intermediate and high Galactic latitudes. Ewesy, the foreground,
whose polarized pattern remains quite unknown expeciallyigh Galactic lati-
tudes, is expected to highly contaminate the weak cosnuabd@ signal every-
where in the sky and at any frequency (Baccigalupi, 2003).

In this context, it is crucial to develop reliable data as@éytechniques and
tools which are capable of cleaning the CMB polarized emis$iom the fore-
ground contamination. In this Chapter, | will describe tvppkcations of compo-
nent separation aimed to B modes recovery.

81
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4.2 FASTICA and the B modes

In Stivoli et al. (2006) we tested FASTICA performance in teeonstruction of
the CMB polarized emission on a limited region of the sky,ufsing on the re-
covery of B modes. Our work represented an exploratory stualyspecialized to
describe any particular operating or planned experimet, @t aiming at quanti-
fying what is the minimum level of B modes detectable in pneseof foregrounds.
Our aim was rather to determine if the blind component sejoargechniques have
the capability to recover the B modes corresponding to aoteiesscalar ratio of
about 10%, observed on a limited patch of the sky in the preseha substantial
foreground contamination as estimated on the basis of trdelmof the Galactic
emission.

4.2.1 Simulated maps

As said before, for this simulation we target a small patcthi sky where the
foreground emission is known to be low. Such a region is cedten the po-
sition (60, —5C°) in right ascension and declination. It has been observed by
BOOMERANG 2K (Montroy et al., 2005), and is the target of thBEX (Ox-
ley et al., 2004), QUAD (Bowden et al., 2004) and QUIET exmemts.

Two sets of simulated polarized skies were generated, olmsvdtequencies
(40 GHz and 90 GHz) and one at high frequencies (150 GHz and=3%f). A
combination of CMB plus synchrotron and CMB plus dust areuated in the
former and the latter pair, respectively. The sky modelsabased on the available
data at the time in which the work was carried out.

The CMB emission is simulated accordingly to the cosmokigioncordance
model (Spergel et al., 2003). The Hubble constairigs72 knysMpc, the overall
geometry is flat, with a critical density made of baryons ¥4)4Cold Dark Matter
(CDM) (22.6%), and the cosmological constant (73%). Theatamh component
consists of photons and three massless neutrino speciesoplical depth to the
last scattering surface is fixed at= 0.11. The perturbations are Gaussian, with
a primordial power spectrum characterized by a spectraxmd scalar perturba-
tionsng = 0.96. Unless otherwise specified, the primordial gravity wemetribu-
tion was set to 10% of the scalar perturbation amplitudd) evgpectral index fixed
accordingly to the single field inflationary mode}, = —ng/6.8. When explicitly
specified, we also considered the case in which no gravityesvave present. We
included the contribution due to lensing in the power speatrwhich is respon-
sible for substantial part of the power in the B modes of theBCpblarization
anisotropies.

The polarized synchrotron emission was simulated with dtleviiing recipe.

A template for the polarization angbewas derived by exploiting the observations
in the radio band: these measures indicate a rather highdlioh level interpreted
as the fect of the small scale structure of the Galactic magnetid fidlyaniker
et al., 1999; Duncan et al., 1999), scalingczfs~ 1-2 on degree and sub-degree
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angular scale, up to the arc-minute (Tucci et al., 2002)sistently also with ob-
servations at medium Galactic latitudes (Carretti et &Q5). It is worth noting
here that WMAP three year analysis showed an evidence foalkloaker slope
in the polarization angle pattern, at least on large angdates and intermediate
Galactic latitudes (Page et al., 2007). In the last few yees latter became the
standard way to model the slope. In the Stivoli et al. (20@§gv the template for
the polarization angle was obtained by adopting the fornvatkurCf, and assum-
ing Gaussian distribution. The polarized intensity wasveerusing the model by
Giardino et al. (2002) who exploited the all sky template wichrotron in total
intensity at 408 MHz (Haslam et al., 1982), assuming a thiealey synchrotron
polarization fraction of about 75%; since that template &assolution of about
one degree or less, they extrapolated the power to the srealiées by exploiting
the total intensity observations in the radio band (Uyaniteal., 1999; Duncan
etal., 1999).

The polarized emission from theffilise thermal dust has been detected for the
first time in the Archeops data (Benoit et al., 2004), indigaia 5% polarization
fraction with respect to the total intensity emission, whis very well known at
100um and can be extrapolated at microwave frequencies fittinthéoemissivity
and temperature of two thermal components (Finkbeiner.e899); in Stivoli
et al. (2006), we adopted the model 8 of that work, where dogssvity and
temperatures do not vary across the sky. The dust polanz#&taction reported
by WMAP three years is also consistent with a few percent. Jditern of the
polarization angle is much more uncertain, and due to thenetamd dust grains
which get locally aligned along the Galactic magnetic fidbdupet et al., 1998;
Jones et al., 1995). Since the geometry and compositioreafilist grains is still
very uncertain, the simplest assumption is that the Galat#ignetic field is 100%
efficient in imprinting the polarization angle pattern to theayrotron and dust
emission (Baccigalupi, 2003).

In Figure 4.1 we show the contamination to the all sky CMB E Brepectra
from the foreground emission corresponding to the synobmoand dust dfuse
Galactic signal after cutting out the Galactic plane ujbte= 50°, roughly corre-
sponding to the latitudes considered in Stivoli et al. (900®e foreground power
has been evaluated by fitting the actual sky signal with a ptave C, = olf. As
it is evident, the models of the foreground emission indi¢hat the contamination
to the B modes of the CMB is relevant in all cases. The linesimgiad? represent
the levels of instrumental noise which we considered hewrepdiht out again that
these simulations reflect the status of our knowledges amgifound modeling at
the time the work was carried out.

For simplicity, we considered a circular sky patch with aiwadc = 10°
and 20, corresponding to aboutT6% and 304% of the entire sky, respectively.
The center in Galactic coordinates islat 260°, b = —-62°, within the region
considered by diierent experiments as said before. The sky emission at thwusar
frequencies, corresponding to teStokes parameter, is shown in Figures 4.2 &
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Figure 4.1:Power spectra of the flerent polarized sky signals relevant to the microwave
observations. The almost flat straight lines representdhegfound contamination ob-
tained by cutting out the Galactic plane up|bp = 50°, and fitting those with a power
law; the steep straight lines raising ldgepresent the instrumental noise assumed in this
work. The left and right panels show the predictions for tBe 90 GHz and 150, 350
GHz frequency bands, respectively. The solid lines remiteséower frequency, while the
dashed ones a higher one. These signals are plotted adiffisi sky CMB power spectra

of anisotropies in thermodynamical units for E and B as asslim Stivoli et al. (2006).
Foregrounds models changed substantially in the last years
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Figure 4.2:The total (CMB plus foreground<) Stokes parameter emission in the sky
area considered in the text, at 40 (left) and 90 GHz (right)9@GHz the signal appears
dominated by the CMB signal, while the synchrotron contatiom is evident at 40 GHz.

Figure 4.3:The totalQ Stokes parameter emission in the sky area considered imsthe t
at 150 (left) and 350 GHz (right). At 150 GHz the signal appetyminated by the CMB
emission, while the dust emission dominates at 350 GHz.

4.3. At 90 and 150 GHz the CMB signal appears relatively freéoaeground
contamination, while at 40 and 350 GHz the foregrounds datain

4.2.2 Polarization pseudo-power spectra

Since we performed component separation on a portion okiheve quantify the
quality of the reconstruction with help of the angular psepdwer spectra, which
are relevant and straightforwardly calculable for thefédisky observations as de-
scribed here. In a computation of the polarized, E and B ps@owver spectra on a
finite portion of the sky a transfer of power between the E amadBles occurs (see
Chon et al., 2004, and references therein). Since the B naréesub-dominant,
the leakage of the E-mode power alters their spectrum mdsautially and con-
sequently needs to be explicitly considered in the predeatalysis. We denote
the pseudo-power spectra of E and BZ&sandCB, respectively, while the symbols
without a tilde will correspond to their full-sky versiondereafter we compute the
power spectra using a recipe adopted from Hansen et al. Y2G02sequently, we
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introduce a window functionG(6, ¢), (Gabor, 1946) which is applied to the data
prior to a computation of the spherical harmonic transfoomsa portion of the
sphere and a calculation of the pseudo-power spectra. Hkade between the
polarization modes may be written as

Cr

DICEKa(L 1) + T CPK (1), (4.0)
I I

P

D CPKa(l, 1) + T CFK (1) (4.0)
I I

WhereclE andClB are the polarization full-sky power spectra (Zaldarriggeljak,
1997), while the kernel&,(l,1’) andK_5(l,1’) depend on the form and the size of
the cut, described by a generic functiG(o, ¢) which is zero in the sky regions
which are not considered. The explicit expressions for #radds are:

, @+ 1)@ +1) o0 1) 1
Kp(11) = > Gh 2 5——WAHLIL (£ (D). (4.0)

|//
Hereg, are found by the inverse Legendre transform of the Gaborawr@d(6, ¢)
and the Wigner symbol/ are defined as:

W(I,I’,I”):( _'2 'é '; ) (4.0)

We exploited these formulae for circular cut sky area @edent size with top
hat shape:

|1 6<éc,
G(H)‘{o, 0> 6c . (4.0)

As one can see from Equations (4.2.2) and (4.2.2), the skynowds the polariza-
tion E and B modes, as quantified by tke,(l,1") kernel. Obviously, the mixing
gets reduced as the size of the window is increased. Sincs#mological fluc-
tuations are dominated by the scalar contribution in thenodsgical concordance
model (Spergel et al., 2003), even if the diagonal of theddefa(l, ") is one order
of magnitude larger than the diagonalKf,(l,1’), we expect the E mode to con-
taminate substantially the B signal even for large regidrth® sky, while on the
other handZF ~ CE.

In Fig.4.4 we show the pseudo-power spectrum of the B méﬁeas defined
in (4.2.2) for atop hat window withc = 10° and 20. In the latter case, the leakage
from the E modes is slightly weaker. (Hereafter, we limit analysis to a range
of I-modes< 1000 in order to speed up the calculation of the pseQ@o) For
comparison the dashed lines show the full sky B mode poweatispéwith power
normalized on the patch). As we see, the shapes of the twiraaee substantially
different and the E mode contamination is relevant for the ps@ﬁdo
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Figure 4.4:Pseudo-power spectra for the B modes, in the case of a dirmydéat cut

of 6c = 10 (left panel, solid line) andc = 20° (right panel, solid line). The dashed
lines in both panels represent the full sﬂzﬁ normalized to the patch area fractions. The
contamination due to the E mode is evident.

4.2.3 B modes reconstruction and error estimation

The sky signals in the patch considered are processed byABEIEA code, and
the outputs, in E and B, are shown in Figures 4.5, 4.6, and4487 respectively.
Those are plotted at 40 and 150 GHz in antenna units, as tleeadguts are at
the lowest frequency by default. In each panel, the two datteves correspond
to the input pseud@~® of the CMB signal +1o- whereo represents the cosmic
variance on our patch of the sky: that is specified by a fractigy and binned over
Al = 50 multipoles (Tegmark, 1997), and is given by

~ 2 ~ ~
ACEB= [ = (EFB4+CEB 4.0
Ty @+ Dlfag 1+ Cn1) (4.0)

whereCF are the contribution of the noise. We assume a Gaussian dfodmiy
distributed noise over the analyzed region, witfis equal to a half of that of the
CMB Stokes paramete® or U on a single pixel, at each frequency. The noise
amplitude is not related to any particular experiment, aad ehosen as a starting
point for the analysis performed in the next Section, whieesrtoise amplitude is
varied.

The symbols in the figures represent the signal recoveredebyASTICA separa-
tion process averaged over the 100 MC simulations of the ChtBreise, while
the error bars show, asluncertainty derived from the simulations. Thus, they
represent the extra uncertainty due to the separation ggpg&en the foreground
templates assumed here. At the bottom of each figure, we &sdhe average
and standard deviation of the residuals, obtained by sttistcathe input from the
output pseudo-power spectra for each realization. Theagesrprovide a measure
of biases of the reconstruction on each realization, whiesirror bars estimate the
extra dispersion introduced due to the separation process.

The first feature to be noted is that the separation is clsadgessful, for E and B
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as well. Note that the B-mode pseudo-power spectra are glgneomparable or
lower than the foreground and noise contamination. As vessed before, the ICA
technique looks for the independent components into thee dasuming rigid and
different frequency scaling and dférent statistics for all of them, with no other
prior; the fact that this procedure is able to extract withrsa precision a signal
which is comparable or lower than the foreground contarmnain presence of
noise is remarkable. Once again, the observed performanoade possible by
the large number of pixels in the map, as well as the high levstatistical inde-
pendence between background and foreground emissione Thegacts bring the
algorithm close to an ideal environment, ensuring the cgaree very close to
the correct answer, with a precision represented by thessstmwn in the figures.
A second, most interesting aspect to be noted is that we tdiieerror due to
the separation process; that is clearly visible in all tharig as the excess in the
error bars with respect to what predicted by cosmic variamzknoise. The error
from component separation is comparable or smaller, toahmpke variance of the
simulated templates. The error of the separation is eitheitd the randomness of
the noise realizations on one hand and the fact that, forghesrealization, back-
ground and foreground may not be completely independenrg. Iatker factor can
be a source of the extra randomness in the ICA performanaediriributing to
the total error.

Although we were mainly interested in the extraction of tHdECB modes from
the data, it is interesting also to look at the foregroundvecy. In Fig.4.9 we
plot the reconstructed pseudo-power spectra of the seplasginchrotron com-
pared with the original ones, reported with dotted linesthia case the FASTICA
is able to properly reconstruct the polarized signals offtiieground with good
precision. On the other hand, the dust reconstruction, f@dst comes out heavily
contaminated by the CMB, and with wrong normalization. Trhanifests that the
separation with dust is more problematic, as it may be al¢edhby looking at
Fig.4.8, which shows excess power in the recovered speutraegiduals with re-
spect to the input ones, and which is mostly concentrategatrultipoles where
the dust spectrum is highest. This occurrence should natteepreted in terms
of the dtferent pattern of the foreground emission for dust and sy, but
in terms of the relative weight of it with respect to the backmd emission, as
already noticed in earlier works (Maino et al., 2002; Baahigi et al., 2004). Due
to the diference in the frequency scalings in the bands considerdtigid0, 90
GHz case the foreground and background signals are closentitude with re-
spect to the higher frequency combination; thus, at 150 GidZ2MB dominates
over the dust while at 350 GHz the CMB emission is negligithteleed, this bias
disappears if the foreground amplitude is raised by a fautarfew as we see next,
and consequently the dust template can be better recotestruc

Note that our Monte Carlo analysis does not include varyimgforeground tem-
plate, a factor that should be accounted for in order to djiyatite error in the
separation process in a comprehensive way. However, oueshddowledge of
the foreground emissions does not allow to estimate thaiissits to a level high
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Figure 4.5:Pseudo-power spectra of the reconstrudéd’nodes of the CMB in the 40,

90 GHz frequency combination, in tH&/N = 2 case. The region between the dotted
lines is the input CMB signato cosmic and noise variance at 40 GHz on the sky area
considered. At the bottom we show the average and standaiatide of the residuals on
each realization. From Stivoli et al. (2006).

enough to vary their template in the Monte Carlo. Finally,stress that this work
represented a first attempt to evaluate the reconstructionsentroduced by the
non-linear nature of the algorithm. As pointed out in thevimes Chapter, an
analytic treatment of the component separation throughTHBA is still missing.

4.2.4 Varying noise, foreground amplitudes and analyzed &a

We performed a first study of a dependence of the results oe sbthe key simu-
lation parameters. Specifically, we varied noise amplitddeeground fluctuation
amplitude, and extension of the sky area considered. Wemgthe correspond-
ing parameter space by moving along the multiple ‘direciamithin its volume
and use the results to set constraints on the applicabflityy)oFASTICA approach
given the assumed foreground pattern, however, still itesyatic free cases.

In order to quantify the error introduced by the algorithnthaiespect to the one
due to the cosmic variance and noise, and focusing on the B membnstruction,
we introduced the quantities

ACree
ACP

élrec _ CIB |érec _ éB|

d = = (YA s A = (———Yicas 4.0
| 1= ce Nica & =¢ o )IcA (4.0)
meaning of which we explain now is the ratio between the dispersion of the re-
covered spectra over 100 realizations and the quantityetefin(4.2.3). Generally
we expect this quantity to be larger than 1, accounting ferethor introduced by
the separation itself: a number close to 1 means that theaepaprocedure in-

troduces an error which is negligible with respect to theutrgme; on the contrary,
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Figure 4.6:Pseudo-power spectra of the reconstruéEdnodes of the CMB in the 150,
350 GHz frequency combination, in tt8N = 2 case. The region between the dotted
lines is the input CMB signato cosmic and noise variance at 150 GHz on the sky area
considered. At the bottom we show the average and standaiatide of the residuals on
each realization. From Stivoli et al. (2006).
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Figure 4.7:Pseudo-power spectra of the reconstrudédnodes of the CMB in the 40,

90 GHz frequency combination, in tH&N = 2 case. The region between the dotted
lines is the input CMB signato cosmic and noise variance at 40 GHz on the sky area
considered. At the bottom we show the average and standaiatide of the residuals on
each realization. From Stivoli et al. (2006).
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Figure 4.8:Pseudo-power spectra of the reconstrudEdnodes of the CMB in the 150,
350 GHz frequency combination, in tt8N = 2 case. The region between the dotted
lines is the input CMB signato cosmic and noise variance at 150 GHz on the sky area
considered. At the bottom we show the average and standaiatide of the residuals on
each realization. From Stivoli et al. (2006).

a value larger than 2 means that the separation error is dbimgnd, is a measure
of the extra uncertainty introduced by the algorithm.

On the other hand, as we see in a momdniyas getting closer to 1 when the
noise is increased. This is due to the fact that in some cHsesgparation qual-
ity deterioration, caused by the increase of the noise |@receeds at the slower
rate than the noise level increase itself leading to a deer@ad,. Ther, and
a quantities are respectively the residual and the absoadielual of the recov-
ered pseudo-power spectra in the single separation, acmgr 100 realizations.
These quantities gave us a measure of a bias of the recdimtruand thus were
expected to be close to zero. Note that part of tikeinces in the numerators of
r anda, comes from the instrumental noise; therefore, in a highigynoonfigura-
tion, their value can become large not because the segafatis, but because of
the high noise itself.

Especially if checked together for each case, these gigangillowed us to attempt
to give a definition for a ‘successful’ separation, which isen FASTICA is able
both to recover the CMB signal giving the valuedpon one side and the values of
ri anda on the other close to, and less than unity, respectivelyalhtes 4.1, 4.2
and 4.3, we report the value of these quantities for someaetanultipoles as a
function of the varying parameters.

We began varying the noise with respect to the simulatedsdatzonsidered in
the previous Section. We found out the results to be quitelestap toS/N = 1.
As it may be noted by looking at the first block of four rows i ttables, the al-
gorithm performance, in terms of, decreased mildly or remained constant, and
decreases nearly linearly with the noise amplitude in testmsanda,. For values
of the noise larger than the signal, the code started faitingeconstruct the sig-
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Figure 4.9:Pseudo-power spectra of the reconstrudEdnodes (left) ancﬁ,B (right) of
synchrotron at 40 GHz in th8/N = 2 case. Dotted lines are the input spectra. From
Stivoli et al. (2006).
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nals, what at first showed as a residual foreground contdimipgersisting in the
reconstructed B modes of the CMB, then as a failure to reageltdhvergence or
to estimate a non-negative definite signal correlation imdtre to the large noise
sample variance.

The foreground variation was realized by keeping its mean the considered area
unchanged and increasing solelyritssby a factor 2, 4, and 6 for synchrotron, and
2,4, 6 and 10 for dust. In Figs. 4.10 and 4.11 we report thegforend B modes at
40, 90 GHz and 150, 350 GHz, respectively, for timsconsidered. For reference,
we also plotted the theoretical CMB pseudo-spectra. At 403&%0 GHz, the con-
tamination to the CMB is worse of course. Despite the higkll®f foreground
fluctuations, the method exhibited again a remarkable lgiabr even improve-
ment in the interval considered for this parameter, as it @geen by looking
at the second block of four rows in the tables; it startsrgilonly when the fore-
groundrmsis increased by a factor of about 6 for synchrotron, and byctfaf
about 10 for dust. This can be interpreted as due to the fatfaheground recov-
ery is indeed easier and more precise given a larger foradgramplitude. Indeed,
for an ICA based component separation technique whiclzesiline independence
of the components to be recovered, the quality of the renart&in of each of them
depends on how well the other ones are extracted (Maino, &0412; Baccigalupi
et al., 2004).

The last row in each table shows thi&eet of the variation of the sky area consid-
ered, while all the other parameters are kept fixed. As ergethings got gener-
ally better after doubling the radius of the cut, but sinca egsolution of about 10
arc-minutes a patch witt: = 10° has already a humber of samples (pixels) large
enough to faithfully represent the signal statistics, éasingdc doesn’t improve
the separation dramatically. However, a wider area reptesebenefit concerning
the possibility of detecting the B modes from primordiahgtaional waves, as we
discuss in Section 4.2.5.

As a final remark, we noticed that increasing the noise aogsitcauses the
reconstruction to be less accurate, in all cases when thiesdiagen into account.
This observation, anticipated in Section 4.2.3, is duedddlt that at 150 GHz, the
dust emission is negligible with respect to CMB and noisalebd, as noticed in
earlier works (Maino et al., 2002; Baccigalupi et al., 20@4% separation is more
accurate when the signals are comparable in all frequenuysbd his is supported
by the fact that the performance improves or remains uraltethen the dust fluc-
tuation amplitude is increased, while in the synchrotrasecaclear degradation of
the separation may be seen.

As a final test to evaluate the separation we studied the eeedvirequency scal-
ing indexa = log [s(v2)/s(v1))]/ log (v2/v1) of the diferent output components

computed through the ratios between column elements imtfeese of the separa-
tion matrix (Maino et al., 2002). In all the cases we studibd; quantity resulted
to be close to the theoretical one, with dispersidasincreasing roughly linearly
with foreground amplitude and noise; an exception was Ejresented by the



94 CHAPTER 4. B MODE RECOVERY

-1

10

o
|
N

5

|

w
T T

'/2m [K antenna units]?

10714

B

v

Le+1)C,

10715

o A S R B

Il

0 200 400 600 800
[

-13

12

10

_ A RVATANG SN
1o 14 ; ¥ E - Vi

10715k

ot+1)CE/2m [K antenna units]?

-16

10

12

00

00

Figure 4.10: Pseudo-power spectra of the synchrotron B modes calculatetie sky
region and with the amplitudes as considered in the textQdteft) and 90 GHz (right).
The diterent curves, with raising power, correspond to the fonegdoms multiplied by
1, 2, 4, and 6, respectively. In each panel the solid smoonérkpresents the B modes of

the CMB. From Stivoli et al. (2006).
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Figure 4.11: Pseudo-power spectra of the dust B modes calculated forkheegion
and with the amplitudes as considered in the text, at 15€) @efl 350 GHz (right). The
different curves, with raising power, correspond to the foregdoms multiplied by 1, 2,
4,6 and 10, respectively. In each panel the solid smoothréipeesents the B modes of the
CMB. From Stivoli et al. (2006).
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S/N  Fore. Cut  d-100 di—s00 Ci—950 di—100 =400 di=g50

Ampl. Radius Sync. Sync. Sync. Dust Dust Dust
00 1.00 10 116 169 131 208 199 1.7
200 1.00 10 144 155 118 181 156 1.3
150 1.00 10 138 142 1.07 224 156 1.3
100 1.00 10 188 172 138 339 156 1.7
200 2.00 10 160 170 133 166 164 1.3
200 4.00 10 162 203 158 163 169 1.3
200 6.00 10 1.78 239 181 151 169 1.3
2.00 10.00 10 - - - 200 2.04 1.5(¢

200 100 20 128 153 103 175 141 124

NN BpP PP

Table 4.1:Relative extra uncertaintg,, evaluated for the reconstructed B mode power
spectrum of the CMB. The results are given for thre@edent values of the multipoleand
for multiple choices of the sky and noise parameters agllist¢he table.

dust case, when the dushsis increased: as explained above, increasing the dust
rmsinduces an improvement in the reconstruction, which agpalso in the re-
covery ofa. The relative dispersiona/«, evaluated over the 100 Monte Carlo
realizations both for CMB and foregrounds, is shown in tabie

4.2.5 Measuring the primordial tensor amplitude

As we stressed already, one of the most important goals dbttiecoming CMB
polarization experiments is the measure of the ratietween the primordial am-
plitudes of tensor and scalar cosmological perturbatiaes, gravity waves and
density fluctuations. The most relevant question in thigexdris how small that
ratio can be in order to be detected when foregrounds are fake account, and
in particular what this minimal detectable value is when @B background is
separated from the foregrounds with the technique coreidesre. Unfortunately,
the foreground simulations were (and are) still too undera push the analysis
toward a complete cosmological parameter estimation ipgpeind address this
question comprehensively. Nevertheless, given the irapoet of this topic, we
present in this Section some general though preliminanarksnand we illustrate
them with some examples.

For our purpose here the most relevant result of the prexBegsions is the ob-
servation that the FASTICA-based separation yields emtrish are comparable
to those from cosmic variance and noise, for the model wil0.1. Therefore, in
such a case, as far as these simulations are concerned, wid beable to detect
the tensor contribution in the presence of foregrounds whenatter are treated
with ICA, with a confidence close to the one achievable witHotegrounds.

To illustrate this issue, we compared the pseudo B mode eegaw our fidu-
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S/N  Fore. Cut  r-100 N=400 M=950 F=100 [i=400 [i=950
Ampl. Radius Sync. Sync. Sync. Dust Dust Duyst

o0 1.00 10 0.02 005 005 010 0.05 0.05
200 1.00 10 0.01 0.06 0.08 011 0.06 0.07
150 1.00 10 0.02 0.06 010 013 0.06 0.17
100 1.00 10 0.02 0.08 0.22 022 0.08 0.20
200 2.00 10 0.01 0.06 0.08 0.08 0.05 0.05
200 4.00 10 0.02 0.08 0.14 0.08 0.06 0.06
200 6.00 10 0.02 0.08 0.14 008 0.06 0.03
2.00 10.00 10 - - - 0.08 0.08 0.0%

‘2.00 1.00 20 0.02 0.04 0.03 0.09 0.05 O.q)3

Table 4.2: Residuals of the CMB pseudo B modes recovered against sytngchrand
dust, averaged over 100 realizations of noise and CMB.

S/N  Fore. Cut  a-100 @=-400 &=950 Q=100 =400 =950
Ampl. Radius Sync. Sync. Sync. Dust Dust Dust

00 1.00 10 0.12 0.06 0.06 014 0.06 0.0
200 1.00 10 0.12 0.07 011 015 o0.07 0.1
150 1.00 10 0.12 0.08 0.17 0.17 0.07 0.1
100 1.00 10 0.12 011 046 022 010 0.7
200 2.00 10 0.09 0.07 014 013 0.06 0.1
200 4.00 10 0.10 0.11 018 0.13 0.07 0.1
200 6.00 10 010 0.11 019 013 0.08 0.1
200 10.00 10 - - - 0.13 0.09 0.13

‘ 200 1.00 20 0.09 0.07 009 0.09 0.05 O.QS

AR w O~NRO

Table 4.3: Absolute value of residuals of the CMB pseudo B modes reeavagainst
synchrotron and dust, averaged over 100 realizations strasid CMB.
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S/N  Fore. Cut CMBvs. Sync. Synchrotron CMB vs. Dust DQJst
Ampl. Radius

0 1.00 10 0.01 0.03 0.72 0.81
200 1.00 10 0.05 0.07 0.60 0.89
150 1.00 10 0.14 0.15 0.75 1.09
100 1.00 10 0.28 0.35 1.17 1.97
200 2.00 10 0.14 0.14 0.63 0.69
200 4.00 10 0.22 0.23 0.85 0.56
200 6.00 10 0.35 0.36 1.49 0.53
200 10.00 10 - - 3.04 0.4¢4
200 1.00 20 <0.01 0.02 0.45 0.73
100 1.00 20 0.18 0.20 - -

Table 4.4:Relative dispersionsa/a around the expected values of the frequency spectral
indices, for both CMB and foregrounds.

cial model withr = 0.1 with one in which the tensors are absent, 0. We focused
on the spectral region where primordial tensors are mostaat, e.gl ~ 100. Of
course, as a result of the leakage of E modes into B due torttieed sky cover-
age, also in the latter case the amplitude of E modes on ticasessmatters. We
addressed this issue to some extent by considering thesdsukach value of
obtained for sky areas withftierent aperture. In Figure4.12 we plot the recovered
pseudo B modes in these two cases, zooming on the relevage cdimultipoles.
Two different sizes for the sky cut were considered; the left and pghel refer to

6c = 10° andfc = 20°, respectively. In both panels the higher amplitude spectru
represents the model with= 0.1. As we quoted above, we saw that in the entire
interval, the separation error is comparable to the cosemi@ance, in particular in
thel-range, where the B modes from tensors have their main impact ~ 100.
The central role of the leakage from E modes is also evideriteiWthe area gets
smaller and the pollution consequently larger, the daiaatf B modes becomes
harder. Points on the plot are the pseudo B modes recoverdtelnpode against
the synchrotron template, in the case WitftN = 2, for both the models (asterisks
forr = 0 and diamonds = 0.1).

Looking at the left panel of the figure, it is clear that, evethie algorithm
did not introduce any extra uncertainty, we could not makeaaim on primor-
dial B modes detection with flicient confidence, because the leakage is already
too high for the 10 deg cut. The situation gets better forhe= 20° case (the
right panel), where the two models seem to be distinguighstaltistically by our
method. For the latter case, more quantitative resultsiaeed in table 4.5. To
define whether or not the algorithm is able to distinguisiwvieen the two models,
we compared the statistics of the recovered power spectrnelsecond column,
we report the percentage of recovered power spectra &o0) that fall inside the
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| CopvsCihy CilgvsCily, CPth,vsCy CllgyvsCly |
=70 0% 0% 0% 0%
¢ =120 0% 0% 5% 2%
¢ =170 50% 43% 53% 46%

Table 4.5: This table reports the capability of the algorithm to digtirsh between the
two models with and without the gravity wave content for lge= 20° case. The second
column shows the percentage (see text for more details)wi@ps detection of the ten-
sor contribution, while the fourth column shows the peragetof a false non-detection.
The other two columns report the same quantities but deiiivetle ideal, CMB-only,
foreground-free case.

95% confidence region far= 0.1 as calculated directly from the statistics of the
recovered power spectra them-self. These are the poweraieat provide a false
detection of tensor contribution. Vice-versa, the fourtlumn shows how many
of them miss a true presence of primordial B modes, sinc@drte the percentage
of recovered power spectra for= 0.1 that fall inside the 95% confidence region
for r = 0. Third and fifth column give analogous numbers but comptdedimu-
lated, CMB-only spectra and thus not requiring any furthrecpssing. These two
columns provide an idea of the best achievable levels.

We thus conclude that, given the available foreground sitians, FASTICA
eliminates the foregrounds in the two cases wk consider, with a precision i
cient to make them distinguishable even with the suboptpeaudo BB estimator.
As already stressed above, this is due to the fact that tteeatggn process induces
an error comparable to those coming from cosmic variancenarse.

Further analysis on the recovering of the true B modes andtlynompor-
tant, on the minimum value af that can be detected with this technique, could
be performed (for problems relevant to this issue and whatbeaexpected for
the considered cases, see e.g. Lewis (2002, 2003) andredetteerein). However
they could be misleading given the substantial uncertsritiat still &ect the fore-
ground simulations and because of the absence of systeniratilsis simulation.
We actually plan to address these issues in a future workaptg exploiting the
new pure power spectrum estimator from Smith (2006), in a new, moadistic
simulated environment.

4.3 A parametric approach for EBEX

| report here an application of the parametric approacheaddheground cleaning
originally introduced by Brandt et al. (1994) and furthetemded in total intensity
by Eriksen et al. (2006) in the context of CMB observationsing at the mea-
surement of the cosmological B modes. It has to be notedhfsivork was done
before the full analytic treatment by Stompor et al. (2008a] it can be consid-
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Figure 4.12:Comparison of the recovered pseudo B modes in tfieidint cosmological
models withr = 0 (dashed-dotted lines and asterisks) and 0.1 (dotted lines and dia-
monds shifted byAl = 10 for clarity), in the low frequency combination wiyN = 2.
Left panel refers téc = 10°, while right panel t@c = 20°. Regions between the lines are
the dispersion coming from cosmic variance and noise. FrivolBet al. (2006).
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ered a path finder for it. It has been also used in the sucdgssfuosal submitted
by the EBEX team in 2007. An exhaustive and updated repouttab&s work is
in preparation (Stivoli et al., 2008).

As introduced in the previous Chapter, the parametric ambrgives up com-
pletely on the information stored in the spatial correlatay statistics of the dif-
ferent signals to recover, fitting for the unknowns on a pbglpixel basis. On
the other hand, the built-in parameterization procedul@wal to cast the sepa-
ration problem in a coherent maximum likelihood form, qufgitig uncertainties,
achieving simplifications or even semi-analytic solutiafier marginalization over
sub-set of parameters, as well as taking into account a nuaflvealistic dfects,
like the directionality dependence of the frequency sgatihforegrounds and the
presence of fisets and calibration errors.

4.3.1 Simulated Sky

In this Section we describe how we simulate the sky emissiomhich we apply
our foreground cleaning technique. Since this is a morentemerk, it should be
noted that the foreground models used here are an updaigdrverith respect to
the ones used in Sec.4.2.1.
Similarly to the previous Section, our analysis concerre phatch centered at
RA=60", DEC=-50°, known to be characterized by low foreground emission (Mon-
troy et al., 2005) and which is the target of EBEX (Oxley et 2004); for simplic-
ity, we take it circular with 350 squared degrees area, andef@r to it in the
following as the EBEX patch.
The only source of data on polarized foregrounds at high c@alatitudes in the
microwave band is represented by WMAP (Page et al., 200%grtw the fre-
quency range between 22 and 94 GHz. Outside the PO6 maskgcoitit about
25% of the sky across the Galactic plane, thudie foreground emission is ob-
served on angular scales corresponding to the degree er.large data are con-
sistent with the physical expectations. The component efpiblarized Galactic
emission which is rising in frequency is given by the thermiakation of dust
grains, inducing a black body characterized by a temperatthich is roughly
between 10 and 20 K across the sky, corrected because of tksi@mof stars,
which cause a steeper rise in frequency with respect to alpgacé body. In total
intensity, the Galactic thermal dust emission has beemaddavith high accuracy
and angular resolution at about 3000 GHz Finkbeiner et 809}, due to their
magnetic moment, the grains get locally aligned with theaGsd magnetic field
(Jones et al., 1995), causing a linear polarization in thigtedithermal radiation.
The polarized intensity is found to be about 10% of the tota, @onsistently with
the findings at low Galactic latitudes by Archeops (Ponth2805). The frequency
range in which the synchrotron and dust emission becomd exjoetween 60 and
94 GHz (Page et al., 2007).

The polarized dust emission is the only foreground of irdgene this study,
since we focus on high frequencies, larger than 150 GHz isistthe range cov-
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ered by the EBEX channels. The dust is not observed in pal#izin the area we
consider, and we adopt the following simulation stratedsstFwe assume that the
dust polarized intensity is a constant fractioof the total one. Second, in order to
construct a model for the Stokes paramet@rs P cosd andU = Psing wheref

is the polarization angle, we simulate an all sky Gaussiaplate for the polariza-
tion angle using theanafast code within HEALPIx, following a strategy already
adopted by Giardino et al. (2002): we generate two reatimati; andr, of a power

spectrum given by, =« I8, whereg is constant, and pose c®s- r1/ 1/(rf + rg),

Sing = rz/ \/(r2 + r2). Finally, as for the Galaxy the power spectra@rU, E and

B are expected (Zaldarriaga, 2001) and found (Page et &i7)26 be comparable,
we determine the constangsandg matching their power spectra with the ones
estimated from WMAP outside the P06 mask, Eq.(25) of Pagé éG07). The
match is found at 65 GHz, scaling the dust total intensity miénwm 3000 GHz ac-
cording to the two component modified black body correspumdd the model 8
of Finkbeiner et al. (1999), substantially consistent tlith WMAP data (Bennett
et al., 2003) and is

f1(q/G2) (/3000 GHZY™*3  f,(v/3000 GHzy?*3
vk — 1 + gk — 1 )

wheref; = 0.0363,f, = 1 — f1, @1 = 1.67,a2 = 270,q1/qp = 13,T1 = 94 K,
T, = 16.2 K, andh andk are the Planck and Boltzmann constants, respectively.
For the polarization fraction, we find good agreementgos 11%, consistently
with the Archeops findings on the plane, which are slightlydq 5%, because of
cancellation #ects along the line of sight (Ponthieu, 2005). For what corse
the slope of the polarization angle power spectrum, we olataly an upper limit,
B ~ —3.2, due to the fact that for higher values the fluctuations efgblarization
angle, plus the one in total intensity of the thermal dusiseaan excess of fluctu-
ating power in the shape of the power spectrum with respedtMAP. Note that
this corresponds to a rather severe damping of the polanzangle fluctuations
on small angular scales with respect to the models adoptideheas in Stivoli
et al. (2006); this implies that on the scales probed by gatetith an extension
comparable to the EBEX one, the polarization angle is eisdlgntiniform com-
pared with the fluctuations of the total intensity. In oth@rds, in the EBEX patch,
according to our modeling, tH@ andU templates are essentially given by the total
intensity of the dust in that region, times a polarizaticacfronp = 11%, times the
large scale modulation given by the almost constant valuwesd and sirg in that
region. Since, as we know, this component separation #tgoriloes not depend
on global properties like the average of signals on the asaaidered, that means
that our results are rather independent on the directiomefoblarization angle
in the EBEX patch. Finally, we checked that the variationhd tlust frequency
scalings across the sky, interpreted mainly at fluctuatiotise temperatures of its
components (Finkbeiner et al., 1999), does not lead to afisignt efect on the
EBEX patch; the present knowledge of this feature, from theetation of data

dust fluxe« (4.0)
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at 100 and 24@m, indicates a relative fluctuation of the frequency scadinmpss
the EBEX patch corresponding to the percent or less, whishilislominant with
respect to the noise level considered in this work.

The CMB emission is assumed to be Gaussian, simulated usergyhfast
routine of HEALPIX, out of a power spectrum generated with plublic Code for
Anisotropies in the Microwave Background (CAMBwith Hubble expansion rate
Ho = 70.8 knyse¢Mpc, optical depth at re-ionization = 0.07, cosmological
abundances given Yy = 4.4%, Qcgm = 22%, Q4 = 1 — Qp — Qcgmy representing
the energy densities of baryons plus leptons, cold darkematbsmological con-
stant, respectively, divided by the critical one; the pnichal power spectrum is
assumed to possess a scalar spectral index —0.94, a tensor ong; = —0.015,
corresponding to the simplest single field inflationary mede&vith a tensor am-
plitude corresponding to 10% of the scalar omg¢S = 0.1. The overall normal-
ization power has been determined using the WMAP data in itatiensity and
correlation with the E mode of polarization. This set of cokrgical parameters
represents that of the cosmological concordance model fxpar tensors, which
are at present limited from abovg/S < 30%, (Spergel et al., 2007).

In Fig.4.13, top panels, we show the pattern of ¢h&tokes parameter for the
dust (left) and the CMB (right). With respect to the CMB, fluating mostly on the
degree scale, the dust has considerable power on largelaasgales, and follows
closely the total intensity pattern. In the lower panel wevglthe power spectrum
of the dust, where for simplicity the oscillations given hg underlying realization
have been averaged out, compared with the E and B modes oMBeaCvarious
frequencies, using again the Finkbeiner et al. (1999) esfip scaling the dust.
As it is evident, the CMB is dominating up to the highest freey through the
E modes. On the other hand, the curl component of CMB anigiesoi.e. the B
modes, is always sub-dominating or at least highly contatath

4.3.2 Data modeling

In the following application we applied the Eriksen et al0@B) approach de-
scribed in the last Chapter. This work was done before thedagments by Stom-
por et al. (2008a).

The signal in the EBEX patch is pixelized with HEALPIX, @ige = 1024, cor-
responding to a resolution of about 3.4 arc-minutes. We tladrequencies and
nominal noise from the EBEX experiment as reference (Oxtegl.e2004). The
signal is smoothed with a circular beam corresponding tdlavidth half maxi-
mum (FWHM) of 8 arc-minutes. The noise rms ig3, 396, 431 thermodynamic
uK at 150, 250, 410 GHz, respectively. The sky signalisa mixture of CMB
and dust emission, where the dust is normalized to have the sas at 150 GHz,
and then scaled in frequency as (4.3.1). Therefore, we write

M, = ME™+ MJUSt4 n, (4.0)

1Seecamb. info.
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Figure 4.13:Top panels: a representation of the simulated dust (let)G¥B (right) Q
Stokes parameter patterns, in antenna units at 150 GHz. ripaveel: the angular power
spectra for the CMB B (dashed) and E (dotted) modes, in cosgamwith the level of
foreground contamination in the EBEX patch, at 150 (loweaight curve), 250 (middle
straight curve) and 410 (higher straight curve) GHz.
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where .
hv 1
AV ekTo
MEmb = % , To=2725K , (4.0)
(efo — 172
and
MJUS! = s4F (v) (4.0)

whereF represents the parameterized dust frequency scalifigreht from the
one adopted to simulate the sky in all three cases as we digtasmoment, and
the two quantitiess; and sy are the CMB and dust amplitudes on a given pixel,
respectively. The component separation consists in etigdlhe amplitudes such
that they are close to the real ones,~ 5 andsy ~ 4, as well as getting the
unknowns in the dust frequency scaling, along with all theresponding uncer-
tainties. As we stressed already, the latter has been dedulessing model 8 of
Finkbeiner et al. (1999), which corresponds to a two dushgramponent, with
relative abundances andfdirent emissivities as in (4.3.1). This means more than
three parameters, so that they cannot be estimated usipgebent technique. On
the other hand, on our frequency range, the spectrum mayrbenpterized -
ciently in several simplified ways. The ones adopted here are

Fa(v) = (V—Vo)ﬁ : (4.0)

R ;
Ty _
r g 1(1) . T,=181K, (4.0)

Fo(v) = — ™

ek —1 0

SO [ T L ey
77 e 1/(eo/KTs — 1) + 6.7/(€v0/KTa — 1) |

T3=204K, T,=477K. (4.-1)

with vo = 150GHz They correspond respectively to a simple power law and two
versions of a modified black body, respectively model 3 bkB&iner et al. (1999)
and Wright et al. (1991), containing one parameter ghlyyhich together withs.
andsy represent the set of quantities to be recovered in each pixel

Spectral index recovery

The modelM(6), wheref = (s, S4,8), can be rewritten as

where we explicitly wrote the dependence on the ppelHere A, = Ap(B) is
an estimation of the mixing matrid, modeled with a single unknown parameter
B parameterizing the dust frequency scaling with one of theetlecipes (4.3.2,
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4.3.2, 4.1) ands, = (S, Sq) represents the signal amplitudes on the pixel. As
showed in the last Chapter, Eq.(3.2), the logarithmic iilazdd on the pixel can be
written as:

21 £(5.8) = K+ (dp — Apsp) N (dp — Apsp). (4.0)

Integrating this relation over pixel amplitudesand sy, we get Eq.(3.5), that
we report here for simplicity:

-2 InLmarg(B) -2 Inf ds exp[—% (d-As) N1(d —As)]
= K- (A'N"1d) (A'NTTA) T (ATNEd)

+ In ‘(At N1 A)_l , (4.-1)

The likelihood above, function ¢f only, provides an estimation for the one di-
mensional marginalized probability distribution @f The minimization proceeds
semi-analytically, yielding the solution f@ It is to be noted here that this Equa-
tion is the biased estimator that we corrected in Stompok. 2@08a). However,
in the following application, it provides an estimation betspectral index that is
good enough for our purposes.

We will now compare the solution which is achieved in this wath the one com-
ing out of the MCMC procedure. Beside the bias, Equatiorijsas the advantage
of being in principle numerically stable with respect tosyodata and faster than
the MCMC. On the other hand it has the intrinsic limitationb&ing usable only
when a solution can be computed, i.e. when a friendly enoikgliHood is used,
like Gaussian for example. For now we concentrate on thdtsesbtained with
the parameterization (4.3.2). Before concluding this i8aate will show how the
results are analogous using the other dust models.

Recovering the frequency scaling paramgteia MCMC requires decreasing
the resolution in order to increase the signal to noise @rmandt et al., 1994).
In our case, a configuration which works consists in pixethwisquared degrees
area. In the EBEX patch, this corresponds to 12 low resaiytizels in the map.
This means that if the frequency scaling is varying iffedent sky directions on
scales smaller than 4 squared degrees, the MCMC approacialideuto recover
that information. We plot the marginalized two dimensiopedbability distribu-
tions of the recovered parameters on one of the large pirefsg.4.14 (top and
bottom left panels). We stress that the CMB and dust amggumgre represent the
ones on the low resolution pixels. In the bottom right panelmarginalize on both
amplitudes. The dashed solid line represents the y&afaewhich the scaling with
(4.3.2) corresponds exactly to the one actually used tolatethe sky, Equation
(4.3.1), between 150 and 410 GHz. The right value is recoveti¢hin 1lo. The
plots for the other large pixels in the EBEX patch are analsgdn Fig.4.15 we
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input values of the parameters.
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Figure 4.15: Comparison between the spectral index probability distidm obtained
with the marginalization procedure (4.-1) and with the MC8/d&scribed in the text.

show the comparison between the MCMC estimated probaldiiétyibution forg
versus the one obtained from the semi-analytic procedurdgiomed above (4.-1),
showing substantial agreement, the bias being too smaligncase. We stress
that there is no need for decreasing the resolution if theaseld marginalization
procedure (3.7) is adopted.

Finally, we briefly discuss the results obtained using theeioparameteriza-
tions, (4.3.2, 4.1). In Fig.4.16 we plot the dust rms@pas a function of frequency
according to the best fits ghon all parameterizations (4.3.2, 4.3.2, 4.1) versus the
scaling (4.3.1), which was used in the actual sky simulatiba error bars, which
have been artificially reduced by a factor of 10 and attachate dust curve for
display reasons, represent the error in each pixel. Theedsitig line represents
the CMB rms. The latter is dominating except at 410 GHz bex#us emission is
dominated by the E modes, see Fig.4.13. This plot showsltaatiterent parame-
terizations are essentially equivalent in the frequenngeaof interest with respect
to the noise, as well as that the fitting procedurefiisaive in all cases. From now
on, we only consider the parameterization given by the m8dey Finkbeiner,
Eq.(4.3.2).

Amplitudes

Once the distribution function for the frequency scaling baen obtained, we are
left with the problem of solving a linear system for the twoiindes, which in
the present case is still analytic. This can be done now htdablution, either
if the frequency scaling recovery has been performed wittM&MC or semi-
analytically. Given our best value for the spectral ingdgxthat leads t&\ = A(Bo),
we get for each componenrt pixel by pixel:

s=(A'N"A) T AINLd. (4.-1)
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Figure 4.16:Comparison between the frequency behavior of the dust ri@sdbtained
with the diferent parameterizations (4.3.2,4.3.2,4.1), versus tkeaotually used to sim-
ulate the sky. The CMB rms is also shown, together with therdsars in each pixels,
divided by a factor of 10 for display reasons, and attachetthe¢odust curve in order to
make it evident how the fiierence in parameterization is irrelevant in the fitting pdre.

Note that due to our simplifying assumption the noise in #wvered component
maps is Gaussian and uncorrelated.

The results are shown in Fig.4.17. The top panels show the @GddBluals,
input minus output, forQ (left) andU (right). The middle panel show the dust
residuals. For comparison and quantification of the ackigrecision, the lower
panels show the noise realization. The first and most rerhrlkeature is the
absence of large scale structure in the residuals, whicaveeds an additional and
effective noise component; as we see in a moment, this is cinaadler to remove
the large scale contamination of the dust in the CMB B modesiwils apparent
in Fig.4.13. Second, the level of precision is comparablé e input noise, as it
is expected since the latter is the real limiting factor inxepby pixel analysis.

A proper error estimation on the component amplitudes wapeidormed at
the time of this analysis. As pointed out in the last Chapteould be done ana-
lytically exploiting Eq.(3.9). Here we estimated the una#ty in the component
separation performing a small Monte-Carlo varying the CMil ¢he noise real-
izations. The uncertainty on the spectral index estimatias propagated to the
second step of the analysis by drawing 10 random valuggdat of its one dimen-
sional marginalized posterior. As a figure of merit for thpagation method, we
used the B-mode power spectrum. Figure 4.18 shows the peddBEX errors on
the determination of CMB B-mode polarization (stars) inichg errors from fore-
ground subtraction. Errors on the CMB signal show less th@niricrease over
binned cosmic variance and instrument noise (shaded red)4®00. Error bars
have been obtained on ten map-domain simulations varyin® @wl instrument
noise. This figure was used in the successful EBEX proposzd®7.
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Figure 4.17:Separation residuals f@ (left) andU (right), CMB (top) and dust (middle).

The noise realization is shown in the bottom panels. Thera@ipa residuals appear free
of any large scale structure from any of the CMB or dust coneptsy behaving as white
noise.
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Figure 4.18: CMB and dust recovered B modes on the EBEX patch. Error bars ar
computed on 10 dierent realizations of CMB and noise.
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Conclusions

One of the major challenges to the present and future olgmrgaof the Cos-
mic Microwave Background (CMB) anisotropies is represetg the foreground
emission. The latest data on all sky by the Wilkinson MicregvAnisotropy Probe
(WMAP) satellite confirmed that the fluse emission from our own Galaxy must
be controlled and possibly removed in total intensity arehewore in polarization
in order to access the cosmological information containgde CMB anisotropies.

In this work, we developed and applied some of the most adwhegisting
techniques for the separation of background and foregimadnulti-frequency
CMB experiments to simulated and real data, with a speaiarceto the extraction
of the curl (B) component of the CMB polarization, which migbntain the signal
from primordial gravitational waves in the anisotropiesdagree angular scale.

We focused the discussion on three methods: Fast Indepe@denponent
Analysis (FASTICA), a blind algorithm that exploits the tittics of the signals in
order to achieve separation, analyzing the signal in atlluéi®n elements (pixels)
at once, a parametric approach, implemented in a code ddiiBAMARE, de-
signed to cast and maximize the data likelihood on each pirgularly by means
of a suitable parameterization of foreground and backgtaumknowns, and the
Correlated Component Analysis (CCA) that uses spatiaktations of subsets of
the data to constrain the spectral parameters of the mixagpaoents.

The first of these methods, FASTICA, recently underwent m#jeoretical
developments. In the work by Stompor et al. (2008a), we aeldi¢éwo important
results; the code is now able to optimally deal with redundanisy data, via a
lossless input data compression, as well as to include thB @&tjuency scaling
as a prior, showing consistent improvements in those cassghkich the data set is
not large enough to properly infer the statistics of the algin

Several application of FASTICA have been described. Firatlpthe work we
have done on the WMAP 3-year data (Maino et al., 2007). Inshaty, most of
the analysis have been carried out on the reconstructed GMRBmpspectrum that
we managed to recover up to degree angular scale. Takingtageaof K band,
the lowest for WMAP and the best tracer so far for assessia@ B contamina-
tion from low frequencies, among other results we confirnfiedriorth-south sky
asymmetry, already noticed independently by several asitteowing the relia-
bility of the algorithm when exploited to reconstruct theshstructure up to date
in the CMB pattern.

113
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A second application of FASTICA has been done in the contitkteoWorking
Group 2 within the Planck collaboration, the group dediddtethe study and test-
ing of the component separation techniques. In a work rgceaibmitted by Leach
et al. (2008), we reviewed the results of a challenge amdnigeaimain component
separation techniques today available within the Plandklmoration. FASTICA
was capable of providing the lowest residuals in the CMB nmiapigh Galactic
latitudes, as well as recovering a remarkably clean dugplEmand to extract the
TT power spectrum up to the 6-th acoustic peak in the CMB #amupies.

Finally, we applied FASTICA on a simulated data set, spedificailored to
describe a typical CMB sub-orbital experiment, aiming & dietection of the B
modes (Stivoli et al., 2006). This was one of the first workecsjcally dedicated
to the recovery of B modes in component separation. Moreifsaly, the aim
was to test the capabilities of the algorithm to recover thed@les observed on
a limited patch of the sky in the presence of a large foregiotmntamination.
The code proved to be quite stable for interesting values ofd8es signal with
respect to variations in the foreground modeling as welsasuimental noise level,
showing a limited deterioration in the quality of the ougpuiith respect to an ideal
separation. The quantification of the additional errorddtrced by the foreground
cleaning stage was indeed one of the main results of that.work

For what concerns the parametric approach, starting fromettypadvanced
formulation of the method, in the work by Stompor et al. (2008e implemented
a new version of the algorithm, casting it in maximum likelid framework and
healing a few problems which were present in the previolata® approaches. In
this context, our work has been mostly theoretical, exiplgithe possibilities of
the method in a semi-analytical approach. Parameterizaticomponent separa-
tion is particularly suitable for an explicit treatment betseparation error and for
modeling instrumental systematics, as calibration emodsdisets, directly in the
likelihood.

We applied this technique to a simulated data set relateddggarticular sub-
orbital probe in which we are directly involved, the E and BgeXiment (EBEX),
in order to show the capabilities of the instrument to deteetB modes in the
Antarctica flight scheduled for the end of 2009. In the sifigdi set up where
no instrumental systematics were considered, the reselts excellent, and were
submitted as part of the successful proposal to NASA in 2@d7fdnding the
experiment up to the final stages of the data analysis.

The last application we considered in this thesis is the oag®rformed in
Bonaldi et al. (2007) on the WMAP 3-year data set. Given théqudar nature of
the algorithm, this analysis, fiérently by the previous ones, was more foreground-
oriented. We achieved two important results. First, we ey a full sky map
of the anomalous emission, a dust correlated componentstitiatvades a full
understanding. Second, we studied the impact of the fosegronodeling in the
estimation of the low multipoles in the TT power spectrungwimg that extra care
has to be used in addressing the error bar to the quadruptie afMB.

We finally write down some concluding remarks here. Firstlipfage point out
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that, as for most of the cases when data analysis is congaheedorks presented
in this thesis are parts of a large and collaborative ongaiok. The results sum-
marized above represent major steps forward in the undelist of the relative
techniques, in view of their application to most sophiggcsimulations and most
importantly to real data, but much more has still to come. it use of FAS-
TICA and CCA will probably be the analysis on the WMAP poladzdata together
with the application on more and more realistic simulation?lanck, in prepara-
tion for the true data analysis of the Planck data themsek@swhat concerns the
parametric approach, now that it is fully implemented in BMRAMARE code, it
is likely to follow the same path of the other ones. It will ljgohed to the WMAP
data set and on the sub-orbital and Planck simulations. Kehanits potential and
the promising results, it will probably be the baseline foe foreground cleaning
in the EBEX analysis.

Efficient and robust foreground cleaning is a requirement ferpttosecution
of CMB related science. It is becoming an independent andudated sector of
CMB data analysis, where a fruitful input from signal praiag science is ex-
ploited. Probably, its most important application of thisaof CMB data analysis
is the establishment of the minimum detectable level of priial gravitational
waves, encoded in the B modes of the CMB polarization amipgirgiven the
level of Galactic foreground emission. Although a defimitanswer to this issue
will have to wait until theoretical investigations matctakelata, the results con-
tained in thesis contain the first steps in this direction.
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