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Zusammenfassung

Die Auflosung und Sensitivitat der Messungen der kosn@scHhlintergrundstrahlung (CMB)
werden immer besser und die zurzeit laufende Planck-Missbovie kiinftige Versuche stellen noch
bessere Daten in Aussicht. Die Kontaminierung durch desikgigthen Vordergrund jedoch verzerrt die
Messengen der Hintergrundstrahlung. Ihfiekte missen daher beseitigt werden, damit die gemessen
Daten fur die kosmologische Forschung verwendet werademéri, das ist nachwievor problematish,
weil die physikalischen Eigenschaften des interstelldediums noch unzureichend bekannt sind.

In der beiliegenden Dissertation wird die Frage der Tregndar Komponenten fur die CMB
betrachtet und vor allem eine spezifische Anwendung eireshidngigen Komponentenanalyse (ICA),
namenseastica, vorgestellt. Dieser Algorithmus wurde benutzt bei derdésgrundanalyse von 3-
Jahres- und 5-Jahre®/ MAP Datensatzen. Anschliessend wurden die Eigenschaftewidbtigsten
Quellen von difusen galaktischen Emissionen (z.B. Synchrotron, Breatssing und Staub) anhand
dieses Algorithmus untersucht. In den WMAP-Daten wurde Ygrdergrundkontaminierung
guantifiziert durch Ankupplungskéeienten zwischen den Daten und verschiedenen Schabloieen, d
Beobachtungen von Emissionen in einem Frequenzbereidietian, wo wahrscheinlich nur eine
physikalische Komponente dominierend ist. Mit diesenflirienten wurde das Frequenzspektrum der
galaktischen Komponenten, insbesondere der Bremsstigghfierechnet. Unsere Ergebnisse weisen
auf das Bestehen einer besonderen "Beule” im Spektrum hés Wird interpretiert als Signatur einer
rotierenden Staubemission im warmen ionisierten Mediuwlct® Emission korreliert raumlich mit
der Ha-Strahlung, durch die die Bremsstrahlung verfolgt wird.

Dieselben Ankupplungskdézienten wurden zur Bereinigung d&fMAR Daten angewendet, die
dann mitrastica weiter analysiert wurden. Dieser interaktive Schritt irr daalyse erweist sich
als ein machtiges Werkzeug fur die Bereinigung von CMB #8tegen von Residuen, die mit den
benutzten Schablonen nicht aufgespurt werden konnten.stél eine einzigartige Methode dar,
neue physikalischen Komponente zu entdecken. So fandeaindgrzusatzliche raumlich lokalisierte
Emissionskomponente um das galaktische Zentrum, konsisiie dem so genannteV MAR-Nebel.

Um die Eigenschaften der galaktischen Vordergrundemsagideriicksichtigen, schlagen wir vor,
die WMAP Daten in verschidenen Himmelsregionen aufzuteilen dieeDaturden darum sowohl
mit rastica als auch mit der Methode der internen linearen Kombinati€) analysiert. Das
Temperaturleistungsspektrum ist nicht besonders empfindiuf feine Details der Korrekturen im
Vordergrund, ausser bei den grosseren Skalen (bei nexdljg Deshalb werden die beiden Methoden
mit nicht-Gaussianischen Tests verglichen, zur Auswertder Residuen. Wahrendstica nur in
bestimmten Fallen und in wenigen Gebieten bessere Erggbiiefert, ist die Schatzung mit ILC
im Allgemeinen erheblich besser, wenn die Anzahl der Geb&hoht wird. Andererseits spielt
rasticA eine Schlusselrolle bei der Erstellung einer Aufteilumg tHimmels, die seine Eigenschaften
realistisch auseinander halt. Diese Arbeit zeigt, dassfida eine erfolgreiche Gebietsorientierte
Analyse unentbehrlich ist.
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Abstract

Measurements of the Cosmic Microwave Background (CMB) simins with increasingly high
resolution and sensitivity are nhow becoming available, amen higher quality data are expected
from the ongoing Planck mission and future experiments. libgawith the Galactic foreground
contamination, however, is still problematic, due to ounknowledge of the physics of the Interstellar
Medium at microwave frequencies. This contamination lsdee CMB observations and needs to be
removed before using the data for cosmological studies.

In this thesis the problem of component separation for théG@d/tonsidered and a highly focused
study of a specific implementation of Independent Comporerdlysis (ICA), calledrastica, is
presented. This algorithm has been used to perform a faradranalysis of th&/ MAP three and
five-year data and subsequently to investigate the pr@sedti the main sources offtlise Galactic
emission (e.g. synchrotron, dust and free-free emissidmg.foreground contamination in tNé MAP
data is quantified in terms of coupling dheients between the data and various templates, which
are observations of the sky emission at frequencies whdyeome physical component is likely to
dominate. The cd&cients have been used to extract the frequency spectra Gialaetic components,
with particular attention paid to the free-free frequenpgarum. Our results favour the existence of
a spectral ‘bump’, interpreted as a signature of emissioggdayning dust grains in the Warm lonised
Medium, which spatially correlates with thexHladiation used to trace the free-free emission.

The same coupling céigcients have been used to clean Wé&/ AP observations, which have then
been further analysed usimgstica. This iterative step in the analysis provides a powerful foo
cleaning the CMB data of any residuals not traced by the adiojgimplates. In practice, it is a unique
way to potentially reveal new physical emission componerntsthis way, we detected a residual
spatially concentrated emission component around thecGaleenter, consistent with the so-called
WMAPHaze.

In order to take into account the actual spatial propertfahe Galactic foreground emission, we
proposed an analysis of tié M APdata on patches of the sky, both usiagrica and the Internal Linear
Combination (ILC). Since the temperature power spectrumeasonably insensitive to the fine details of
the foreground corrections except on the largest scaled)|the two methods are compared by means
of non-Gaussianity tests, used to trace the presence oibpmsssiduals. While the performance of
rasTIcA iImproves only for particular cases with a small number ofarg, the ILC CMB estimation
generally ameliorates significantly if the number of patcisancreased. MoreoveansTica plays a key
role in establishing a partitioning that realisticallydes the features of the sky, a requirement we have
shown to be paramount for a successful regional analysis.
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Chapter 1

The microwave emissions of the sky

1.1 Introduction

When observed at microwave frequencies, the sky is a sugiigyo of emissions over a variety
of angular scales generated by diverse physical mechanisrasr own Galaxy, contributions on
small scales from equivalent processes in external galatiogether with a background radiation of
cosmological origin - the Cosmic Microwave Background @after CMB). The former form a barrier
to the study of the CMB, and it requires the application oftssficated techniques to clean the observed
microwave sky of the foreground emissions. A deeper congmsibn of these foreground emissions,
apart from being an interesting scientific goal on its owpsién the design of cleaning techniques.

An overview to introduce the reader to the subject of CMBefpounds removal and analyses is
presented in the following.

1.2 The Cosmic Microwave Background radiation

The discovery of the CMB radiation is well know as a case oéséipity in science. In 1964, Penzias
and Wilson measured an excess of temperature calibratiomenanication antenna at the wavelength
of 7 cm. It was a signal of 3.5 K, isotropically distributed the sky. Only Iatel'_Di_le_e_t_blL(_’LQI65)
proposed it was a signal of cosmological origin, namely aatazh left in the early Universe during a
phase of very high temperature and dengity: (L0?° g/cn?® andT ~ 10? GeV ~ 10K att ~ 1078 s). It
was the confirmation of what already predicted_b_)LAlph_er_&ﬂiaﬁ L’LQ_AJB) following the assumption
that primordial elements abundances were produced duniegudy hot and dense phase dominated by
thermal radiation.

The existence of the CMB is considered one of the three ohsenal pillars supporting the
cosmological scenario of the Hot Big Bang, together with ltkt elements primordial abundances
and the expansion of the Universe. The last one was provﬁm ), observing ied-shift
EI in the spectrum of external galaxies, which implied the @ree to be expanding with a velocity

1The red-shift is defined as= %‘ wherelen is the wavelength emitted by the galaxy ahgsis the one observed.
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v = Hod (where theHubble constant b= 100 h kms_; Mpc?t ~ 71 km/s/ Mpc, according to the
most recent measurements, ahid the physical distance between two galaxies).

The history of the Universe is strictly connected to its exgpan. At primordial high temperature
radiation is tightly coupled with matter by means of Thomsoattering, so that it behaves as a nearly
perfect fluid. Att ~ 3 x 10° years ¢ ~ 1000) the temperature drops+o3000 K and protons are able
to capture electrons to form neutral hydrogen and othetdigtements3He, “He, ’Li). This is the
so calledrecombinatiornprocess. At about the same time, the CMB photons propagady fwith no
further scattering, the opacity of the primordial plasmabestrongly reduced. The position at which
the CMB photons seen today directly interacted with matertiie last time, is théast Scattering
Surface(LSS). These photons are what we look at when we observe thH ©fay. In this sense the
CMB radiation is a unique window to the past of the Universefact observations of the CMB have
been improved a lot in the past few decades, transformingdlmology into a precision science.

The cosmological origin of the CMB is proved by its two maiatigres: it is an isotropic radiation
and has a black body spectrum.

The first aspect follows directly from the isotropy and homogity of the Universe as a whole.
Modern cosmology is based on the assumption that the Umiiereomogeneous and isotropic on
suficiently large scales of few Mpc. This is the so called ‘Coswmgatal principle’ which takes origin
from the Copernican principle. Therefore, the remarkalvigoumity of the CMB field shows that
at the epoch of last scattering, the Universe was to a highedegf precision (1) isotropic and
homogeneous. Today, we know that small deviations from lg@neity and isotropy in the CMB
probably represent the seed that have led to the formatidargé-scale structures via gravitational
instability.

The second feature (the black body spectrum) is requiredhéyect that the Universe had time
to reach the thermal equilibrium at the epoch of recombamatiThis corresponds to an epoch of the
early Universe when the timescale for thermal processessWwader than the expansion timescale,
H-! (in terms of red-shift it happens at~ 2 x 10°). Both scattering processes (e.g. Compton and
inverse Compton féects) and photon-generating processes, such as the thieremasstrahlung (or
free-freg and radiative Comptonfiect, were involved. The scattering processes establisteskirtetic
equilibrium characterised by the Bose-Einstein spectmwith a positive chemical potential. The
radiative Compton and free-free processes set the thequaieium, which requires the creation and
destruction of photons as well as energy redistributiorerfirtal equilibrium, in turn, generates a black
body spectrum in the radiation field. Finally, once genetatiee spectrum has been maintained by the
adiabatic expansion of the Univ&se

The black body spectrum was definitively measured (b@BE—FIRAﬁ, which derived the
Planckian curve shown in Figufe]l.1. The spectrum has a textyveT = 2.735+ 0.001 K (Fixsen &
Mather, 2), within a frequency range of 60-600 GHz.

Moreover, as the cosmic interpretation of the microwavekgemund has been demonstrated,

2Assuming the expansion to be adiabafd/{ = const with y = 4/3), T(2) = To(z+ 1) andA « (1 + 2)7%, so thatAT is a constant.
Therefore, because the Planck spectrum is characterizegflyc/kaT), the shape of the curve does not change.
3Far Infrared Absolute Spectrophotometer
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Figure 1.1: The plot shows measurements of the intensitii@@tbsmic microwave background as a function of
observing frequency (or wavelength). The CMB follows thpested black body curve over more than 5 orders
of magnitude in intensity. httparcade.gsfc.nasa.gomb spectrum.html

increasing interest arose in small departures from pertattopy and from a perfect black body
spectrum.

1.2.1 Spectral distortions

If energy is added to the CMB radiation field after the epochreégponding to a redshift of 2 1,
there could have been time to reintroduce kinetic equiiiri but not the thermal one. In this case,
the spectrum would show a deviation from the expected Planaturve, generally referred to gs
distortion’. The interest in detecting these signatureth@éspectrum is connected to the fact that the
center wavelength and the amplitude of the distortion dépenu and the baryon density.

Also Compton scattering can generate distortions in thetsp®a (so calledy-distortions’): the
photon number is here preserved, but the energy is boostewlbsions with hot electrons in the
ionised material. This scattering process is the so callatyy&v-Zeldovich #ect (see Section_1.4.6
for more details). It iects the entire spectrum with a distortion which can be amiih terms of the

Compton parameterdefined as:
y= f kTeneO'T ’ (11)

MeC?
whereT,, Ne andm are the temperature, density and mass of the electronsciesghg while o1 is
the Thompson scattering cross section. So far, no signifbewiation from the expected spectrum
has been measured. FIRAS measurements have set uppertdihdth the Comptonization parameter
(-5x 10% <y < 3.5x 107%) and the chemical potentigl < 7 x 107°).
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1.2.2 CMB anisotropies and the inflationary scenario

Unlike spectral distortions, departures from isotropyeéhbeen well detected and become one of the
main points of interest of the study of the CMB.

A remarkable anisotropy, at a level aff /T ~ 102 on angular scales of 18@vas first detected
in 1976. It is not strictly cosmological in origin, but rathieduced by the Dopplerfiect due to the
motion of our local frame with respect to the CMB. It is debed by:

AT v 1/v\? vy\3

— = - == — 1.2

T, Ccos@+2(c) cosZ)+O(C) , (1.2)
whereé is the angle between the line of sight and the direction ofniiméion, andv is the observer
velocity. Note that the second term of the equation abovesgikie dynamic quadrupole: it is rather
small ~ 2uK (assumingv ~ 370 knys) and although it is quite below the intrinsic CMB cosmic
quadrupole £ 15uK (N.o]la_et_aj.]ﬂ)d%), sometimes it is removed from the data

However, apart from the locally induced anisotropy, the Cld is characterized by intrinsic
anisotropies of a smaller scalaT/T ~ 107°). In fact, before they had been measureddBE
DMRH, they have been already theoretically predicted in ordekfdain the existence of the structures
(galaxies and galaxy clusters) that we observe in the Usgéveindeed, this requires to assume the
presence of density fluctuations at the last scatteringhepahich in turn, would necessarily induce
angular anisotropies in the CMB intensity.

The leading paradigm for what produces these seed fluchisaisonflation which seems to well
complement the Hot Big Bang theory where it is not selfisient. Several problems indeed can not
be explained by the Hot Big Bang theory. One of these is thealled:*horizon problem’, meaning
why distant regions of the Universe which could not be cdysainnected in the past, actually look
qualitatively the same. The CMB in particular has the sammtFature in every direction to one part in
1C°. Furthermore, the Hot Big Bang theory does not explain wisyggometry of the universe is close to
flat, if any small deviation from flatness in the past woulddngvown as expansion proceeded, making
the current near-flatness extremely unlikely (‘flatnesglenm’). Finally, the ‘monopole problem’ refers
to the lack of evidence of magnetic monopoles.

According to inflation, in the early phase of its evolution(10-3%), the Universe would have a flat
geometry and would be characterised by a Gaussian distnibot initial fluctuations: they would be
described by a power spectrum of the folRfk) ~ k", with spectral index very close to o MISOn,
Mﬁ&bﬂ&h@iﬂhhﬁd&w Ial__l|996).Heste conditions, the Universe would have
sufered an exponential expansion, with nearly constant erdgggity. Consequently, any fluctuation
during the expansion would be dilated, becoming densityupeations. Diferent physical processes
are then responsible for the interaction of the radiatiath wiese fluctuations: theiffeciency depends
on the angular scale and induce spatial variations in the@eeature field of the CMB (as described
below).

“Differential Microwave Radiometer
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Temperature anisotropies can be described in terms of BphElarmonic series:
AT
T 9= 2, anVin(®.9) (13)

wheref ~ 180°/6 and T
) A
aun = [ didgYio(0,) 0. (1)

represent the multipole moments.

According to the simplest inflation models, the CMB temparafluctuations should be Gaussian
at early times (they predict a level of non-Gaussiarityl0°) and they should be preserved so by
linear evolution of the small fluctuations. Therefore, Hyg codlicients should be uncorrelated for
different¢ andm, and independent. In this case, #regular power spectrur(®;, arm ) = deiie Smm Cr
provides the complete statistical description of the tenafpee anisotropies. Besides these models,

many alternative inflationary scenarios have been propdﬂ'ﬂﬂ.&m& LJQ_QbI_M.o.LOJ_&_'[a.ka.haflhl
|ZOD.1;|.En.q3Li51_&_S.IQ.I|hLZO_(|) 5, 2002; Dvali ef EQM) all of them leading to weak

non-Gaussianity. The signatures of non-Gaussianity aenaftudied by simply parameterising the
primordial perturbationg, as linear in some Gaussian random fielg but with an additional non-
linear term (e.g., a quadratic term), such tat ¢ + fu p2. The value of the non-linear cfiient,
fnL gives the level of non-Gaussianity expected.

Note that the power spectrum is related to the two-pointatation function by:

e = (0 5-) = 3 e eosn a9

wheref; andf, are two unit vectors separated by an amglendP, is the Legendre polynomial of order
¢. Therefore, if the CMB anisotropy field is Gaussian, all iistical properties are characterised by
the two-point correlation function: all even n-point cdateon functions can be expressed in terms of
the power spectrum, while the odd ones vanish identicaliyisla non-vanishing three point correlation
function, or its Fourier transform, tHasprectrum would be an indicator of non-Gaussianity: it is the
lowest order statistics able to distinguish non-Gausgiam f{Gaussian perturbations. Moreover, since
primordial non-Gaussianity is model-dependent, detgaiimjust constraining primordial non-Gaussian
signals would allow a better understanding of the physigaftdtion.

In conclusion, having a map of the CMB temperature fluctuetiand therefore, estimating its
power spectrum, gives us a direct image of the LSS, the stafiproperties of which are intrinsically
connected with the physical mechanisms responsible fardeion of the primordial inhomogeneities.
Furthermore, it allows us to gain information about the atioh of the Universe and the structures
formation, which impact the photons propagation from th&L&lIl this information can be derived
from the shape and the features of the power spectrunffateit angular scales and, hence, from the
values of the cosmological parameters, which can be defireedit.

Anisotropies are generally distinguished in two clasgaggnordial (or intrinsic) anisotropies and
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secondarnyanisotropies. In fact, the first originated at the time obrabination, while the second arose
during the propagation of the photons from the LSS towards us

INTRINSIC ANISOTROPIES

Intrinsic anisotropies can be further categorised depgndn the scale which they occur at. More
specifically, the element of distinction is whether the scabrresponds to causally or not causally
connected regions. As mentioned before, the recombin&tioe occurs az ~ 1000, which means
t ~ 380000yr: because photons travel with the finite speed of lighgt that time they have covered
at most a distance equal ¢g... This is the so calledausal horizonwhich defines the regions of the
Universe where the photons have interacted, modifyingtisoé&opies. Outside these regions, instead,
the perturbations have notf§ered modifications, preserving the primordial pattern.

In the following, we will give a brief account on these anrspies.

Sachs-Wolfe Hfect

At angular scales larger than the horizon at the time of rdioation ¢ > 2°vVQg), CMB
anisotropies are produced by the so called Sachs-Wﬂ@tetﬁa&hsMﬂeLl%?) due to
metric perturbations. In the Newtonian context, metridymations are related to perturbations
in the gravitational potentiab that, in turn, are produced by density perturbati@nsThis means
that, photons climbing out of a potential well will §ar gravitational redshift and time dilation.
Likewise, photons from under-dense regions will be bluitesth. In the hypothesis of adiabatic
perturbations and a matter-dominated Universe, the gitamital term is given b)4Tl = 6O, while
the time-dilation term istt = —22 = —250. Therefore the final netfiect is&- = 15@. The
signature of thisfect in the power spectrum is a plateau at large angular Sgavemultipolest):
the Sachs-Wolfe Plateaurhis is particularly interesting, since this is also thalsaange where
no causal connectiorffact the initial perturbations. Therefore they reflect thieahperturbations
and consequently, the initial power spectrum of matter ileflactuations, which are responsible
for the temperature fluctuations. If the power spectrum &cdbed by the so called Harrison-
Zeldovich spectrum, meanirig(k) o k™ with ng = 1, thenC, « 1/(£(¢ + 1)). Plotting the power
spectrum ag(¢ + 1)C, as a function of, the value ohg is directly connected with the plateau of
the spectrum at low.

Acoustic Oscillations

At angular scales of .@° < 6 < 2°, the physical processes responsible for the temperature
anisotropies are causally connected afidc the primordial plasma before recombination. As
previously explained, at that epoch of the evolution of thavierse, matter and radiation are
tightly coupled and behave as a single fluid. Gravitatiorsatyrbations, and therefore density
perturbations induce acoustic oscillations in the fluidichtare driven by gravity, baryons inertia
and photons pressure forces: they can be described in téitasmonic oscillations. At the time

of recombination, the modes of acoustic oscillations apz&#n’ at diferent phases of oscillations,
and therefore at efierent wavelengths. Modes that are caught at either theimna@eor minima of
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their oscillation at recombination, correspond to peakk@&power or rms fluctuations. The first
peak at scale of 1° (the so calledoppler peak corresponds to the wave that has been frozen
while it was suifering the maximum of compression at the time of last scatjerThe secondary
peaks at higher multipoles, instead, reflect the higher barcs of the principal oscillations.
Between the peaks, the valleys are partially filled by véjoeiaxima which are 90out of phase
with respect to the density plasma.

Silk Damping

The acoustic oscillations decrease exponentially at angdaled < 0.1°, which corresponds
to ¢ > 1000. Such decrease, call8dk dampingis the dissipation of small-scale perturbations
caused by photons random walking out of over-dense redBiﬂJs h%_é;ﬁmmbi_]&ib?), before
recombination. The latter is not an instantaneous phenomdut it is long enough to allow the
diffusion of photons which washes out the anisotropies on ssalaier than the mean free path
of the photons. Therefore, the Silk damping sets the scaléhéothickness of the last-scattering
surface, and it is responsible for the CMB anisotropiesdpsirppressed on small angular scales
after the third peak.

SECONDARY ANISOTROPY

Secondary anisotropies are generated during the photapagation from the LSS towards the
observer. The physical processes which induce them areaedponsible of the structure formation
and the evolution of the Universe. Therefore, detailed nlagmns of theseféects provides insights on
these phenomena after recombination. Gravitatiofiatts as well as re-ionization of the Universe are
the main processes involved.

Variations of the gravitational potential

A first effect responsible for the formation of secondary anisot®piethe CMB field, is time
variation of the gravitational potential in the photongectory. These can be due to potential
decay, gravitational waves connected to tensor pertuntstor non-linearféects associated with
structure formation.

Depending on the time at which the variation of the gravotaai potential occurs, we have the so
called Earlflntegrated Sachs-Wol{éSW) effect, Late ISW &ect andRees-Sciameffect (Rees

& Sciama 8). In all these cases, the CMB photoffiesa redshift which induce temperature
perturbations:
g = 2fc'pd|, (1.6)

where® is the gravitational potential and dot represents the davie with respect to time.

¢ Integrated Sachs-Wolfe fect The gravitational potential decays at a given angular scale
when the evolution of the Universe and its expansion are datad by a component whose
density is homogeneous on that scale. This happens justlateecombination, when the
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photons density is not negligible and it causes®tie decay, producing the early ISWect:

it peaks slightly to the left of the first acoustic peak. Dgnperturbations stop to grow once
the dark energy dominates the expansion. As in the case ohdtier-radiation transition,
the gravitational potential must then decay. Such a deeages anféective heating of the
photons in the gravitational well. Like the matter-radiatianalogue, it is an intrinsically
large dfect since the net change due to the decay is 5 times the Saulfes-affect of ©/3.
However, since the oppositéfect occurs in the under-dense regions, the contributiams ar
canceled out as photons traverse many crests and trougapofdntial perturbations during
the matter-dark energy transition. Théeet, called the late integrated Sachs-Wolfieet,
then appears only at large scales or low multipoles.

e Rees-Sciama ffect When structures begin to form, the evolution of the Universters a
non-linear regime, such that the approximation of constarst not valid any more. Given
a single isolated structure, variations are induced albadine of sight due to the evolution
of the density profile and, more significantly, to the bulk rmotalong the line of sight. This
effect is relevant for the very small angular scales of the CMBgyespectrum.

Gravitational lensing

Intervening mass of the structures on large scales alongrihef sight gravitationally lenses
the CMB photons trajectorieki&hmham_&ﬁnhnflihﬂ_ll%\@ hence distorts the temperature
anisotropy field. The photons are deflected according to tigeilar gradient of the potential
projected along the line of sight. Because surface brigistiseconserved in lensing, the deflection
simply remaps the observed fields as

T(A)— T(N + V) (1.7)

whereg is the deflection angle. This is of order of a few arcminutag, the lines of sight
are coherently deflected across scales of a few degrees.e 8ieccoherence scale of the
acoustic features is larger than the deflection angle, tisrg dfect can be calculated by Taylor
expanding Equation.7. The result is a product of fields ab ithharmonic space the modes
are coupled to each other across a range- 60 set by the coherence of the deflection. In the

erature power spectrum, this mode coupling resultssmaothing of the acoustic peaks

m. However, gravitational lensinfjezts also the polarized signal of the CMB, as

explained in Section~L.2.3.

Due to its nature, the lensingtect can be probed not only by variations of the CMB power
spectrum, but also by higher order statistics used for degamon-GaussianitylMLdiau,
h&aé;Ld_uQIiveira-Costa et |al 1@598) and cross-correlatidh the ISW dfect (Zaldarriaga &
Seljak, 1999).

Re-ionization

Other processes producing secondary anisotropy aredeétsligcal and global re-ionization of the
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Universe. The first one produces what is generally calleg&emZeldovich gect: itis the result
of the Compton scattering of the CMB photons by non-relatigielectron gas within clusters of
galaxies. This results in an energy change of the CMB pho#dnsh can also be interpreted as
a net flux coming from the cluster itself. This is why, the Siet is generally included among
those physical processes which are foreground sourceamordting CMB measurements (see
Sectior 1.416).

Also the Universe as a whole is observed to be ionised out-0f6 and it is thought to have
undergone re-ionization sometime betweerc7z < 30 (seel_B.a.Lka.na_&_LOJa 01) for a
review). Consequently, a minimum of a few percent of the CMiBtpns have re-scattered since
recombination: the photons we see coming from a given dmeahay be originated from a
completely diferent one on the LSS. This suppresses uniformly the peak&loyox ofe™”, where

7 is the optical depth at the re-ionization epoch, for angstates smaller than the horizon at that
epoch. Indeed anisotropies are destroyed by the randoarizat the direction in scattering.
Since this can be confused with a change in the initial anngbditof fluctuations, it is important
to resolve this ambiguity for the study of initial fluctuat®and the growth rate of fluctuations.
On the other side, re-ionization is interesting since it peovide information about the sources
of ionizing radiation from the first astrophysical objeatsrfied in the Universe.

1.2.3 CMB polarization

In this section, we outline the basic theoretical framewafrkhe CMB polarization, emphasizing the
main aspects that make it an appealing target for cosmabignestigation. Excellent reviews on the
physics of the CMB polarization are Cabella & Kamionkodvm 6) and Hu &
White (1997).

The polarization of the CMB was predicted soon after thealiscy of the CMB. The degree of
polarization is expected to be of 510% on a characteristic scale of tens of arcminutes. This is
directly related to the local quadrupole anisotropy inoiden the scattering electrons at the LSS. The
polarization fraction is a function of the duration of thetlacattering. Only those photons that scattered
in an optically thin region could have possessed a quadeugaisotropy: multiple scattering would
cause photon trajectories to mix and hence erases anigotrop

The first detection happened thanks to the experiment E),dlﬁhma'LZ)dZLLelmh_eth

). The DASI results were confirmed and exten ,420_0.15) almost simultaneously with

the release of the CBI(lBﬂa.dh.ea.d_eLblL_ZdM), CAPM I@.a.tkas_el_dl.LZO_(bS) and Boomergng

dM.o.DlLQ_)LeLaJ.I_ZQ_dG) results, all of them derived from atvagions at small angular scalesx 100).
Moreover DASI, CBI, and Boomeranb_(_E'La.c_em'Lni_elt b.L._iO%)ns also reported detections of the

temperature-polarization cross correlation.

SDegree Angular Scale Interferometer

6Cosmic Background Imager

"Cosmic Anisotropy Polarization MAPper

8Balloon Observations Of Millimetric Extragalactic Radiat and Geophysics
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Polarized radiation is generally described in terms of ttuké&s parameter®, U, andV (Born &
Wolf, @). For a quasi-monochromatic electromagneticenaf frequencywy propagating in the
z-direction, the components of the wave’s electric field geat a given point in space can be written
as

Ex = ax(t) cosfuot — 6 (0], E, = a,(t) cosfuqt — 6,(1)]. (1.8)

Polarization implies a correlation between these two camepts. Note that the time dependence of the
amplitudes is a consequence of the waves being quasi-miaroalic (i.e. a superposition of waves
with frequencies distributed very closely aroung). See e. gLR;Lb.l.dsl_&_LLghlmJilL(lQbQ for further
details. The Stokes parameters are defined as the time agerag

(a) + (&)

(a) - (&)

<Zaxay cosfy — 9y)> )

(2a.a,sin@, - 6y)). (1.9)

< C O
momeom

The parameter gives the radiation intensity which is positive definite.eTdther three parameters can
take either sign and describe the polarization state. Fpolanzed radiationQ = U = V = 0.
Moreover, the physical mechanism which generates potarizan the CMB cannot produce any
circular polarizationL(Qha.n.dLas_ekth_le)O), thus we exge- 0.

Q and U describe orthogonal modes of linear polarization and deémenthe axes in relation to
which the linear polarization is defined. From Equat[onlflit9s easy to show that when the coordinate
system is rotated by an anglethe same radiation field is described by the parameters

QI
U/

Qcos(2y) + U sin(2x),
—Qsin(2x) + U cos(2y). (1.10)

The polarization field can also be describedBnand B modes l(.Ka.mmkom&&.&LblL.l&d?b
|ZaLda.ma.ga_&§_elﬂlLl&‘b9)

Eim s Brm =~ [ dn.a Yo (IQ) £ UM, (1.11)

in terms of the complete and orthogonal set of spin harmamctfons,sY,m. This decomposition

is analogous to the electromagnetic vector field case wihereurl-free electric-field component (E-
mode) and the divergence-free magnetic-field one (B-moder)be distinguished. Represented as
E(n) = X EmYim(n) andB(n) = Y, BinYim(n), they describe scalar and pseudo-scalar fields on the sky
and hence, are also distinguished by a parity transformatie> —n. Parity invariance demands that
the cross-correlation between the pseudo-sdakand the scalar$ or E vanishesB has the opposite
parity of T andE.

The physical process responsible for CMB polarization &sThomson Scattering of the radiation
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y E-mode
—Eadrupole
Thomson
Scattering - < g 8 mode K —>
_ /| Linear
2/ | Polarization

Figure 1.2: Left: Thomson scattering of quadrupole temjpeeaanisotropies (depicted here in the § plane)
generates linear polarization. Right: Polarization in Xhey plane along the outgoingdxis. The component
of the polarization that is parallel or perpendicular to travevectoik is called theE-mode and the one at 45
angles is called thB-mode. The plot is taken froﬂl@%).

with a quadrupole anisotropy (see eLg._C_ha.n.dLa.slelsha.LlI)Lgﬁﬁ]s can be generated by scalar, vector
and tensor perturbations, each of them creating distinténs in the CMB polarization (see Figure
[L2). Scalar fluctuations can produgenodes, while vector and tensor perturbations (grgvitational
wavesy, are responsible for thB modes at large angular scales. Furthermore, the latterlsarba
created by gravitational lensing by the intervening masgifution in the Universe: thE modes are
lensed inB modes at small angular scales.

Figure[LB, shows all the spectra of the CMB: it is easy to rsmee diferences between the
temperature power spectrum and the polarization ones. ifgadg, as a direct result of the simple
physics of acoustic oscillations, the amplitude of tBE spectrum is lower than the temperature
spectrum by a factor of ten and the oscillatory structureuisad phase: the quadrupole anisotropy
at the LSS is closely related to the velocity of the coupledtph-barion fluid, so that maximum
of compression and rarefaction (and minimum of velocity)tlod fluid corresponds to peak in the
temperature spectrum and troughs in Bie modes. For the same reason the cross-correlation power
spectrum between temperature @Bl modes shows peaks corresponding to the interleaved sets of
maxima and minima in the two separate components. The fiaalre of the polarization spectra is the
comparative smallness of tfgB signal, which makes it dlicult to measure them: even for optimistic
values of the tensor-to-scalar ratiothe rms signal is only a fraction @i, less than 1% of the level
of temperature anisotropies at degree scales. Until nowxperiment has been able to actually detect
the B modes, while upper limits have been proposed. In the short,ta tensor-to-scalar ratio of
r ~ 0.05 is well within reach of the Planck mission and planned gobbased experiments (Tucci
et aI.,..ZODb). The next generation of missions will be ablsigmificantly improve the sensitivity to
polarized emission by means of arrays of 20L0* detectors, and will probably allow us to investigate
theories of inflation, down to energy of610" GeV, meaning = 0.00@. A detection of these

1/4
The relation between the energy scale inflatnand the tensor-to-scalar ratio at CMB scalegis= 1.06 x 101‘”’Ge\/(ﬁ)
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Figure 1.3: Temperature and polarization angular speotr®f; = 1, Qx = 2/3, Qph? = 0.02, Qmh? = 0.16,
n=1,z = 7, E = 2.2 x 10'® GeV (energy scale of inflation, which corresponds to a tetsscalar ratio

r ~ 0.01). Dashed lines represent negative cross correlatiorbares represent the statistical errors of the
Planck satellite. The plot is taken frdE.lI—EZbOB).

modes would be of paramount importance since it would coniirftationary models which invoke

gravitational waveSI_LS.eIiak_&Zaldamflda_lbe_Kammmi_eLai.,Ll%ja) and, at small angular

scales, would give information about the matter distrilmutiOn the other side, the study of the CMB
polarization in general would give us information aboutéonization period_(Za.I.da.LLi.abb.._L‘b?).

1.2.4 Power spectrum, cosmological parameters and cosmianance

An accurate evaluation of the anisotropy pattern of the CMB @etermine the value of the parameters
which we use to describe the cosmological models of the WsgveFigurd_1l4 shows the values of
the parameters directly measured or otherwise deriveWMAF@ using the data from the 7-year
observations.

Particularly significant is the sensitivity of th&’s on the values of some fundamental quantities,
such as the total densify,, the barions densit@,, the Hubble constant, the Cosmological Constant
the spectral inders, the optical depth and the scalar-to-tensor ratio Figure[T.h shows as example
the variation of the acoustic peaks depending on the valitég ¢otal, matter, baryons and dark energy
densities.

CMB measurements alone, however are ndligent to determine the cosmological parameters,
(Baumann et [, 20D9).

owilkinson Microwave Anisotropy Probe
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WMAP Cosmological Parameters

Model: ledm4-sz-+lens

Data: wmapT7

10%Q, 2 2.25810-057 1—n, 0.037 £ 0.014
1—n, 0.0079 < 1 — n, < 0.0642 (95% CL) | Apao(z =0.35) 0.46319-021
Cazo 5763132 da(?eq) 142811135 Mpe
da(z.) 141167183 Mpe AZ (2.43+£0.11) x 10°°
h 0.710 + 0.025 Ho 71.0+ 2.5 km/s/Mpc
Keq 0.00974 039041 Log 137.5 £ 4.3
l. 302.44 + 0.80 N, 0.963 + 0.014
o 0.0449 + 0.0028 Q2 0.02258 19-00057
0. 0.222 + 0.026 0.h? 0.1109 + 0.0056
Q4 0.734 + 0.029 Oy, 0.266 + 0.029
0, k2 0.133415-0055 Thor (Zdec) 285.5+ 3.0 Mpc
rs(24) 153.2 + 1.7 Mpc r5(24)/ Dy(z = 0.2) 0.1922F0-0072
rs(24)/ Dy (2 = 0.35) 01153155038 ry(2) 146.6713 Mpc
R 1.719 + 0.019 o5 0.801 + 0.030
Agz 0971052 to 13.75 +0.13 Cyr
T 0.088 £ 0.015 8. 0.010388 + 0.000027
0. 0.5052 4 0.0016 © t, 379164 2187 yr
Zdec 1088.2 £ 1.2 2a 1020.3 £ 1.4
Zeq 31967133 Zreion 10.5 + 1.2
2. 1090.7910-52

Figure 1.4: Values of the cosmological parameters derivgdMdMAP with the seven-year observations.
httpy/lambda.gsfc.nasa.ggmroductmagdr4/paramdcdm._sz lenswmap7.cfm

due to problems of degeneracies:
combinations of their values.

the same power spectrunrefgamay arise from terent

Complementary data set aeeetbre necessary to break these
degeneracies (for example Supernova Type la measurements)

Furthermore, although there ardfdrent limitations on the accuracy of the CMB measurements,
the Cosmic variancesets the ultimate limit. This is due to the fact that our Undeeis a single
realization of a stochastic process and seen from one vapiaigt, i.e. the Earth. Therefore, it does
not necessary follow the average over the ensemble of gessifllizations. This is equivalent to say
that thea,, codticients are independent identically distributed Gaussaadom variables (for a given
¢) and therefore th€, are ay? distribution with Z + 1 degrees of freedom. The varianceQyis is

then:
Co_ |2
C, V2+71

(1.12)
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Figure 1.5: Sensitivity of the acoustic temperature spectto four fundamental cosmological parameters (a)
the curvature as quantified ¥ (b) the dark energy as quantified by the cosmological cohgtanc) the
physical baryon densit@,h? (d) the physical matter densifymh?, all varied around a fiducial model 6% = 1,

Q, = 0.65,Qph? = 0.02,Qnh? = 0.147,ns = 1,z = 0, = 0.

which becomes quite important at low multipoles, since allsmuanber of modes is available.

1.3 Non-Gaussianity

As stated before, according to the simplest inflation mgdeésCMB temperature fluctuations should
be nearly Gaussian. Th& MAP science tea X 2007nd3en
et al., ) found th&/ MAP data consistent with the hypothesis of Gaussianity, usimkévski
functionals (which describe the properties of the hot and cegions at dierent threshold levels),
and the bispectrum (the Fourier analogue of the three-manelation function). They concluded
that there is no compelling evidence for deviations from Ahdominated cold dark matteACDM)
standard model, which is generally an acceptable statidtidco W MAPand other cosmological data.
However, other works have tested the Gaussianity ofiiAPdata in many dferent ways, some
nificant deviations from it. Examples dre ainalyses based on phase correlations

of them finding si
(MIEE?S), the gen@@OM), isotropicaleds kQLuz_eLElILZbe.;MﬂIMa_etlél.L._Zb04),
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1-pdf {.M.ineﬁ.eﬂ.n_eLililL_ZQbS), isotropy analyses basetbeal n-point correlationm al.,

), local curvaturé_(_l:la.nsgn_e{ hL_ﬂOO4).
Among the ‘anomalies’ that have been detected, the mogfisigmt are the North-South asymmetry

(Eriksen et AILZQ_dAL_I:Ia.ns.en_el Ia.L_ﬂOOG), the alignmetitefow multi ooles|(de Oliveira-Costa el al.,

m;h_and_&_Ma.guﬂjoLm_(bS), the cold spb.l_(_C.Luz_eIt la.L._ZIZdEIﬁ)j’;MLeIMa_eLdI.LZO.d)4), the non-

Gaussian features detected with directional WaveII.eIS_(MIEEE‘.t_aLLZQdd.._ZO.bMOS) and the low
variancel(Monteserin et/al., 2008).

1.3.1 North-south asymmetry

Several accurate analyses have revealed a statistiagiifisant north-south ecliptic asymmetry in the
large-angle correlations strength of WM APdata (see for examdl:;ﬂa,nsg_nﬂﬂaim and Eriksen
et al. | )). This phenomenon could be a consequence aftansgtic error in the data processing
or in the instrument characterization, residual foregasjand large-angle correlations induced by the
incomplete sky CMB data.

Eriksen et al.|_(20_d4) found the results to be stable witheessio the choice of the Galactic cut and
the frequency band, which suggests it is flie@ of foreground residuals. Moreover, since a similar
asymmetry is found in the OBE-DMR map (the axis of maximum asymmetry is close to the onadou
in theWMAPdata), the asymmetry is possibly not connected/tl AP systematics .

Bernui tZO_QIB) confirmed such large-angle anisotropy inghend five-yeaWW MAP CMB maps
containing only the multipole components<4¢ < 10. They also suggested that this hemispherical
asymmetry is unlikely to be due to systematics.

1.3.2 Amplitude of the quadrupole

The WMAP data have also shown an important suppression oépatMarge scales. More precisely,
the power of the quadrupole is substantially reduced wisipeet to the value of the best-fitCDM
model. This peculiarity emerged since the first dataCQIBEEDMR appearedL(_S.m.o_o.t_eLlaL_L‘bQZ;
|B.enn.ett.et.dlLlQEb6). Later, this behavior was confirmedney¥ MAPdata. In fact, th&VMAPfive
year data give a quadrupole power of 24?, while the expected value in the-dominated cold dark
matter model is about 12072 (Nolta et al.| 2009).

If this discrepancy turns out to have a cosmological orithien it could have consequences for our
understanding of the Universe and, in particular, for tl@dard inflationary picture.

de Oliveira-Costa et aIL(ZQb4) gave a probability of sucbva uadrupole as 1 in 20, although it
has been estimated with an a posteriori statistic: it appdi¢he one data point chosen for being furthest
from the expectation. Th&/ MAPscience team, instead, considered the quadrupole stglstent with
the best-fitACDM model. Other analyses (see for inst uix%b)) confirmed that
the amplitude of the quadrupole itself is not statisticalipmalous. Inste i MOG) examine
the significance of the power deficit at large scales usingtigglar correlation function outside the
Galactic plane region and find that it is anomalous at the @4 level.
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Figure 1.6: Maps of the quadrupole (left) and octopole ¢ligbtained from th&V MAPfive-year ILC map.

----------
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1.3.3 Alignment of the low multipoles

The lowest multipoles, especially the quadrupdle=( 2) and the octopolef(= 3), of the WMAP
data have been found to be anomalously planar and allbnﬂkﬂtz_eLai.LZD_dimp.LeLlaL_ZdM,
|Z)D.(’B,|.diO.IﬂL&LL&£.O§I&.&tJ61L_Zd)O4). Figlre 1.6 shows tla@lgupole and octopole of the ILC derived
from theW M APfive-year data. Both multipoles present maxima and minirlavieng a planar shape,
whose perpendicular axis points towards similar directahed axis of evil The axes of the two
multipoles are separated byl(°. The probability that the two directions are separated aydhgle or
less by chance is 1.5%. Further alignments have also been claimed for highetipaléss < 5 (Land
& Magueijo, @IS) and = 6 and¢ = 7 MIEM). The northern end of the alignment
points towards{,¢) = (30°, 260), a direction close to the CMB dipole one whose northern srat i
(0,0) = (42, 264).

The estimation of the low multipole components is mad@éadalilt if a mask is applied to the
data. Varying the mask produces significant changes in #mplitude estimates, especially for the
quadrupole, implying consequently uncertainties in theemheination of their axes. In fact, detailed

analyses of thisféect tend to weaken the significance of the detechan.(.d.&('rhis@osla_&l&gma}k,
|201)$;|.La.nd_&_Maguaijo|,_20£|)7).

1.4 Galactic and extra-Galactic components

One of the biggest obstacles to observe the anisotropié®i@MB areforegroundsother sources of
radiation which also emit at microwave frequencies. Theydifuse emissions from our Galaxy, and
also the radiation produced by point sources such as rathaiga, and by clusters of galaxies which
scatter CMB photons through the Sunyaev-Zeldovitaa. Among them, at large angular scales, the
strongest contamination comes from the Galactic foregtsutiey include certainly synchrotron, free-
free emission (othermal bremsstrahlungalong with thermal (vibrational) emission from dust. The
first two components dominate at frequencies below00 GHz, while the third one is the strongest
emission at higher frequencies. Recently another compdreenbeen accepted to be an independent
source of contamination produced by our Galaxy. This is theafied ‘anomalous emission’ from dust:
its nature is still not well identified, although we know tlitas a dust correlated emission at microwave
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Figure 1.7: The figure shows the rms anisotropy as a functioftequency from the CMB (red line) and
three known sources of foreground emission: synchrotme®-free, and thermal dust emission. The composite
galactic emission for two sky cuts, retaining 77% and 85%hefgky respectively, are shown as dashed lines.
The fiveW MAPradiometer bands are indicated in the background.

wavelengths, but inconsistent with the thermal mechanfssubject of ongoing debate is the so called
‘WMAPhaze’ WhiCH.D.Qb.I.&L&.Eiﬂkb.&iﬂlBL(ZO_dSa) attributettard synchrotron emission distributed
around the Galactic center, whose origin is again uncertain

A simple way of avoiding foreground contamination is to selhe regions where to take the
observations from. This is the main idea behind ground basdxhlloon CMB experiments, whose
measurements are generally concentrated in specific gatfhitne sky, where the foregrounds are
known to be weak. Besides that, masks of the Galactic plamegyamnerally applied to the data in
order to exclude those regions where the contaminatioatdréheir strongest contribution. Both these
approaches, however, have the drawback of missing infeemanclosed in the cut sky.

To avoid these issues it is generally more convenient to ugé-frequency measurements as well
as to select the frequency of observation. Specifically énciise of Galactic components, as shown in
Figure[1Y, each emission has #elient spectral behavior, which can be approximately desdriby a
power law. Their contribution reaches a minimum around 6& G#hich defines the optimal window
for CMB measurements: the cosmological emission, indeechimhtes over the foregrounds. Multi-
frequency observations, chosen where the cosmologicalserni dominates over its contaminants, are
helpful in order to discriminate thefiierent contributions in the sky, based on the specific sgeich
spatial properties of each of them.

In the following sections, we will give a brief descriptiohtbe physical processes responsible for
such contamination, highlighting their main propertiesbétter understanding of those is the key for
cleaning the CMB data, to be consequently used for cosmmbgtudies. Of course, the better we
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Figure 1.8: We show the Haslam map at 408 MHz, derived from parsgée surveys. Scan striping and
contributions from strong point sources have been mitdy@ét®mpared to the original map) through the use
of filtering in the Fourier domain. It has an angular resolutof 0.85° and a sensitivity of 2 K.

know the Galactic components, the better we can subtract titten CMB observations.

1.4.1 Synchrotron emission

The synchrotron radiation arises from the interaction laithéstic electrons with the Galactic magnetic
field. They are the electron component of the cosmic rayshybecvade our Galaxy and are continually
produced in supernovae explosions that occur in the platfeedbalaxy and then fiuse into the halo.

Figure[1.8 shows the all-sky 408 MHz mzi.p.{,l:l.aala.m_la‘_al.._llgﬁa)ch is generally used to trace
the synchrotron emission from our Galaxy, although it cmgt@artially emission from free-free: this
is particularly true along the Galactic plane and in the @dsielt system which extends up to 30
above the plane in the Galactic center region and below ttieemer.LR_ei.Qh_&_Rﬁi.dH_(_’LQiB) estimate
the relative fraction ab = 0° to be of order 10-20%. However, the contribution at interiagedand
high latitudes is fectively negligible and hence the 408 MHz sky map is geneadsumed as the
default template for the synchrotron foreground compaonené main feature of this map is the strong
emission at high latitudes in the Northern Hemisphere, theatled North Polar Spur, which is most
likely the synchrotron emission produced in a supernovanem(SNR). Other similar features can be
seen extending from the plane: they are all probably the lofase brightness remains of old SNRs.

Indeed, supernovae play an important role in supplying tsec ray electrons which escape from
the SNRs and diuse out into the interstellar medium. Those with the higleesrgy will eventually
escape from the Galaxy altogether. When the energy will edalge enough, instead, the electrons
will remain in the Galaxy. The synchrotron emission whichetserve as a contaminant of the CMB
is actually produced by those electrons: they are held iG#ilaxy and, spiraling in the magnetic field,
produce the diuse radio halo which we observe. The latter, as a conseqoéttoe mechanism which
produces it, represents the best evidence of the structtine mmagnetic field of the Galaxy.

Let us consider an electron of massand chargee, with a relativistic energiek = yEy where
Eo = mc (0.51 MeV) which moves in a magnetic fieRl The equations which describes the motion
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of such a particle are:

%(ymv) = gv x B (1.13)
Come)=ev-E=0 (114)

wherey is the Lorentz factor andis the velocity of the electron. By solving these equatiovespbtain
that the particle follows an helical motion, as the resuthefcombination of a circular uniform motion
around the magnetic field lines, and a uniform motion alomglithes. Specifically, they spiral with a
Larmor frequencyy,, given by

B B
v = — 28(

- =2 1GausJMHZ' (1.15)

We can then accordingly define its gyrofrequency as

eB VL

= = —. 1.1
2rymc vy (1.16)

Vg

The emission from such a relativistic electron is in an instaeous cone angle along its trajectory
of ~ y~1 steradians. Therefore, the spectrum of a single electrosists of the harmonics of the
apparent pulse duration (v;1, with v, ~ ¥?v) as seen by an external observer, and has a maximum
emission at the critical frequency af ~ 3/2v,. In a magnetic field of intensit, we have

_ 3eBy _

"~ 4drmc

Ve

B B \/ E \2
4.2( 2MHz=1.6x 1 7( J(—) MHz 117
Gaus v z 6x10 Gausg\GeV z ( )

Given a distribution of relativistic electrons, they preguan energy spectrum which will depend
on the energy distributioN(E) of the particles. The intensity of the radiation will be exgsed by

I(v):ffP(v,B, E)N(E, )dEd, (1.18)

whereP(v, B, E) is the power emitted at a frequenchy the single electron of enerdyin the magnetic
field of amplitudeB.

Assuming the electron energy distribution to be well démdiby a power law in the form
N(E)dE = NoE~PdE, (1.19)
the emission intensity will be given by
| (v) oc NoBPD/2),~(P-12, (1.20)

That is, the emission spectrum itself is described by a ptaverwhose spectral indgsy,is related
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to the one of the energy distribution as following:

Tsync = -(p-1)/2. (1.21)

Taking into account the conversion between the intensitythe temperaturél(v) = 1(v)c?/2kv?), we
have
T(V) ~ V_(p+3)/2 =y —Bsync (122)

The possibility of constraining the value of the spectraleix is currently one of the greatest
challenges of the studies of this foreground emission.dddte value o8, suters of the variations
in the intensity of the magnetic field, as well as of the vioiad of the electrons density and energy.
The last one specifically, igf@cted by cosmic ray propagation, energy loss, and degrem@hement.

More than 90% of the observed synchrotron emission arises ft difuse component with a
direction-dependent spectral index that generally liehérange-0.5 > @ > 1.1 (25 < Sgync < 3.1
and 20 < p < 3.2). The cosmic ray electrons in the Galaxy substantiallyivaitheir original
supernova remnants and slowly lose energy while travedirggl distances across the Galaxy. The low-
frequency cut-& of synchrotron emission arises both from the single-eb&ctynchrotron spectrum
(F(x) = xfxw Ks/3(£)dé, whereKsg/3 is the modified Bessel function) low-frequency ctif-cand
from self-absorption and free-free absorption, both ofcHbecome increasinglyffecient at lower
frequencies. Besides, we expect the electrons spectrumgtebp at high energies GeV), since the
most energetic electrons escape from the Galaxy: indeedtstudies have demonstrated thaaries
from 2.7 to 33.

The complexity in measuring precisely the value of the gpéstdex of the synchrotron emission,
is due to the limitations in the available observationsytae generally fiected by systematic errors
connected to the specific properties of the instruments aritde scanning strategy itself. The first
full-sky map at the frequencies where the synchrotron eoniss dominant, is the map at 408 MHz,
already shown in Figure~1.8. It is the result of the comborabf observations taken at Jodrell Bank
and Bonn in the north and Parkes in the southern Hemisphdras lan angular resolution of8%° and
a sensitivity of 2 K.

There is also a map at 1420 MHz, which initially covered ohly horth Hemisphere and afterwords
has been extended to the south hemispﬂ.&l’_e_(Bﬂi.Qh_&JdﬂiQd; m_el_all.l_zo_(bl). Finally there
are incomplete maps at 2326 MHz (with< 30°) dJQ.DﬁS.Gl.AILlQ_bB) and at 38 MHz and 820 MHz

1,1987).

Studies indicate a range of spectral indigggrom 2.3 to 3.0 between 408 MHz and 1420 MHz
dRe_i_Qh_&_ReicH 19d8) and the presence of spurious basefieetg in the survey 408 MHz (Davies
et aI.,@kS) thatféiect the spectral index determination for weaker featurég. dombination of these
effects, plus the large frequency gap between 408 MHz and més@wavelengths, does suggest that
the sky map scaled by a singl&exctive index may not be representative of the synchrotroissam
at WMAP frequencies. Nevertheless, its use for foreground studiesll established in the CMB
literature. HoweveLI:IinahaxmetJa]L.(Zd)O?) suggested thmteer tracer for the synchrotron emission
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at WMAP frequencies is the fference between the K and K& MAP data. This at least in part
compensates for possible errors introduced by using thiakaemplate, presumably accounting for
the change in morphology of the emission at microwave fraq@s. Moreover, using this template
with a single fitted scaling per frequency is likely to beffigiently accurate even given modest
departures from a single spectral index. It is also likelyptoa good choice because the intrinsic
systematic measurement errors are smaller than for themMasiap.

Different studies have been carried out taking advantage di@btobservationm al.

) have evaluated the spectral index to have a valueskat®.55 and 2.8 for frequencies within
100 and 800 MHz respectively. They also found a typical wEmmaof ASsync = +0.15 considering
couples of frequencies withy = 2 - 3 (iB.eLQh_&_RﬂLQh _]_9_616). Developing a destriping technique,
applied to the maps at 408 and 1420 M|:|1,.Da1i.es.|eLalJ199t@)m:¢d a value for the spectral index
between 2.8 and 3.2. Improving this technique applied taf#me maps together with the one at 2326
MHz, lEIala.nja_et_Elll_md)fS) have defined a distribution ofigalof the spectral index with a mean value
of Bsync = 2.66 + 0.12. TheWMAP science team has proposed similar results. They assoc¢feed
variations of the spectrum with the propagation of the cogmy electrons in the Galaxy. Specifically,
lB_enn.ett_eLdl.L(Z)_(bB) assumed the radiation to be producetiébglectrons which outlive the SNRs
and they distinguished between the electrons which aretalgiscape from the halo and those who are
trapped into the disk. In the first case they evalugted2.5 which increases te 3.0 in the second one.

' I.|_(_’L9$8), studying the spectrum of the locahto rays, found a variation of the index
equal to 0.5 and therefore a valuggaf,. = 3.1 for frequencies between 1 and 10 GHz.

At frequencies higher than 10 GHz, multi-frequency cotretaanalysis have been carried out by
many authors. For example, comparing maps at 10 and 15 GHretfre experiment of Tenerife, with
the Haslam map and the map at 1420 M|:|1_dﬂ).h1e1ta£_osla| dlmj’) have measured a value
of Bsync ~ 3.0. MoreoverLDaMi.eﬁ_eLlalL(ZdOG), using the first year of oleeons of WMAP, have
constraint the spectral index to be 2.85. The same resubéas confirmed bLLB_a.n.da;Leﬂ ell_(ZbOS):
they found a value of 2.5 for the DMR frequencies. In the néepters, we will describe the analysis
performed with the codeastica using the three- and five-year observationsMMAP, which also
allowed us to estimate the synchrotron spectrum.

Synchrotron emission can be highly polarized: since thelacation séfered by the electrons is
perpendicular to the magnetic field and therefore, the eomss linearly polarized in the same plane.
The degree of linear polarization4s75%, which depends on the spectral ingiesf the electrons:

_ p+1l
= p+7/3

(1.23)

Although theoretically quite strong, this level of polaion is almost never observed due to non-
uniform magnetic field directions along a line of sight and tatation of the polarization direction by
Faraday rotationof 12) , which generally reduces the degree of observed polaizat < 20%.
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1.4.2 Free-free emission

The free-free emission (doremsstrahlunyis the radiation which arises from collisions between
thermal electrons and protons or other ions in the warm ezhinterstellar medium, near the star
forming regions of our Galaxy. The ultraviolet radiatiorn newly formed hot stars ionized the
surrounding neutral gas.

The electrons velocity distribution is well described by axwellian at a temperature T (> 10*
K):

Ne(V)dv = 47rNe(%)3/2v2 exp( - —V) dv (1.24)

Taking into account the total distribution of the electr@ml the ions, it is possible to compute the
emissivity per volume unit along the line of sight:

482(27r

2
3mehc ﬁ) NeNZZT M2y 73(1 - €KT9) < gyg >~ 0.018Z°NeNT ¥2v % < gys > (1.25)

a(v) =
where the approximation comes from the fact thatk kT, and< g;s > is the Gaunt factor averaged
on the velocities.Ne andN; are the number of electron and ions per unit of voluimes the Planck
constant andt is the Boltzmann constanty. is the electron mass, of chargand temperatur€,, while
v is the frequency of observation. The optical depth is theivelé computing the integration along the
line of sight:

7(v) = 0.018T %%y f NeNidl < g¢5 > (1.26)

We can assume to have a neutral plasma, with an electron tatapewhich is constant along the line
of sight and larger than 20 K (the warm ionised medium is auah6® — 10* K): if the frequency of
observation is smaller than 100 GHz and the Gaunt factor edadborized as a product of a power law
of the frequency and the electron temperature, we obtaifolf@ving approximation for the optical
depth:

_ v 2/ EM
T(V)~O.08235Tel'35( 1GHZ) (Cmspc) (1.27)

where the quantitfeM = fNeNidI is the Emission Measurements. The brightness spectrum has
a spectral index of .20 = 0.03 and depends slightly on the temperature, the plasma tyeasil

the frequency of observation, dependencies which are ellidied in the Gaunt factor. From the
radiative transfer equation, we finally derive the defimtid the brightness temperature for the free-free
emission:

T, =Te(l-€") ~1,Te ~ 261K

(1OGHZ)2-1(1O4K)°-35( EM

f 1 1.28
Te crrerc) orrT= ( )

A discrete component is generally distinguished fromféude one. The first one is connected to
the regions of ionized Hydrogen (HIl) mainly concentratiihg the Galactic plangl < 5°), although
present also at higher latitudes, like the Orion Nebula.

By collecting the information from previously publishedté and catalogls__Eala.dinj_ei MOZ)
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produced a comprehensive catalog of 1442 Galactic HII regiehich they use to produce a Synthetic
Catalog at 2.7 GHz. These regions are particularly useficesihey can be used to calibrate polarization
CMB instruments, with an angular resolution smaller thanrideed, the free-free emission is unlikely

to be polarized. The maximum of polarizationi$—-10% tR;Lb.i.QkL&_LLghlma.hLLQd& but since most

of the compact HIl regions are symmetric, the integrateddirpolarization is canceled out. Indeed,

Dickinson et al. [(20_d7) found values lower tha6%.

A typical example of this kind of objects is the Rosette NebiNGC 2237-38-39) located in the
anticenter region of the Galaxy: it is an evolved HII regiatith an expanding shell of gas at a distance
of 1.1 kpc and moving at a few tens of ksn*. The electron gas reaches a temperature 8000 K,
which is the equilibrium temperature between energy loskrngyradiation and energy gain from the
ultraviolet radiation of the recently formed central stduster (NGC 2244). The radio spectrum of the
nebula fits the index given above, over a wide frequency raagexpected for an optically thin ionized
region ¢, < 1). Two contrasting spectra are instead seen in adjacentedibns (G291.3-0.7 and
G291.6-0.5) on the Southern Galactic plane observeld.b;dtﬁﬁah.et.ai.l(ﬂld?): they are associated
with NGC 3576 and NGC 3603, and they have a typical opticdlig spectrum, except than at low
frequencies where the spectrum becomes that of a black ody(0).

The difuse component, instead, is the most unknown emission anmenGalactic foregrounds.
At radio frequencies, indeed, it is easily identifiable nte Galactic plane, while it is not the case
at higher latitudes, due to the mixing with the synchrotramssion. Theoretically, it should be easy
to separate the two components since they hafferdnt frequency spectra. However at frequencies
lower than 10 GHz, the synchrotron emission is dominant gih lsind medium latitudes. At higher
frequencies instead, where the free-free emission shotddcome the synchrotron one, the signal
is too faint, making its detection veryfticult. This is why we do not have a full-sky map of this
component. Currently, most of the knowledge of the thermasstrahlung comes from the spectral
line emission of the ISM. At optical wavelengths, the Balriees of Hydrogen are used to measure
the surface brightness of the ionized emission over theee@alaxy. Specifically, this is the case
for the Hy emission. Where this emission is not available due to the alosorption, the gap can
be significantly covered by the contribution of the corresting radio recombination lines (RRLS),
although very weak.

The intensity of the it is given by

EM Te \77
o = O'BGR(crrr6pc)(1O4K) (1.29)

wherey = 0.9 for Te < 26 x 10* K andy = 1.2 for T, > 2.6 x 10*. Finally, 1R = 1 Rayleight=
%photonsﬁ(cm2 s sf) = 2.41x 10 7erg/(cn? s sp) at the wavelength oiy, = 6563A. Combining
EquationCI.Z0 with Equation_LP8, we have the following tiela between the Hl intensity and the

free-free brightness temperature:

ff Te 0.4 to 0.7 /l IHa Te 0.55to 0.85 /1 2.1 IH(t
To :1‘68”K<g”>(104|<) (cm)( R) ! K(104K) (c_m) (?) (1.30)
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Figure 1.9: Data from WHAM, VTSS and SHASSA have been contbmeEinkbeinerl(2003) to form an all-sky
composite | map. No correction has been made for extinctifieas. The K intensity from 0.03 to 160 R (in
logarithmic scale) is provided in units of Rayleigh.

Clearly, it is necessary to assume a valud ghppropriate to the area of the sky considered. RRLs
data for HIl regions along the Galactic plane, show a siganficncrease of ¢ with the Galactocentric

distanceR, whose dependence has been estimatel;d_b;LEaLadj.d!ih_d.)@G@:

Te = (4170+ 120)+ (314 + 20)R. (1.31)

However, there are also indication of the fact thatof diffuse HII regions is actually ffierent from
the regions of the plane. From observation and theoretigdles, we expect the fluse gas to have a
higherT, than the HIl regions with ionizing stars. Nevertheless ai@afT, = 8000 K seems to be
reasonable.

A full-sky map of the Hr emission can now be made by combining the Wisconsin H-Alpappar
(WHAM) northern Fabry Perot survey b.f.lﬁa.emj.a' |(20_d3) with the Southern H-Alpha Sky Survey
Atlas (SHASSA) filter survey dLG_a.usla.d_ejl 41_(2b01). The WMlAurvey has an angular resolution
of 1°, while the SHASSA resolution is 6 arcmin, although it does caver the region of the sky at
scales> 10°. By smoothing the latter survey to a resolution 6fahd applying a baseline correction
of cosecant form at declination —30°, an all-sky map can be ConStFUCth003).
An other map has been create|_b;LELnkb_é |:|_e|'_d2003) at a rezohit6 arcmin, assembling the surveys
previously described with the Virginia Tech Spectral-LBu&vey (VTSElm 98). Inthis
case, the WHAM data have been used to calibrate the zero Evelresultant map is shown in Figure
[[.9: although the emission is mainly concentrated on theeplthere is also significantdHemission at
intermediate Galactic latitudes. Particularly, a largassion is seen in the Gould Belt system, which
includes the Orion region in the southern Galalxy L80C° + 30°) and Sagittarius-Scorpio region in the
north ( = 0° = 30°).

In general, although the two signal are well correlateds ihdt easy to extrapolate the free-free
emission from the kb emission. First of all, the data are contaminated by theshhission of the earth
atmosphere. The two components can be distinguished dkiygtadvantage of the Doppleffect,
due to the motion of the Earth with respect to the Solar systeimduces a separation in the lines. A
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further complication, however, introduced by the fact tthég effect is reduced by the OH emission at
a wavelength of 65688 A, very closed toly,. Anyway, the largest source of uncertainty is the dust
absorption of the H emission. This can be estimated using the Galactic absarpélibrated against
the 100um dust emissioﬂ.(ﬁghl.eg.el_etl el.L,_:Lb98). Assuming the wallhWmreddening curve in the
optical range oA(Ha) = 0.81A(V), the absorption at tha wavelength is given by

A(Ha) = 251E(B-V) = 0.0462D" fy magnitudes (1.32)

whereDT" is the 10Qum surface brightness in units of M3y ! and f is the dust fraction responsible of
the absorption along the line of sight. Specifically, a cctiom of half this value is dficient, assuming
that dust and gas are uniformly mixed along the line of siglulweverI_D_i.ds'Lns_o.n_el_iIilL(ZQb:B) derived
a value forfy which is not consistent with this hypothesis: they instedwolpged a value ofy = 0.33.
BeS|desLD.aALL&S_eL|aL_{ZjO6) and Banday H_a.[_‘ 003) fafgoar0 at high latitudes|ig| > 20°).

Using Equatiof1.3? eI.L(ZbOS) converteddhelust map to an absorption map which
can be applied to thedintensityly,, in order to obtain the proper correction:

159 = |}y, x 10D X00185 (1.33)

1.4.3 Thermal dust emission

Dust is difusely present in the entire Galaxy, with a concentrationglihe Galactic plane and near
the stellar formation regions. Dust grains, heated up byritegstellar radiation field, absorb UV and
optical photons and re-emit them in the far IR range of fregies. This is the dominant emission at
frequencies larger than 100 GHz.

TheCOBEDIRB‘ full-sky maps at 100, 140 and 244n, at an angular resolution of 0, were
used to trace this emlssdn_(_lso_gm_ei E.L._;Ld%b). The Iattagkstronomical Satellite (IRAS) has then
produced a more sensitive full-sky map of dust emission 8t k@ with a resolution of 6 arcmin.
These data sets have been re-calibrated usin@ @BE-DIRBE data. Furthermore, artifacts due to
the zodiacal light have been reduced and point sources Iwerbmoved_(s_chleg.eLeﬂ M98). The
result is shown in FigureE_L10: the strongest emission li@sgathe Galactic plane, while the Gould
Belt system is visible at intermediate latitudes as wellraghe Hrx emission, although the specific
structures are éierent.

The intensity of the radiation depends on the shape, cotiposind size distribution of the dust
grains. Figurd_T. 11 shows the spectrum of a typical sampietefstellar dustL(_D_es_eLt_eLlM%),
which includes three components:

e Grains composed by polycyclic aromatic hydrocarbons (BAldstaining only 30 to 100 atoms,
with a diameter of- 10 A. They have a rich spectrum in the A& wavelength range.

e Very small grains: they have generally a radius ©01 to 001 um and emit at 25 60um. They
are most likely carbon-dominated grains with possibly a afigther metals.

UDiffuse Infrared Background Experiment
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Figure 1.10: Using a combination 6FOBEand IRAS datd, Finkbeiner etlal. (1999) derived models ferrttal
dust emission at microwave and sub-millimeter frequencldéss map is based on their best-fit two-component

Model 8, at a frequency of 94 GHz. It has a resolution of 6.Inanc
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Figure 1.11: Composite spectrum of the dust in the ISM. Tlomaponents are identified. Taken from Desert

etal. ).

e Large grains up to km in diameter: their emission is well described by a blackybpelaking at
100- 200um. Silicates are probably the main component of these graltieough in order to
explain the optical emission, carbon has to be included &s we

There is also a strong spatial correlation between the dustseon and the gas of the interstellar
medium: indeed, the dust radiation is associated with te éimission of the gas, specifically with
the neutral hydrogen (HI). Therefore, the dust emissioreddp also on the chemical composition of
the interstellar gas and the quantity of dust grains witpeesto the gas. Consequently, the emission

presents strong spatial variations.
Let us assume a dust grain population with a size distribut{@), wherea,,, < a < amax. We can
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defineZ, the ratio between the mass of the gas and the dust. The dusstieityiis then given by (Dwek
et aI.,| i§§]7)

ﬂmHZd amaxf

N P(a T)B,(T)dT 1.34
<mes (. T)B,(T)d (1.34)
whereu is the atomic weight of the gably the total column density my > is the mean mass of the
grains population and-(a, v) is the cross section of the dust particles with radiand at a frequency
v. B, is the surface brightness given by the Planckian law at theégatureT and P(a, T) is the
probability for a dust particle of having a temperature with andT + dT. This expression, can then

be approximated by a modified black body law:

I(v) =

| (v) o< v*B,(Tq) (1.35)

whereyv is the frequency of observatiomthe emissivity index andl is the dust temperature. There are
strong variations of the temperature throughout the itetes medium, depending on the strength of
the local radiation field: it varies from 10 K to 25 K, with maxtthe dust being at 15-20 K. However,
in the HII regions, the temperature can be larger than 40 K tdihe strong radiation produced by the
central ionizing stars.

It is interesting to define the value of the spectral indexor this purpose, several studies have
been undertaken andftérent models have been proposla_d_DJMek_led_aLJ1997) haverdessl the
dust emissivity spectrum for wavelengths of 3.5 to 1069 using theCOBE-DIRBE and FIRAS data,
together with the IRAS ones. From this spectrum, they ddrav€eomposition model of the Galactic
dust which includes graphite and silicates, but also PAH first ones dominate at wavelengths larger
than 140um with a temperature of 17-20 K for graphite, and 15-18 K fdicates.LKqul_eI_ﬁll,_(_’LQ_bS)
and.KquJ_eLell.L(_’LQ_QlSa) using tAEOBE-DMR and DIRBE data, instead, have found the dust spectrum
at high Galactic latitudes, to be well described by a modifiedk body with a spectral index equal to
2 and a temperature of 18 K. The DIRBE data at 100 andui24B®ave been used also mt al.

), who derived a map of the dust temperature distobutin the entire sky: this varies within 17
and 21 K. Therefore, the same shape of the spectrun)(has been determined.

However, a single power law is actually not able to fit propdhe FIRAS data at frequencies
larger than 800 GHz. This result has introduced the idea dfipheicomponents models, partially
developed bLElﬂkbﬂiﬂﬂLEllMQ%. They elaboratediasef empirical models (FDS), guided by
physics rather than physical like the Dwek model, based el€BEDIRBE 100 and 24«m maps
tied to theCOBEFIRAS spectral data in the range 0.14 to 3.0 mm. The studysupported by a
laboratory analysis d;_f_Eo_LLa.Qk_ellah_(lb%) which demaatstt that dferent kinds of grains contribute
in a different way to the total emissivity and dominate dtatent frequencies. Specifically, main
contributors are carbons and amorphous silicates.

Among the eight models proposedlb;LE'Lnkb_e'Ln.eLH_al_dl%Q)number 7 and 8 have shown the
better agreement with the FIRAS data. They are both two compts models: in the first case, the two

components have a temperature of 9.6 and 16.4 K, with a stherdex of 1.5 and 2.6 respectively. For
the second one, instead, the temperature is equal to 9.46Rd&Kland the spectral index is 1.67 and
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2.7 respectively. The map shown in Figlire1.10 is actualtyathe derived using the model 8. It is at
94 GHz and has a claimed nominal resolution df &cmin.

Over the WMAP range of frequencies, the thermal dust emission in anteamgdrature is
sometimes considered to scale with a power-law dependBnce v #¢, with values of 1.7 — 2.2 for
Bq assumed by dierent authors. In the analysis done for this work, we adofited=DS8 predicted
emission at 94 GHz, as the reference template for dust emnissnd computed a single global scaling
between this template and tiéMAPfrequencies.

1.4.4 Anomalous Dust emission

Analysing theCOBE-DMR data at 31.5, 53 and 90 GF@Q@QQ) found a staa8yi significant
correlation with the DIRBE data at 100, 140 and 240. He basically discovered the existence of a
dust correlated emission for scales larger thigm@t explained by a simple thermal dust model. A two-
component fit of the correlatedOBE data to a model with dust (with spectral inde® k Bqust < 2)
and radio emission, returned a spectral indg¥o ~ 2.1f8;g for the unknown radio component. This
result induced them to associate the radiation to freedmission, whose theoretical spectral index
is B = —2.15. Later, the same result has been confirmed and extendeeguehcies (down to 14
GHz) byLLﬂLtQh_el_dl.L(_’LQEb?) add_d.(LO_LisLelLaﬁgsla_eltlal_d)%ith the OVR@®1 and Saskatoon data
respectively. However, the free-free hypothesis was digthsoon: given the correlation between
the free-free emission and thexHemission, the proposed explanation would require an anakg
correlation between the anomalous radio emission and therHission. Instead, the first one was
measured to be 5-10 times larger than the second one.

A deep scan around the north celestial pole at 14.5 and 3127t19|:H.ﬂi1Qh_eLa|.|.(_'L9_d7) showed a
strong correlation with 10@m dust and free-free like spectrum. However, they also aoefira lack
of associated bl emission at the expected level. Therefore the emission vegmped to be associated
with ionized gas af, = 10° K. However, again, this hypothesis has been ruled out: suubt gas
would produce X-rays, but no significant detection of thera haen measured by ROS@Tat 14
KeV. Furthermore, temperatures of®1R require energy higher that 1@ime the one released by a
Supernova explosion.

All these results substantiated the model of electric dijgohission from small spinning dust grains
proposed b)LDLa.'LnL&_LaLa.Lilarll_(_’L@Ea,b). The same PAHs gnaimich absorb stellar radiation
and cool down by radiating in IR bands, undergo collisionthwias-phase species and can become
charged. Therefore, they carry a significant permanentleipmment (of a few tens of a Debye).
As a result of the frequent collisions, the spinning PAHd wibduce electric dipole emission from
rotational levels. The spinning dust paradigm has beemrasingly accepted as the explanation of the
‘anomalous component’: this would explain naturally bdtk torrelation with dust, since the same
grains are responsible also for the thermal emission, andlikence of correlatechHadiation.

Draine & Lazarian|_(199_$b) have computed the emissiyjtgf the grains, for dierent sizea and

20wens Valley Radio Observatory
BReentgensatellit
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electric dipole momeng, in the 10-100 GHz range. Assuming the angular velocity efghinning
grains to have a Maxwellian distribution:

1/21 f daf(a)— ~3” ) (1.36)

2 < w?>

wherey is the intrinsic electric dipole moment of the grain withabtarge ¢ ~ SNY2, whereN is the
total number of atoms of the grainy, is the angular velocity andi(a) is the size distribution of the
grains.

The emissivity was found to be sensitive to the propertiehefgas such as the density and the
temperature. Specifically, they distinguished the coatidm produced by five typical environments in
the ISM with various canonical densities and temperaturesder to compute corresponding spinning
dust model spectra:

CNM cold neutral medium

WNM warm neutral medium

WIM warm ionized medium

MC molecular clouds

DC dark clouds

Depending of the component, the emissivity and the pealuéecy change, although the latter lies
always between 20 and 30 GHz. Figlre1.12 shows the spectxpected for these components.
Recentlﬂ_Alj;I:LalmD.u.d_el_ilill_(ZQb9) presented a comprekertseeatment of the spectrum of electric
dipole emission from spinning dust grains, updating thermomly used model of Draine & Lazarian.

Following the theoretical expectations, the distinguightharacteristic of spinning dust emission
would be the turn-over in the spectrum at lower frequencsund 10-15 GHz depending on the
dimension of the grains. The first detection of this featlame out combining the Tenerife data at
10 and 15 GHz with th€OBEDMR data (de Oliveira-Costa etlal., 1997): a peak was measur
at ~ 20 GHz in the radio emission, per unit of 1@fh dust emission. This result was confirmed by
combining the same data set with iIMM APdata, thanks to the larger frequency coverage. Specifijcally
it was demonstrated that the low-frequency part of the sperwvas inconsistent with the synchrotron
emission for intermediate latitudes. A similar analysiswarried out bLB_a.nda;Lelldl_(zd)OS) with the
DMR and the 19 GHz data.

The existence of this component has been confirmed morethetsnthe analysis of th&V MAP
data performed b , Bonaldi et/ aL(Z(bOt)._DasLLes_elt la.L_dZOaﬁ)JILMMJJ.e_D_es.Qh.en.es_eLlaL(Zd08)
Moreover]ﬁatd.et.ale(ZQllO) have carried out a correlagioalysis of the IRAS data with a full-sky
spinning dust template at 23 GHz produced_b;LMnLLLLe_D_eBIEtE_et_all L(Z)_(bS) They found a strong
correlation between the template and the 1@® IRAS band and, more important, with the agh
band. This has been interpreted as the confirmation of tmas dust model, since small dust grains
(PAHSs) carry the 122m flux.
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Figure 1.12: The spectrum of the spinning dust. The radissirity is given in terms of Jgr per unit hydrogen
column density. The dotted curves show the spectra for fiiereint components. The solid lines are the spectra
when the corresponding thermal emission is added. Obsgmmahtiata fromCOBE-DMR (Kogut et al.| 1996a),
Saskatoon (de Oliveira-Costa et al., 1997) and OVIRO (L&t | 1997) are also shown. The plot is taken from
DDraine & Lazarian|(1998b).

Beside the spinning dust grains, other scenarios have breposed as possible explanations for
the anomalous component. Fullerenes of 60-200 carbon diawgsbeen suggested to be responsible
for the anomalous componeth(.Igl&ilas-_er)lh_tOOG). Lgrgens of submicron radius may have a
significant contribution in the 10 to 100 GHz range. Draine &zhrian also proposed that magnetic
dipole emission may be emitted by large grains over a broaderebetween 10 and 100 GHz.
Spontaneous magnetization is required in order to have la gtethe observed frequency: this could
be possible thanks to the presence of magnetite and metaticCurrently, magnetic dipole emission
can not be ruled out as a possible explanation for the anarmalomponent of dust at microwave
frequencies.

Some hints about the processes that occur in the anomaldasiemof dust can be provided by
observation of individual compact dust cIouHs.ANalsg.nJedZﬂQ&IS) discovered very strong anomalous
emission in the Perseus molecular cloud (G 159.6-18.5) mthOSMOSOMA. 3] experiment at
11-17 GHz: the derived spectrum is consistent with the spgqhdust model. Furthermore, a strong
correlation has been found with the IRAS g band suggesting that the anomalous emission is
produced byery small spinning dust graindlore recently, a morphological study of the Lynds Dark

4COSMOlogical Structures On Medium Angular Scales
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Source Dust emissivity Reference

K (MJy/sr) !
HIl regions
6 HIl regions (mean) 3+17 Dickinson et al. (2007)
LPH96 B8+ 23 Dickinson et al. (2006)
Cool dust clouds
15 regionsWMAP 112+15 Davies et al. (2006)
All-sky WMAP 109+ 11 Davies et al. (2006)
LDN1622 241 + 0.7 Casassus et al. (2006)
G1596185 178+0.3 Watson et al. (2005)

Table 1.1: Comparison of 10@m dust emissivities for HIl regions and cooler dust cloudsif data at or near
30 GHz [Dickinson et all, 2007). Emissivities, in unit& (MJy/sr)™%, have been normalised to 31 GHz.

Nebula LDN1622 was carried out ll)yL_asass.us_led_al_tZOOG) &4 with CBI. Combining these
observations with th&V MAPdata, a well defined spectrum consistent with the spinnirsg elonission
is produced, with a peak around 30 GHz. They also showed agstarrelation with all the IRAS data,
in particular with the 2%m band, which again supports the hypothesis of spinningetagsion from
very small grains.

In order to confirm this idea, it is important to study the amatoas emission from compact Hll
regions: in fact very small dust grains are not expectedii gxthose regions. Therefore, any detection
of anomalous emission would discard the hypothesis of veajlgrains and would leave space to other
interpretations._Dickinson et al. (2006) observed the LOKS201.66-1.64) with the CBI at 31 GHz
and found that the spectrum is basically consistent witlpkrfree-free. A more extensive study of the
anomalous emission in HIl regions in the southern hemisptes been undertakenlb_)LDiQKMt al.
dﬂ) (see table’l.1). Again the derived spectrum was fooihé consistent with free-free emission,
although some excess of emission has been measured in giRged his excess could be associated
with spinning dust emission or other emission mechanisms.

We would clearly need an accurate template for this anonsamission to model the foreground
amplitudes atWw MAPfrequencies, but this remains eIusiLLe._Einkb_éihﬂLdoand)D_aMim_eLil 6)
have proposed that the FDS template modulated by some pawearf the dust temperature provides
a better fit than the unperturbed sky map. HowdsLeL_B_o.na.Ld]JdQO_OJ’) suggest that although the
anomalous emission is tightly correlated with thermal diing correlation is not perfect. Nevertheless,
we expect that the FDS model provides a representative &eenghd we adopted it for our analysis.

1.45 TheWMAPHaze

The first detection of the so calledMAPHaze’ is due td)_ELnkb_eldeL(ﬁ)_d%). Analysing iWMAP
data, he found an approximately circular excess fitide emission centered around the Galactic center
of radial extent~ 20° and luminosityLnaze ~ 10°7 ergs?t between 20 and 60 GHz. Later, Dobler &
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Finkbeiner Ma) defined its profile as well described by:

- % - % forr <ro; (1.37)
0 forr > ro,

wherer is the angular distance to the Galactic centermrid arbitrarily set equal to 45 degrees.
Initially attributed to free-free emission produced By 10° K gas kELukb_ein_érLZQQha), this
hypothesis was immediately discarded since a counterpai$sen in X-ray was not detected
(lEin.kb.e'Ln.eIr,LZ)Déib)l_Ein.kb.eiﬂdL(m(Mb) showed instead the energetics and profile of the haze
emission could be explained by synchrotron emission fraerbgfrproducts of dark matter annihilation
for a generic weakly interacting-(100 GeV) particle with a standard dark matter halo profileisTh

idea has been pursued further in several subsequent VILstméﬂ_eLdlLZO_(H._Zlbh._Zhang_e{ a
M;LChQIjs_eLAILZ)bh;_Cumbﬂbamh_dtlaL_ioog).
Other studies carried outféerent interpretations The haze has been associated withtron

emission produced by pulsals_Zha.n,g_ét].a.LJZ |_ZOQ|9) or, more recently, by cosmic
rays from astrophysical sourc L‘i_(.M.C.Q_U.LD.EI_&Za.l.d.a.LIJi 0 However_M.(Q_Lﬂun_&Zaldamaba

) also pointed out that both these interpretationsatrable to justify the following observations:

1. Dobler & Finkbeiner[(ZQQéa) found the haze spectrum imtiherowave to be hard, measuring a
power-law electron spectrum with indgx~ 2. Such a spectrum is much harder than the galactic
synchrotron towards other directions (whgre 3).

2. The distribution of known galactic cosmic ray sourceseapp not to be gficiently concentrated
toward the Galactic center in order to create the hbze_(_léinleb,LZODAlb';_D_o.b.LQL&_Elnkb.e'Lder
|20.0.8131|_Zhang_et_bl_,_2d09). The distribution of supernovakpailsars is estimated to peak-att
kpc from the Galactic center, or 30° dLo_LLm_er_eLaJ ]_ZD_dG) In contrast, the haze intensity is
I%Ely increasing with decreasing anglec20° from the Galactic centeL(.D_o.b.I.QL&_Elnkb_elJt

).

3. A similar excess towards the Galactic center is not pteaed08 MHz. If the haze is from
synchrotron, this suggests that the source of the haze dwesontribute significantly to the
population of cosmic ray electrons-at5 GeV. In addition, the 408 MHz emission appears very
disk-like without a significant enhancement in the hazeaegi

On the other hand, these criteria can be satisfied by darlenathihilation l(.ELakb_eluleL_ZQ_d4b),
although other authf:;cja(t)rgued that the annihilation csession would need to be significantly boosted
(Cumberbatch et al., 2009).

A preliminary analysisL(_D_QbJ_eLel_IalL_ZdO9) of the data proeld by the Fermi Space Telescope
has shown the existence ofaay ‘haze’ with a similar spatial morphology of thé MAPhaze. It has
been interpreted as due to the same hard population of@hsdtnat generate the haze in the microwave
dD.o.bJ.er.eLa'.l_ZQ_dg) which interact via inverse Comptffiee with the starlight. As th&/ MAPHaze,
also they-ray haze could be explained in terms of dark matters aratibil tQh.Q.lis_et_dlLZO_(bQ).
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However, the Fermi collaboration has not claimed any exitefg galactic center region over the
standarwwwm%ummreoven Linden &
Profumo @b) pointed out that what was measure M) could be just an artifact
of the analysis performed, i.e. an incorrect foregroundaeah In fact, they used templates which
seem to be inappropriate and to underestimate both‘tdecay and inverse Compton scattering (ICS)
contributions to the-ray emission, specifically in the Galactic center region.

The reliability of the models used to trace thé&elient components of the sky is a crucial point also
for the detection of the haze in the microwa\Jes._Einkaﬁﬂf)_&h) identified the haze as the result of
an analysis where th& MAPmaps at dterent frequencies were fitted with a model of the foreground
components of the sky, as described by specific templatgzarticular, the Haslam map at 408 MHz
has been used to trace the synchrotron emission, althoeghl AP observations lie at much larger
frequencies. Relying on such a crude extrapolation of thephmogy of synchrotron emission can thus
potentially introduce unphysical residuals. Specifichﬂ;ansgh_&_s.a.tkilirl_(ZQiO) have shown by means
of simulations, that this leads to residuals of the samer@sléhe claimed haze, along the Galactic disk.
Therefore, they support the idea that iINM AP haze is actually an artifact of inappropriate template
subtraction, rather than evidence of dark matter annibilat

Indeed, other authorls_(Qumb.eLba.LQh_eltLa.LJZOOQ), havelribta the significance of th&/ MAP
haze is substantially reduced by allowing for spatial \ara in the frequency-dependence of
synchrotron emission in the inner and outer parts of theXyala

Doubts about the actual existence of the haze come also froetent study b@l.

), where they attempted to detect the haze in polarizah the WMAP sky maps, although
unsuccessfully. Moreover, the total polarized synchrotmission within~ 10,20 and 30 degrees
from the Galactic center is consistent with a spectral imafex1.2, which is much softer than the value
proposed b)l!_Dﬂb.I.QL&_E'Lnkb.eiﬂeL(ZO_(bSa): they found thathlaee contributes roughly half of the
diffuse intensity in synchrotron within 1Qand a decreasing fraction at larger angles). Thereforkl Go
et al. (2010) seems to suggest that if the haze exists, it comtibute a much smaller fraction to the
polarized emission.

However, as pointed out d;LML‘QJﬂDﬂ.&Z&Ld&LﬂbMOlO),@I&d.&L&J. km]JO) results can be
still consistent with the hypothesis of th& MAP haze as a new independent synchrotron emission.
First of all, the possibility that the haze emission is natity polarized is actually plausible, since in
the inner regions of the Galaxy the polarized fraction ofgimechrotron emission is lower than outer
regions, probably due to the strong entanglement of thedBalmagnetic field along the Galactic
plane. Furthermore, local structures in the haze regiofddo@idominant in polarization with respect
to the haze. More importantly, the structures we know beamrsiple for the polarized synchrotron
emission were not excluded in the analysis performe . lZle), but in the one of Dobler
& Finkbeiner ‘ﬂa). Finally there is the possibility thlé estimation of the spectral index for the
electron was wrong and that it is not so hard as it has beemethiBased on the analysislMt al.

), in order to reproduce the amplitude of the haze, aadpariation in the synchrotron spectral
index of only 025 between 408 MHz and 23 GHz is required.

A more recent study of the Fermi data proposecl_byj.u_leLal.dOZ@&ems to give the stronger
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confirmation in favour of th&V MAPHaze. Indeed, they has demonstrated the existence of tg® lar
gamma-ray bubbles, extending 50 degrees above and bel@athetic center, with a width of about 40
degrees in longitude. The hard spectrum emission assdaiatie these bubbles seems to be spatially
correlated with th&V MAPHaze, and more importantly, the edges of the bubbles linetifeatures in
the ROSAT X-ray maps at 1.5-2 keV. This result would actuedigfirm the Haze as a new synchrotron
emission and would associate it to a large episode of enejggtion in the Galactic center, such as
past accretion events onto the central massive black hokenaclear starburst in the last10 Myr.
Besides, the hypothesis of dark matter annihilation or yleaauld be consequently ruled out.

In the analysis proposed in ChaptEls 3 Bhd 4, we tried to addhe issue of the existence of the

W MAP Haze, attempting to confirm the results proposeh_b_LDQ.b.Leil:&kEiineIr kZO_O_da). We refer

the reader to these chapters for a more detailed analysig oésults.

1.4.6 Extragalactic emissions

Together with difuse components, CMB data are also contaminated by extcdigataregrounds,
namely radio and far-infrared sources, and the SunyaedeXalh dfect due to clusters of galaxies.
In the next sections, we will give a brief description of thefects to give a more complete picture
of the foregrounds which contaminate the cosmological nmemsents. Note however, that this is not
object of study of the analysis presented in this thesisceSime focused our attention on the study of
diffuse Galactic components, we neglected the extragalacttdlmation just cutting out these sources
from the data. This is possible applying a mask, which is galyeproduced according to existing
catalogs. Specifically, we adopted the masks provided bYMMAPscience team.

Radio and far-infrared sources

Extragalactic sourcegfact CMB observations both because of single objects whictbeatudied and
individually subtracted, and because of #lieetive noise generated by all those sources whose emission
is too low to be identified. In each resolution element, thveitebe N sources in a given flux density
range, with a Poisson uncertainty’?. This uncertainty irN translates to a temperature fluctuation and
makes a contribution to the power spectrum at the correspgrahgular scale of the CMB foreground
(Toffolatti et al.| 1998).

Resolvable sources are mainly extragalactic radio symicwaemitters with a range of spectral
indexes which depends on their activity. The most luminoomssocan be derived from the known
source counts over a wide frequency range and thereforeyecamdividually studied and subtracted.
Furthermore, complete samples of faint sources are al@ailalevaluate the foreground at frequencies
v <10 GHz.

Figure[IT.IB shows the number counts for 1.4, 5 and 8.4 dil:lﬁiilﬁm_et_aleQQb) extending
from 10 Jy down to flux densities as low as 20100 uJy. The star-burst galaxies are the main
contributors at the lower flux densities. Active Galacticdil have generally5 < 1 mJy and they
are found at substantial redshift. Finally, ellipticalglwa steep spectrum and quasars dominate the
lower frequencies.
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Figure 1.13: Comparison between observed and predicfegtetitial source counts at 1.4, 5.0 and 8.44 GHz.
The predictions for dierent classes of radio source are shown: starburst gal@doéed line), flat-spectrum
ellipticals SOs and QSOs (dashed line) steep spectruntiedlip SOs and QSOs (long dashed line). Taken from
Moffolatti et al. (1998).

Two classes of objects are thought to be part of the unred@emt sources:

e Radio sources, meaning radio galaxies with a flat spectruin as Cygnus A, BL Lacs objects,
quasars (e.g. 3C48) and blazars. Their contribution daiesret frequencies between 30 and 100
GHz.

e Far-infrared galaxies whose emission is dominant at hifeguencies, because rich of dust.
These are mainly the spirals but also SOs and ellipticalsaise of the dust, they have a spectrum
increasing with the frequencyB(v) « v*°, whereS(v) is the flux emitted at the frequeney In
this case, counts are made even mof@atilt by the fact that they depend on their evolution,
which is again uncertain.
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Figure 1.14: Diferential source counts from th& M APfive-year catalog compared to thefftatti et al. L’I&QS)
model, and to CBI counts at 31 GHz (Mason étlal., 2003), 33 GB2M counts (Cleary et Al 2005), and DASI
31 GHz counts.(Kavac et al., 2002). Models fromfftatti et al. (1998) and de Zotti etlal. (2005) are shown as
well. Error bars foW MAPare statistical only. Th&/ MAPcatalog in the 0.35 to 0.75 Jy bin is quite incomplete,
leading to the low data point with the upward arrow on the.plot

Big efforts have been done to enlarge our knowledge of unresohatigmurces at the frequencies
of interest of CMB measurements, and to draw a realistic indddeed, an incorrect determination
of this contamination can lead to a significant bias on thienegion of the cosmological parameters as
demonstrated dLI:tE&ﬂb.&tg.&L&Liiill.TZ%b 08).

de Zotti et al. LZO_dS) updated and improved the evolutionavdels oMo.Ia.LLLeLa.I b&ﬁb) taking
into accounts new high-frequency data from the 15- GHZLQQMm_et_al LZJdB) 18-GHz ATC@
catalogs|(R|CC| et ll 4) anty MAP (first year; k.B.enn.ett_et_]ilL_leoi’,)). Based on those models,
IIQﬂio.Latl;l_e.t_a.I kZO_QB) estimated the contribution of the vas@opulations of extragalactic sources to
the counts at 30 GHz (the frequency of BI ILZQLI)Z) and CBI (Mason e b.L_jOOS
|Rﬂa.dh.ea.d_eLlaL_2dO4) experiments) and at 150 GHz (A@Ai@)enmenﬂ_lﬁu.o_eulill_mb

The WMAP data themselves have been used to identify point sourcdls,ifternally - without
relying on information provided by other point sources sys/- bALLith_eI_dI.LZO_CbQ), as well as in
combination with other observatiorls_(_QQLo.mb.o_&_E'LQLdElZﬂlld)).

Unresolved point sources produce a simple white noise pepectrum with the same power in
all multipoles, so that the point sources fluctuations bexamsreasingly important at small angular
scales (high). It becomes comparable to the CMB power at 500 at 30 GHz and = 2000 at 100
GHz. The point sources exceed th&wdse foregrounds at intermediate Galactic latitudes :at100
and¢ = 700 for 30 GHz and 100 GHz respectively (see Fidurell.15)oddinout? = 10— 2000, a
similar linear rise with? is shown in Figur€1.16 for the contribution of the dusty gada at frequencies
v > 100 GHz. Specifically, at frequencies-of300 GHz, it is greater than the CMB &t 1000, while

SAustralia Telescope Compact Array
6Berkeley lllinois Maryland Array
Arcminute Cosmology Bolometer Array Receiver
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Figure 1.15: The angular power spectra of the componentsilsoting to the foreground at frequencies in
the range 30 to 100 GHz of the Planck Surveyor. The plots &t &aquency are in terms of a temperature
fluctuationssT, = [£(2¢ + 1)C,/4r]*/? as a function of angular multipole The diagonal solid lines show the
contribution of extragalactic sources. The upper of thelimgs is where sources brighter than 1 Jy are identified
and removed; the lower is for 0.1 Jy. The CMB power spectrutheérheavy line. The heavy dashed lines are for
the anisotropies due to the SHext. The diftuse Galactic components estimated for Galactic latitildes 30°

are synchrotron (dots - long dashes line), free-free (dsi®rt dashes line) and thermal dust (long - short dashes

line). Taken from Rubifio-Martin et al. (2010).

at 857 GHz they exceed the CMB abadf/e 30. Moreover, at the same frequency, the surface density
of dusty galaxies becomes so high that they form a continbaakground of emission, exceeding both
the CMB and the diuse componentls_(Buhiﬁ.o;Ma.LL'Ln_el la.L..ZIOlO).

Sunyaev-Zeldovich Hfect

Another point-like source contribution to the CMB foregnais is the Sunyaev-Zeldovich (SZfect
dS.un;LaﬂL&Zeld.QMi.dlLJ_QjZ) produced by galaxy clusterdaioing a hot electron ga3{ ~ 10® K).
The inverse Compton scattering of CMB photons with this mat diffuse electron gas trapped in the
potential well of the cluster produces a systematic shifihef photons from the Rayleigh-Jeans side
to the Wien side of the CMB spectrum. Therefore, the sigmatdithis dfect in the CMB frequency
spectrum is a distortion with a negative temperature at Ray(eigh-Jeans) frequencies and a positive
temperature at high (Wien) frequencies. The change fromativegto positive is at a frequency of 217
GHz. Qualitatively, the intensity variation is given by:

_2(T)®

Al = (ho?

y 9(X) (1.38)



38 The microwave emissions of the sky

2 T'l_lrn'lil IlFllIl[ T rrTrrm _Illl”ll' T llllllll T TT

L 545GH:z . 857GHz

log 8T ,(v) (K)

i o~ —~—
y Illll 1 1 lJlIII, 11 IIIIIII -'f/.i'll 1 1 II[]LII 1 Il lllllll\'

10 100 1000 10 100 1000
Multipole (¢)

Figure 1.16: The angular power spectra of the componentsilsoiing to the foreground at frequencies in
the range 143 to 857 GHz of the Planck Surveyor. The plot foforaeach of the components is as given in
Figure[I.Ib. The diuse dust component (long dash-short dash line) is the domniliffuse foreground over this
frequency range. The dusty galaxy Poisson component (lisiag plots) exceeds the CMB for allvalues at
857 GHz. Taken frorh_ Rubifio-Martin etiel. (2010).

whereT in the CMB temperature andis the frequency of observation. The dimensionless paemet
y (Comptonization parametgdepends the temperature and density of the electron gag tie line
of sight:

KT,

Y= fﬁ;negle (139)

whereT, is the temperature of the electron of massand densityn,, ¢ is the speed of light and is
the Thomson cross section. Finallyx) is given by

a(x) = [x coth(l() - 4] (1.40)

_xe
(ex— 1) 2

with x = hy/KT. Since the functiog(x) gets null atv = 217 GHz, the SZ fect can be detected via
multi-frequency measurements.

Beside the thermal SZfiect, there is also &inetic effect, due to the Doppler shift induced by
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Thomson scattering of the CMB photon§ an electron gas in motion with respect to the CMB. The
effect is a red shift of the photons of the ordewngji/c (with v,y < 1000 Knys), together with spectral
distortions with the same frequency scaling as the CMB fatabns. Because of that, the two of them
are in principle indistinguishable. However, since tifee arises from galaxy clusters with typical size
of 1 arcminute, it is possible to disentangle them by appglyrspatial filtering. Moreover, the kinetic
effect is a factor 10 lower than the thermal one, therefore Igaaiimited impact on the CMB power
spectrum.

Given thez distribution of the galaxy clusters, it is possible to derthe power spectrum of the
fluctuations in the CMB produced by SZect. For this purpose, it is convenient to use simulations
where various properties of cluster have to be taken intowtg(for example the dispersion of cluster
sizes and electron temperatures). On a cosmological shaleyolution of the cluster as a function of
the red-shifz must be considered as well. The power spectrum will depentdeoosmological model
and it will have a peak at ~ 2000— 5000. Indeed_.l:ip.l.d.er_e.t_laL_(ZdO7) showed that the temperatu
of the decrement is independent of the red-shift, while tiguéar size decreases with it. Since there
is a mean redshift of cluster formation, there is also a mimmangular size (maximui) for the SZ
fluctuations.

The SZ power spectrum is compared with the CMB one and thaeasther foreground components
in Figure[X.Ib and Figule_1116: it is possible to notice that$Z contribution is important relative to
the CMB only for¢ > 1000 , where the Silk damping damps down the CMB fluctuatidvisreover,
it is also possible to see the minimum of thi¥eet at 217 GHz: for lower frequencies the radio point
sources are dominant, while at higher frequencies the dyaaxies give a stronger signal than the Sz
effect. This suggests that in order to have a good detectioneoSi dtfect, it is important to have
observation at frequencies in the range of 40 and 150 GHzretie:¥ range of 1000 to 5000.

1.5 Foreground models

Many dforts have been employed to define realistic models of thgfotend components. They can
thus be used to simulate observations of typical CMB expemisiand to test the techniques developed
to analyse the real data.

Here, we briefly describe the models generally used as fouegr templates at th&V MAP
frequencies, and that we also adopted in the analysis pgesseanChaptefl6. We refer to Chapidr 2
for more details about the techniques used to derive them.

1.5.1 The Planck Sky Model

Developed for the Planck mission, the Planck Sky Model (P$kbyvides simulations of the sky
emissions in the frequency range of CMB experimd.nls_(.ELa.th_Ma.nuililLZQﬂ&.

Specifically, the synchrotron emission is modeled as arapgtation in frequency of the 408 MHz
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map Od.l:l.&ﬁl&l:ﬂ.&t.ilill_(_’l.ﬂbZ). The derived n&fr) at frequency is then given by:

A(r)
$.(1) = Soaos) 5255 (L.41)

0.408
whereg(r) is the spectral index map. Thefidirent models implemented in the PSMtdr by thes(r)

map used: in the model proposed.b;LMuLLLLe_D_&mh.en.eﬁl dxamk) and adopted for our analygigr)
has been deduced from the 23 GHz polarization data IMAP.

Besides, the free-free template is a mix of two maps. Thertdp oﬂ.Di.leDSQD.&LAIL(ZO_bS) is used
in diffuse regions of the sky while the MEM mA.p_(_B_e_mn_en_éﬂ_a.L_IZOQa)sed in regions where dust
extinction is important. In all cases, the extrapolatiofraguency is done followinb_D_i.lenso.n_eLlal.

) assuming an electron temperaflige- 7000 K. Furthermore, the free-free spectrum is assumed
constant on the sky.

The model 7 OI‘_E'Lanb_e'Ln_er_eLlaL(_’LS}99) is adopted to tracghiibemal dust emission. This uses a
spectral extrapolation of the IRAS 1@@n map with the spatial variation of the dust grain equilibriu
temperature given by the 24@10um DIRBE maps. The PSM allows to use a version of the IRAS 100
um from which HIl regions were removed. These sources haveeifgptemperature which is not well
estimated by the low resolution 24@0um map. The HIl regions are therefore treated separately.

Finally, the anomalous emission is included as spinning custribution and it is modeled by the
spinning dust template proposed[b;LM.iM'LlI.e_-D_eﬁ.Qh.én.eﬁJ ). The scaling in frequency is done
using a constant spectrum on the sky given by the Warm NeMtealium (WNM) emission model
proposed biLDLa.Ln_(L&_Laza.LiIaEMBb). It is worth to notevbeer, that there are uncertainties in this
model as well as in the models deduced for other environrheotalitions. In fact, the latest models
from lI:LO.a.n.g_eLdI.L(ZQiO) find shift factors of between 2 and gaak frequency if additional physics
is taken into account. Moreover, the WNM model does not hheeppbwer that seems to be needed
at V-band (see fits in Chaptdiks 3 ddd 4). Therefore, a powerday well be the best model since the
anomalous component along a line of sight is likely to be a suen many models with élierent peak
frequencies.

The polarization part of the signal is also included: thetghadarization is computed according
to equation 15 ok_Ba.g.e_et.laL(Zd)W). To this, a bi-symmédtspaal (BSS) Galactic magnetic field
model is used, also allowing to consider the line-of-sigipalarization due to the turbulent part of
the magnetic field (SEI.e_ISAst'LLI.e;D_es.Qh.én.es_dt |a.L_dZOO8)|). tke other side, synchrotron polarization
is based on the 23 GHz polarization data/éM AP, extrapolated in frequency with the same spectral
index map as the synchrotron intensity.

1.5.2 The foreground model based on MEM solutions

Despite their complicated noise properties, W&I AP science team has used the MEM solutions as
foreground models at the frequency of observation of thellgat They are derived as described in
Bennett et 211(2003) and Gold ef al. (2009).

The data are previously cleaned of the CMB contribution gisie ILC map, despite issues over
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whether residual foregrounds in the ILC bias the MEM forem estimates (see Chagdiér 2 for a more
detailed introduction to the ILC method and its limitatipriBhey are subsequently fitted with templates
of each of the foregrounds, to each pixel independently.tik®@foreground model, th&/ MAPteam
assumed the prior spatial distribution and spectral benadfi foreground components by using the
Haslam map at 408 MHz (Haslam et al ]J982) for the synchnatroission, the Model 8 of Finkbeiner
et al. _:LQQB) for the dust emission and the extinction coecelr map fron'L_E'Lalsb_e'Laa _(201‘)3) for the
free-free, already described in previous sections. Thelsytron spectrum is allowed to vary for each
pixel, while the free-free and dust spectral indices ararassl to be constant over the sky, with a value

Of,Bfree—free =-214 andgdust =2 dG-QI-d—QLa'LZng)

1.5.3 The foreground model proposed by Ghoskt al.

Most recently,LG_h.Qﬁh_et_Iall_(Zdw) derived a set of maps offdheground componelﬁat the
frequency of observation 8 MAPand with the same angular resolution.

They achieved this result by subtracting an estimate of thi8 @&om the maps, and then post-
processing the remaining set of CMB—cleaié®1 APdata to obtain maps of the foreground emissions.
Specifically, they extracted a CMB map using the ILC methoglémented in the needlet space

' I.LZ)_d)Q): this kind of approach allows faking into account the variability of
the statistical properties of foregrounds and noise bothixel and harmonic space. In particular, it
permits better reconstruction of the CMB in the vicinity betgalactic plane, which is the region of
major interest for foreground science.

After CMB subtraction, the estimated foreground map at amgivequency still contains significant
noise, which dominates on small scales. The variance ofaiteggfound map in a single channel (and
at the resolution of the channel), is minimal if the Wienéiefed version of the needlet ILC map is
subtracted. Since Galactic foregrounds are strongly cureted in the galactic plane, the filtering
should depend on the location on the sky. Specifically, assoreble compromise betwedfi@ency
and simplicity, they approximated the foreground emissisriollowing a plane parallel slab model.
They then applied a filter for each zone of galactic latitude.

1.5.4 Comparison of foreground models

The MEM maps are shown in Figute_Tl17, as example of how theetaddok like. They have an
effective resolution of 1 degree which does not allow for datgcsignificant diferences: the main
features are very similar to all the three models.

A systematic comparison of these models with respect todhBW MAP data, gives an idea of
the actual dferences of the models and of the level of consistency of thredowith respect to the
observations.

It is particularly interesting to compare the PSM with the MEnd GFM maps, and to see the
effect of the diferent processes used to generate them. While the MEM andRNen@&ps have been

2Ohttpy/www.apc.univ-paris7.fAPC/Recherchédamigfg_wmap-en.php
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Figure 1.17: Plot of the maps of the integrated foregroundpmnents as derived using the MEM, at the five
frequency of observation &V MAP. All the maps have anfiective angular resolution of 1 degree.

derived directly from th&/ MAPdata pre-cleaned of the CMB emission via ILC estimations REM

is the result of the combination of the best templates of thgles components that are assumed to
contribute to the foreground contamination. These tereplate derived from an ancillary data set and
are properly scaled at the frequency of interest, accordirspecific models. Therefore, although very
similar to the data, both the MEM solutions and the GFM magsaiected by the bias due to the
subtraction of the ILC map, which contains foreground reais (see Chaptel$ 2 add 6). Furthermore,
the MEM maps have complex noise properties. All these problshould be overcome by the PSM,
whose limitation however, is the fact of relying on otheradtitan theV MAPones.

Figure 1.18: Diference between th& MAPdata and the integrated foreground maps derived using thke PS

FiguresCLIB[T19 arld 1120 show th&elience between the integrated foreground maps derived
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Figure 1.19: Dfference between th&/ MAPdata and the integrated foreground maps derived using thel ME
maps.

Figure 1.20: Dfference between th&/ MAP data and the integrated foreground maps derived using thé GF
maps.

using the three models and tiéMAP data. In the ideal case, these maps should show a pure CMB
emission. This is the case for the MEM and GFM models. Howesgeclearly visible in the plot, when
the PSM is used, a quite strong contamination remains alom@alactic plane. Its amplitude varies
depending on the band considered: therefore, this givestanation of the foreground emissions not
traced by the model. As expected, the strongest signal cootest the lowest frequencies, since this

is the range where the uncertainty about the Galactic eomsss largest, and the cross-talk among
the components is stronger. Therefore, although in priadige PSM provides a good estimation of

the Galactic emissions, the other two models should be piplpaeferred as tracers of the foreground
components for th&V MAPdata.
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Figure 1.21: Diference between the integrated foreground maps derived tl@rMEM maps and the GFM.

The MEM and GFM maps are quite similar to each other, althaayhe discrepancies come out
looking at the diference maps shown in Figlire 1.21. The main features apeey thle Galactic plane,
and it is interesting to note that the amplitude changes waty little with the frequency. Moreover,
the latter is very small, making theftirence practically non influential in the analysis.



Chapter 2

Methods for cleaning CMB data and the
FASTICA algorithm

2.1 Introduction

The foreground emissions strongly contaminate CMB obsiemnvs, making it dificult to use the latter
for cosmological studies. Several methods have been deelm order to clean CMB data, all of
them taking advantage of multi-frequency observationsthacefore, of the dierent properties of the
emissions in the sky (see Chagdiér 1).

Two classes can be distinguished, depending on the tartet afethod itself. The first one consists
of the so called foreground cleaning methods which simpignapt to estimate the CMB signal as
clean as possible from any contamination, with no concerthimdetailed separation of the foreground
emission into physical components. The knowledge of faegds is not only interesting science
on its own, but it is also the key for better cleaning CMB daiderefore, a dferent approach to
the problem of cleaning CMB data requires to quantify theialccontamination due to foreground
components and to subtract it from the data. The focus is mmstiduted by the analysis and separation
of the diferent components: any new information about the foregrewat be used to fine-tune the
technigue used to disentangle the components, conseygiraptioving the cleaning of the data. This
idea has driven the development of the so called componeataton methods, both forftiise and
discrete sources. Component separation technigues desemplti-frequency input data into separate
physical emission components, one of which, in this contexhe CMB.

Note, however, that, as shown in Chadiér 3, component sepanaethods can have limited
success, providing an adequate reconstruction of the CMBydt of the foreground emission. Based
on the idea that the observed signal is the results of thergagiéion of independent sources, the
efficiency of the method deteriorates in the regions where foregls are strongly correlated and
mixed. In these regions, the complexity of the spectral ertigs and morphology of the foreground
components make it flicult to disentangle the fierent sources. In these cases, nevertheless,
component separation methodeetively constitute foreground cleaning methods (see sl and

%)
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2.2 Cross-correlations method

The simplest way to produce a cleaned CMB map useful for ctsgiaal analysis (by maintaining
well specified noise properties) is to simultaneously fittaofexternally derived template maps to the
CMB observations. The cross-correlation analysis is sedlby means of a least-squares fit of a CMB
observation to one or more templates. A cleaned CMB map refie derived by cleaning the data
of the foreground contamination according to the evaluatedelation. Due to the use of predefined
models of the foreground components, this is a non-blindaah for cleaning CMB data. When
several components are correlated simultaneously, tHagmois described by a matrix equation and
the error can be determined from the diagonals of the matrités also optimal to include information
about the CMB emission (flat spectrum) and the other compsr{bw fixing the spectrum behavior).
This is particularly useful in order to limit the errors iattuced by the cross-correlation between the
CMB and the foreground templates: such correlation indeeses the evaluation of the spectrum
of the foreground components and, consequently, intraduesiduals in the yielded CMB emission.
Conversely, fixing the spectra of the foreground componeststhe disadvantage of losing information
about the actual spectral behaviour, which is the main tarighe analysis itself.

This method has been used also by W& AP science team, and then slightly modified with the
arrival of the new data reIeasJL_B.enn.ett_dt |al_dZOO3) pregh@s simple correlation analysis of all
the five frequencies maps with three templates, namely tistaklemap, the FDS model 8 at 94 GHz
(developed biLELalsb_ein_QLella{L(lEb99)) and themap for the synchrotron, dust and free-free emission
respectively. However, they also experimented with a ¢atic; analysis which involved only the Q, V
and W bands, and where the synchrotron and free-free spewetaue fixed to follow a power law with
index equal to -2.7 and -2.15 respectively. Furthermoreacesthe three years data where published,
the WMAP analysis has been modified by using &eatient synchrotron template. Indeed they tried
to improve the model which describes the low-frequency siois considering the fierence map (in
thermodynamic temperature) between the K and Ka band mapsCMB contribution is canceled
out, leaving only foregrounds and noise. The resultant rsagertainly a better description of the
low-frequency contaminant as observed WM AP, taking into account spatial spectral variations.
However the interpretation of the measured correlatiooies complicated due to the mixing between
all the components present at these frequencies. Althcwgkynchrotron emission is the dominant
component, a certain amount of free-free emission is alssgnt, as well as the anomalous component.
As before, they introduced some constraints relativelyht® $pectral behaviour of the foreground
emissions: specifically, they imposed that all thefioent were positive-defined, and that the dust
and free-free cd@cients followed a power law spectrum with spectral indexatda 2 and -2.14
respectively.

A cross-correlation analysis has been used by many othkowsut Of particular interest for this
work (see Chaptéi 5) is the analysis proposeb_b;LELnkﬂeth) anh_D_o.bJ.er_&_E'Lnkb.e'der_(mﬂ8b).
The main significant modification is the fact that they firdbtsacted a CMB estimation from the data,
according to dierent ILC solutions of th&V MAP data. They claimed it was necessary in order to
avoid the cross-correlation between the CMB and foregraméssions, although this introduces a
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major problem due to presence of foreground residuals inlt6emap: practically, subtracting this
map to the data implies to add some spurious contaminateenr{ext section for more details about
ILC).

Finally, another interesting work in that direction is theegoroposed bLLDaMi.eﬁ_e[l 6]1_(Zb06) who
performed a cross-correlation analysis of WeVAPfirst-years data restricted on patches of the sky,

which have been selected so that only one component couldrbaént over the others.

2.3 Internal Linear Combination (ILC) method

The ILC method falls in the category of those methods aimeab&ining a map of the CMB free
from foreground contamination, without studying the natand properties of the single foreground
components. Proposed bﬂegma.tk_&_Efsla.th 996), itdems used in a simplified way by the
W MAPscience team as a quibkind method to derive a clean map of CMB emission.

The approach to the problem is indeed simple. Let us assurhevek observed CMB maps
at different frequencies, but with identical beams. Each of thembmawritten in thermodynamic
temperature as:

T(vk) = Tems + Tresidualvi), (2.1)

whereTcus andTesiqualvk) are statistically independent. It is possible to use thegenerate a CMB
map as cleaned as possible from any contribution but the @ogical emission, by simply linearly
combining them as follow:

k
T=> wT(n). (2.2)
i=1

Therefore, itis not necessary to have any information atsmioreground components, since anything
we need to know is already contained in the observations.

The frequency independence of the CMB spectrum requirés tha

Zk:Wi =1, (23)

Therefore, the resulting map may be written as

k
T=Tcwe + Z Wi TresidualVvi)- (2.4)
i=1
and thek — 1 free weights can be chosen to minimize the contributiomftbe residuals. This means
minimizing the variance of, assuming that the CMB component is statistically indepehaf the
foregrounds and the noise: indeed, in these conditionsjahance of the error is minimum when the
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variance of the ILC map itself is minimum:

k
Var(T) = Var(Tcug) + Var(Z WiTresidua(Vi))- (2.5)

i=1

Following the prescription given MLLKSE_D_E_{ 51_(2b0h)3 variance minimization can be achieved
by means of Lagrange multipliers. Indeed, it turns out that $olution is obtained by solving the

following linear system of equations:
2C -1||w 0
= 2.
= oll-f e

whereA is an arbitrary constant, avd = (wy, ..., w)" are the ILC weights. Their definition is given
by a straightforward linear algebra:

k c1
= Z’l—"l 2.7)
ijCjk
Finally,
.
1 & — . —
Cij = (ATiAT)) = = > (T'(R) - T)(T(P) - T) (2.8)
pix p=1

is the map-to-map covariance matrix. This is the procedurehwvhas been adopted by thieMAP
science team since the data of three years of observatioedlean released.

Away from the galactic plane and on small scales, the besafitombination for cleaning the
CMB of foregrounds and noise may be verytdient from what it is close to the galactic plane and
on large scales. In fact, the foreground properties vagngly over the sky as a result of spatially
dependent spectral indexes. A very natural idea to improgdltC is to decompose the sky maps in
several regions. They can be independently used to der@eriaps which can consequently be added
together to obtain a full-sky final map.

It is important to note that the ILC method does not work propébiasing the result) if some
correlation actually fiects the components of interest. In particular, small data are always
empirically correlated at some level, although they aréigaions of uncorrelated random processes.
This is why it is inadvisable to apply the ILC method on too #mabsets of the original data (very
small regions). Besides that, however, there is a level oetation which can not be overcome. It has
been generally referred to &osmic Covarianck.hia.ng_&Ldl.LZO_(bQ) and it is due to the fact that the
foregrounds and the CMB are correlated amongst themsebagr. an ensemble of universes the true
CMB and foreground are indeed expected to be uncorrelateadly particular sky pattern (such as the
one we happen to observe) will generate nonzero measuredatmns simply by chance.

Different partitions of the sky have been proposed in the lilezatas well as dierent
implementations of the ILC method itself. Some of them hagerbconsidered as a reference for
the results of the work described later on in Chalter 4.

TheW MAPscience teanL(_B_ean.eLt_ei Ja.L,_ZbO3) derived an ILC map dhigithie sky into 12 regions:
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Figure 2.1: Full-sky map color-coded to show the 12 regitias were used to generate the five-year ILC map.

as shown in Figure2.1, 11 regions lie in the inner Galact@me] within the Kp2 cut, while the rest
of the sky is treated as a single area. Thus, a full sky maptardd by co-adding the maps derived
with the individual regions: in order to suppress bounddfgats, they also smoothed the edges of the
regions with an ffective Gaussian beam of amplitud&1 Although the ILC method has been adopted
by theW MAPscience team as a possible solution for cleaning the datg hiive also recognized the
limitation of the results in terms of a possible usage fomtol®gical purposes. It is essentially due to
the not perfect cleaning of foregrounds, which leaves afstgmt residual (dias), mostly concentrated
along the Galactic plane, but also quite significant at hidggtgudes. TheN MAP science team itself
suggested to use this maps only up to a multigote32, unless a mask is applied to exclude the region
of the Plane. Moreover, the level and properties of the naisavell as the limited angular resolution
are other significant limits which have to be taken into actoThey have estimated the bias due to
the CMB-foreground correlation by Monte-Carlo simulaspmand subtracted it from the composite
map. Even though a bias correction has been done, the msoiggp has still some drawbacks: it is
assumed that the foreground emissions have constant pegp@rthe regions, which is probably not
realistic. Moreover, it is diicult to access the impact on the final map of the arbitrarinE®e choice

of the regions driven by priori knowledge of foreground emissions. Finally, it is assunted the
foreground model used to determine the bias is accuratehbrd might be a mismatch with the real
data which is diicult to quantify.

The work proposed bLLEa.Lk_e_tl a{L_(2b07) goes in the directfidmproving all these aspects: in
fact, a new set of regions is defined as the result of a moréletbtstudy of the spatial variations of
the spectral properties of the signals. 400 regions areatefiom 20x 20 spectral index bins: 20 of
them describe the spectral properties of the sky betweeH @red VV band, and 20 the spectral index
between V and W. Although the work is certainly a good atteaipmproving the ILC performance,
the method proposed is weakened by the fact that the sp&etiations are defined on the basis of
the MEM maps derived bW MAP (lB_enn.eLt_et_dl.Lﬁld)B), which is not the optimal estimatidthe
foreground contaminants of the CMB emission. Moreover,NteM solution uses the result of the
WMAPILC as a prior, which is subtracted from the data before uiegMEM method to separate
galactic foregrounds, hence automatically includingted! drawbacks of the ILC map.
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Another attempt in terms of taking into account spectral sypatial variations of the foregrounds,
are the methods suggested ' tla.L_dZOOS)La.n.cLQela.tEL&Jjﬁa.Ld.osb l(ZO.d?). In the first case
the ILC method is implemented deriving pixel dependent Weigwhich are computed as maps via
harmonic decomposition. Moreover, the method has beenoweprwith an estimation of the bias:
an iterative foreground reduction method has been deve|opeere perturbative corrections are made
for the cross term which appears not to be negligible. In #wosd casel.._D_e.Ia.bmuiIJ.e_&_C.a.Ldbso

) combined the ILC method with a Wiener filtering, hoaegverything is now implemented on
the frame of spherical wavelets called needlets. Needlets wtroduced bLLN.a.LKQMLi.Qh_QLlaIL(Z(bOG)
as a particular construction of a wavelet frame on the sphEney have been studied in a statistical
context (e.g.LB.aLdLeI.ehlL(Zbe_ZdO?)). The most distieproperty of the needlets is the fact that
they can be simultaneously localised in the spherical harerdomain and in the spatial domain (as is
generally the case with wavelets). In fact, they are quagoeentially (i.e., faster than any polynomial)
concentrated in pixel space and exactly localized on a fimiteber of multipoles.

2.4 Component separation methods

In this section, we will give a description of the ICA apprbao the component separation problem.
It is particularly interesting, since the algorithm used farge part of this work is actually one of
the several implementations of this kind of approach. Nogless, it is important to note that several
methods have been recently developed and used by the CMB goitynwhich will not be presented
here. A useful review is presented lb.)LD_eIa.bmu'LLLeh&L.a.l:hdm_'}’) an L_(2d08).

A general formalism can be introduced. We assume that theaskgtion at a given frequeneycan
be described as a linear combinationNbtlifferent sources, produced byfférent physical processes,
whose frequency and spatial dependencies can be factomizetavo terms:

N

X(r,v) = ) §Nf0). (2.9)

i=1
Generally the radiation is observed by a combination of dicalpsystem and a M-channel measuring
instrument. Therefore, a further assumption is that theeslasions can then be described as the
convolution of the sky signal with a frequency dependennathally symmetric beam response and a
bandpass,(v’) (the frequency response of the channel) whicHiieatively a delta function.

If we introduce the instrumental noise and we assume that the beam function is frequency
independenB(r, v) = B(r), the observed signal for each positiois expressed by

X(r) = AS(r) = B(r) + e(r) = As(r) + (r), (2.10)

wherex ande are vectors withM rows, and the star represents the convolution of the beant poi
spread function (PSF) with the sky signalsndicated simply as afterward. FinallyA is the so called
mixing matrix, whose elements define the scalingfioentsa,; = f;(v). Itis aM x N matrix, which
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does not depend on the pixel for a single linear mixture.

The problem of component separation consists of invertiegsystem of equatiofs2]10. However,
this is not trivial, since it is not a simple linear inversjalue to the instrumental noise term. Therefore,
statistical techniques are necessary. Some of them, makefaspriori knowledge of the signals, so
that the inversion becomes linear, others, insteadpland approaches.

2.4.1 The Independent Component Analysis

Thelndependent Component AnalydiSA) is a blind approach to the component separation praple
where nothing is assumed about the spectral propertieg @oimponents to be separated. The starting
point of ICA is the very simple assumption that the comporseate statisticallyndependenand that

all of them, but at most one, hamen-Gaussiauwlistribution. The last assumption, specifically, fits well
the astrophysical problem of separating the CMB emissiom fthe foreground components, since the
latter have non-Gaussian distributions, unlike the CMBssimon.

The component separation is achieved using the Centralt Llinéorem. It states that the
distribution of a sum of independent random variables témdard a Gaussian distribution. Therefore,
assuming that the components of the vestior EquatiorZ.ID are independent as required by the ICA
approach, the solution to the component separation proisleintained finding a linear transformation
W of the vectorx such that the transformed vectpr= W x has independent components. Indeed,
considering a single componentyfwe have:

y=w'x=w'As (2.11)

wherew' is a row of the matrixW, we have neglected the noise contribution gniirns out to be
defined as a linear combination of the independent sowcésllowing the central limit theorem, it
means that the distribution is closer to a Gaussian one treasimgle components. Conversely, it will
become least Gaussian when it in fact equals one of the coenpss) Therefore, the main point is
to find W so that the non-Gaussianity of the variabjeis maximised. Of course, it has to take into
account the instrumental noise.

A fundamental result of information theory is that a Gauss&riable has the largest entropy among

all random variables of equal variance. The concept of pytd.ﬁhannm&i&eayle 9) defines the
amount of information we have in the probability distrilmutiof a variable. For a discrete random
variableX on a finite set of possible valueswith probability distribution functiorp(x) = p(X = X)),
the entropy is defined as :

N

H(X) = = > p(x)log(p(x)). (2.12)

i=1
It easily applies to images which are constituted by N pixgleh as observed maps. The entropy is
then interpreted as the numbers of independent ways ofrotgethe image, given the single pixels. In
the continuous case where the varialllean assume any real valuevith probability densityp(x), the
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differential entropyis introduced, which is defined as follows:

H(X) = - Iw p(x) log p(x)dx (2.13)

Maximising the entropy of a variable means to chose a prdibablistribution such that the amount of

information we have, relative to the variable, is the leagimative possible. Therefore, to obtain a
measure of non-Gaussianity, a slightly modified versiomefdefinition of the entropy (Equatién2]13)
is used, calleaheg-entropy

J(Y) = H(Ygausd — H(Y). (2.14)

whereygaussiS a Gaussian random variable of the same covariance mayiXis always non-negative
and itis zero if and only iff has a Gaussian distribution.

The advantage of using the neg-entropy for evaluating time@aussianity of a variable is the fact
that it is well justified by statistical theory. However, st¢omputationally very dicult since it would
require an estimate of the probability density functionf{p@hus, simpler approximations of the neg-
entropy are very useful. One of those has been proposlad_b&dﬂﬂ |(:I_9_9|9) anh.l:lmtln.en.&ﬁ)ja

). if the noise is assumed to be additive, signal-iedépnt, white, Gaussian, and stationary, and
its covariance matrix is known, the Gaussian momentg afe shown to be robust estimates of the
desired function. Therefore, a general approximation is:

() < [EG(Y) ~ EG(Ygausd]’, (2.15)

whereE is the expectation valugga,ssis a Gaussian variable of zero mean and unit variance, and
G is a non-quadratic function. Three good choicesGare:

p(u) = 3, g(u) =u expu?), t(u) = tanhu). (2.16)

In general, other estimators of non-Gaussianity can be.ubefact, depending on the involved

statistic, diferent implementations of the ICA approach have been probsseh as JADE (Cardoso
& SouloumiacEB) and SMICA (Spectral Matching Indepertd@omponent Analysis, introduced

bylDelabrouille et d11(2003)).

2.4.2 The pre-processing phase

A specific implementation of the ICA approach described im pineceding section, is given by the
rasTicA algorithm. It is an algorithm based on a fixed-point itemratscheme where the non-Gaussianity
of w'x, expressed by the approximate form shown in Equdiiod 2slfaiximised.

As any other ICA algorithm, it requires some useful pre-pssing of the data, in order to reduce
the complexity of the computations.
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Centering

The most basic pre-processing iscenterthe data, which means to subtract the meas Ex to the
datax in order to have zero mean variables. This implies thiaas the same property as well. The
offset of each independent component can be recovered in the @rglseparation process.

Whitening

Another useful pre-processing strategy is to whiten thentesl variables. This correspond to linearly
transforming the datato a new vectog, which is white, meaning that its components are uncoedlat
and their variance is equal to unity. In other words, it metdnas the covariance matrix of the new
vector is the identity matrix:

E{%&"} =1 (2.17)

The whitening of a variable is always possible, by means efdigenvalue decomposition of the
covariance matrie {xxT}.

If the covariance matriX of the system noise is known and the covariance m&trof the zero
mean data is calculated by evaluati@g= E{xxT}, the whitening procedure consists in evaluating a
modified noise covariance matrix as follows:

T =(C-x)¥x(C-x)Y?. (2.18)
Therefore, the whitened da%aare defined as:
X =(C-x)Yx. (2.19)

The utility of whitening resides in the fact that the new miximatrixA = (C — £) %2 is orthogonal.
Therefore, the number of parameters to be estimated is edducstead of estimating the number of
rows of the original matrixA (n? parameters), only the new matix has to be computed, meaning
n(n — 1)/2 parameters.

The rastica algorithm

After the pre-processing phase, the separation algorigtimates the matri¥V row by row. Thus the
single componentg = w'X (W' is a row of matrixW) are recovered.

As already statedastica iS a noise-robust iterative algorithm wheve is found reaching a
convergence criterion following a fixed-point scheme:

1. Choose an initial vectaw;

2. update it through
Whew = E{f(g(WT)’Z)} - (| + E)WE{ g’(WT)’Z)}
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where agairE denotes expectation over all the available sampjes,one of the regular non-
quadratic functions defined in Equationd.16, ghd its first derivative;

3. let

Wnew
[Wnewl|

WI’] ew

4. Comparen,e, With the old one; if it did not converge (i.e., thefidirence is larger than a fixed
valuee), go back to (i), if it converged, begin another process.

This procedure maximizes the non-Gaussianity of the compow'X. However, since the
components have to be independent, therefore at leastretated, an orthogonalization step.d.
Gram-Schmidt) must be inserted between steps (ii) and (tijmplies that if a certain numbek, of
rows of W have been evaluated, to estimate tke- (1)-th row, it has to be searched in the subspace
orthogonal to the first rows.

Given the separation matri%/ and the estimation for the independent components in ttee idad
possible to derive the following definition of the data (bmpiy inverting equatioty = Wx ):

XV (physical units at frequenay) = (W), y; (2.20)

which specifies the contribution of the independent soui@mesach observation at a given frequency
v. Then, the frequency scaling for the componghetween frequenciesandy’ is given by

ij _ (W_l)vj
Xv’j (W_l)v/j '

(2.21)

Furthermore, it is also possible to have an estimation ohtise relative to the CMB reconstructed
map. Since the system noise covariance matrig assumed to be known, it is possible to build noise
constrained realizations, for each frequency channel. Once the mathixhas been recovered, the
corresponding noise realizations in tetica outputsny are

ny = Wny . (2.22)

2.4.3 rastica for CMB data analysis: CMB cleaning and foregrounds analyss

The ICA approach for the component separation problem igcpéarly interesting since it allows

a blind reconstruction of the signals. Given this feature, it iss#gle to use theastica algorithm

in the astrophysical context where the CMB emission needset@eparated from the foreground

radiations, whose properties, however, are poorly knowis éven more advantageous, if the CMB

data are measured in polarization, since very little is kmatwout the polarized foreground components.

Moreover, the algorithm properly treats the noise and alawgood estimate of it, unlike other methods:

although the weights are derived not linearly, the mapsiarplg linear combinations of the input data.
The code has been used foffdrent kinds of analysis of CMB observations. Indeed, it isafile

for both the approaches mentioned in the introduction ®dhapter. The work of this thesis is actually
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the result of several applicationsm@krica, as a tool for analysing CMB data, aiming both to clean the
cosmological signal of any contamination and to enlargekooivledge of the foregrounds.

An internal analysis of multi-frequency CMB data is genlgralked to extract a clean map of the
cosmological signal, regardless of the nature and praseofi the contaminants. This approach makes
rasTicA Very similar to the ILC method. GiveN input maps, derived from the same set of observations
at different frequencies, the code retutdsignals, defined as a linear combination of the input data:
they are the best estimation of the components to be segar@herefore, among all of them, one is
the best estimation of the CMB itself.

rastica has been utilised for this kind of application for both t&®©BEDMR and WMAP
multi-frequency observations of the microwave sk)l_in_Maﬂlcall. tZO_QIZ) andLMa.'Ln.o_e.t_IalL(ﬁW)
respectively.

A great limitation of this approach, however, is the factttttee weights which define the best
estimation of the sources to be separated, are unique fartire sky. In other words, the solution
does not take into account spatial variation of the foregdoemissions. This is why, in this thesis,
we have also investigated a regional analysis of CMB obsiensawith the code. In a way similar to
the one proposed for ILC, we experimented with an internalyans of thew MAP data, in ditferent
patches of the sky separately. This is the work presentetiapt@i®, where we perform a comparison
between the results of the ICA approach and those derivdd \W@. The analysis proposed is also
interesting in order to define the partition of the sky whiehlistically reflects the properties of the sky
and, therefore, improves the estimation of the CMB.

In general, it has been found that when used for internalyaisalthe foreground components
returned by the method are not optimal — a fully reliable congnt separation is not achieved.
Nevertheless, one of the output maps of the analysis caneriergl, be associated explicitly and
robustly with the CMB signal. In an alternative approd.chlmr_aj. kZO_QIZ) proposed the analysis
of a single microwave sky map in combination with observagiat wavelengths where only single
foreground physical emission processes dominate. Thesrigsdoreground templates are considered
to be representative models for the morphology of the faneigd emission at that wavelength, except
for a scale-factor to be determined. Application of therica algorithm then provides information
on foreground emission, not directly from the spectral prtips of the reconstructed and ambiguous
Galactic components, but from the recovered CMB compond®eferring to Equatioi 211, the
reconstructed CMB component is defined as a weighted limmabmation of the input data, namely
the microwave sky map and and putative templates of Galagtission. Those cdigcients associated
with the foreground templates define tHEeetive contamination of the CMB anisotropy signal by each
foreground. After normalising the weights so that the faessociated with the microwave sky map
is unity, we can then interpret the modified template weigistsorrelation cdécients between the
foregrounds and a given channel of the microwave data. Tdrerevith rastica-derived CMB sky
maps at dferent frequencies, we can derive the frequency dependdribe @oupling cofficients
associated with a given template or physical foregroundpmrant. This is the approach proposed
also in Chapter§l3 arid 4, for the analysis of W& APthree- and five-year data respectively.

In addition, in Chapte[]l4, we propose an alternative apgtinaof rastica where theW MAP
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observations are analysed simultaneously with the foragtdemplates (see Sectibnl4.8). Finally, we
experiment with a combination of the foregrounds and irgkamalysis of the CMB observations: the

first one is used to clean the data of the foreground contdaimimavhich are then internally analysed

to derive a CMB map deprived of any residuals left in the fitepof the analysis (see Sectionl4.6.)

2.4.4 arrica: CMB prior and loss-less input data compressing

Several improvements to thestica code are possible. Two of them have been already implemented
a new version of the algorithm, calladrica.

The first innovation introduced is the implementation of tbenponent separation where the CMB
is sought under the constraint of following a Planckian spec. A detailed description of the way this
constraint can be introduced in thgrtica computation, is given d;ﬂ[iQ&_AndLeeHj_cdeS). One of the
main results of this work is the fact that the constrained Cii#Bivation does not dlier from the one
implemented by the ILC code.

A second modification is a generalization of the pre-whitgmrocedure, which properly treats the
noisy and redundant data sets, preserving all the availaffolenation. The standard data compression
and Principle Component Analysis techniques are combinextder to find a linear combination of
the input maps which preserves all the information conogyitie sky signal, but which consists of the
independent data.

As before, for each sky pixep, we model the data as,

Xp = Sp + Np (2.23)

where the vectors,, s, andn, are the measured maps, sky signals, and noise, respectNelg
however, that now each sky signal map, denotes a total, combined sky signal, which is presumed to
be a linear combination of the physical componeggs;Therefore, for each sky pixel, we can write,

s, = AC,, (2.24)

where the matriXA is the mixing matrix already defined, aesg denotes the amplitudes of timg sky
components we want to estimate (previously cafied
The eigenvalue decomposition is used to define the null sphtiee signal correlation matrix,
C =<ss>:
C = U diag(g)U! (2.25)

with u; being the eigenvectors @, anddiag(e) the diagonal matrix of the corresponding eigenvalues.
The null space is spanned by a subset ofutheectors, which we will cal\VV. Denoting withB the
remaining vectors, we have:

U' = [B'V']. (2.26)

Any signal mapss, can be found only up to an unknown arbitrary vector from thé space.
Therefore, to make the solution unique, it is convenientripase a set of additional constraints, such
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as that the solutions have no component in the null space, i.e

Vs =0. (2.27)
It implies that:

s=Bly (2.28)

wherey is a vector of the lengthy., which defines the number of the independent comporignts.
diag(e, ¥%)B, where only the non-zere values are included. Plugging that into EquafionR.24 we

i
obtain,
x = Bly +n. (2.29)

A minimum variance (and maximum likelihood) estimateofy is then given by,
~ ~ _l~
§= (BN-lB‘) BN-m (2.30)

By constructiony is the new non-degenerate data set to be processed hyrthealgorithm with the
noise correlations respectively given by,

Ny = (EN-lé‘)_l. (2.31)

Note, that the correlations of the noise betwedtedent maps already on the input are also introduced
in the standardastica algorithm due to the pre-whitenifadgecorrelation procedure and, therefore, are
not a new feature of the new approach proposed here. Thd smmnelation matrix for the new dat,

is given by,

~ ~ N1 o -1
Cy =< 99 >= (BNZE!) BN <mm' > xN7B(BNE) -1 (2.32)

Therefore, thanks to the rescaling applied in Equafion]2tR8 new data set does not require any
pre-whitening stage.

The normalization and frequency scaling are determinedvayaanalogous to the standa#drica.
However, it is necessary to take into account that the inpapsrfor the ICA procedure will, in
general, not correspond to any particular frequency, aiha linear combination of them will give the
estimation of the yielded components, as defined in EqUEIGD, i.e.,

y =Bc, (2.33)
where the mixing matriB is the ICA routine output.

Combining EquationsZ.24 add 2128, we obtain,

~ ~ _l~
J=y+ (BN‘lB‘) BN-n. (2.34)
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It means that:
s= B = B'wc, (2.35)

and hence
A = B'W. (2.36)

The frequency scaling of the recovered components is hoendby the generalized expression for
the mixing matrix,A, (Equation’2.36). This reduces to the standard form l(_s_e_ea_MaLaJ kzodz))
wheneveB is a square unit matrix.

This modified version ofastica has been used in the analysis proposed in Chhbter 6. Spkgifica
we took advantage of the new features of the algorithm tovddra map which contains all the
foreground components in th& MAP data. This map has then been used to define a partition of
the sky, which could reflect real variations of the propsrtéthe sky.




Chapter 3

Foreground analysis of theW MAPthree-year
data with rastica

Note: the work presented in this chapter was done in collabon with A.J. Banday and D.Maino and
was published ds.B.olLLn_o_eLlaJL_(Z(bOB). All the computatiwege been performed by M. Bottino.

3.1 Introduction

In this chapter we will consider the detailed applicationlGA component separation technique
(already described in Chapfér 2) to data from\thi#1 AP satellite.

We focus our attention on the properties offase Galactic foregrounds at high and intermediate
latitude as traced by specific templates of the emissiors iBmecessary for two reasons. Firstly, it is
likely that the physical conditions within the Galactic péaare diferent to those at higher latitudes, so
that the assumption that the templates can be scaled torawgaxeelength by a single factor (or spectral
index) is almost certainly invalidated, thus a globalrica analysis will be compromised. Secondly, the
complex morphology of the Galactic plane results in nonligdge correlations between theftirent
emission mechanisms, thus violating one of the assumptibtie ICA approach.

We first calibrated the performance of the method using M@at#o simulations and by comparison
to the simpler template based method. Sectlons 3.9 amd @&@attto improve our knowledge of
the spectral and physical properties of the foreground @orapts based on the scaling properties of
the templates. An assessment of tiiéceency of the method is therffarded by studying the power
spectrum of the cleaned CMB data, whilst a final iterativeliappon of ICA attempts to improve the
removal of foreground contamination from the data.

3.2 rastica and its use for foreground component studies

We refer to Chaptdr]2 for a detailed description of the ICArapph and its implementation in the
rasTica code. Here, we just remind the reader of the fact that, affheastica is a non linear algorithm,
the returned components are defined as linear combinatfathe anput data, whose weights are the
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elements of the matri¥ (see EquationZ11):

M
yj = ZWinvi- (3.1)
i1

Once the matrixV is determined, the independent components are recoveadderrelation:
N
XVi = Z Walyj (32)

withi =1,..N.

The codficients associated with the foreground templates defineftbetige contamination of the
CMB anisotropy signal by each foreground. After normatigine weights so that the factor associated
with the microwave sky map is unity, we can then interprettioglified template weights as correlation
codticients between the foregrounds and a given channel of theowawe data. Therefore with
rastica-derived CMB sky maps at fierent frequencies, we can derive the frequency dependdnce o
the coupling cofficients associated with a given template or physical foraguacomponent.

Such an analysis is directly analogous to the simple temfitting scheme commonly used in the
field. Therefore, we also utilise the technique here as aaruant point of reference for oukstica
results. In general, the cross—correlation measurbetween a data vectdrand a template vectdr
can be measured by minimising:

X’=[d-at)T M -(d-at)=d"-M5-d (3.3)

whereMsy is the covariance matrix including both signal and noisetl@r template—corrected data
vectord = d — at. In the case oN different foreground components, we have the simple system of
linear equation®\x = b, where

A =t - Mgy,
b =t - Mgy - d,
X = . (3.4)

The correlation method can also be extended to include wsagonstraints on the data, e.g. fixed dust
or free-free spectral indices. This is the case describ&dﬂhﬁmsmet_dl.kzoﬂn in the analysis of the 3
year data ofV MAP, but we impose no such constraints here.

Once the scaling factors are computed they can be used totbled/ M APdata from the estimated
Galactic contaminations. The residuals then provide atatharacterization of the accuracy of the
cleaning process. Indeed, residual foreground comporaeatexpected that are not well correlated
with the adopted foreground templates. They are most eadigypreted as a consequence of the
main limitation of rastica as currently applied, namely the de-facto assumption of edfspectral
index for each physical foreground component over the aedl\sky coverage. We will show that
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an ‘iterative’ application of theastica algorithm to multi-frequency pre-cleaned microwave data c
provide additional insight into such residuals and an aalutl estimate of the CMB component. The
outcome of such an iterative stage will include an imprové&dBCsky map, plus component maps
that represent foreground residuals, although it is uhliteat they can be unambiguously assigned to
specific physical components.

3.3 Data used in the analysis

The current analysis seeks to clean WeVAP data from the main Galactic foreground emissions
by applying therastica algorithm to the observetlV MAP sky signal at each frequency together
with appropriate templates for each component. The cumeplementation of theastica algorithm
assumes that each input sky map has the same spatial resollitius we perform our analysis on sky
maps convolved from their original resolution to dfeetive T Gaussian beam.

The WMAP satellite kl:l.ins.ham&dall..ﬁlb?) observes the sky with tertadted diferencing
assemblies (DAs), with frequency dependent resolutioppfaimately 023° to 0.93°. The frequency
ranges from-23 GHz (K-band) up te-94 GHz (W-band): there are two channels in the Q- and V-bands,
and four channels in the W-band whilst there is only one chhaheach of the K- and Ka-bands.
The corresponding sky map data are available on the LAMBDhsM@ ina HEALPi)E pixelisation
scheme, with a pixel resolution parameteiNafje = 512.

We have smoothed each of the sky maps toféecave resolution of 1 (initially deconvolving the
azimuthally symmetric beam profile for each DA), then we haabined the maps in the Q-, V- and
W-bands using a simple average over the corresponding Déxslar to generate a single map for each
frequency band. Theflective central frequency of each DA depends on the spectfuheeemission
being considered. For the band-averaged data, we simppt #u® values 23, 33, 41, 61 and 94 GHz
for K- through W-band. Finally, we converted tNéMAP data from thermodynamic temperature to
brightness (antenna) temperature units, in order to makddta consistent with the templates.

Since regions close to the Galactic plane are the most styioantaminated by foregrounds and
the spectral and spatial nature of the integrated emissi@omplex, we exclude them according to
the Kp2 andK p0 masks provided by th&/ MAPteam k.B.en.n.eLt_edaL_ZJIO:%). The Galactic part of the
masks as well as the point-source exclusion regions aredmred stficient and no modifications are
made.

The 408 MHz radio continuum all-sky map|.o.f_l:|a.'ila.m_€ltlal_(b982|sed as synchrotron template
as well as the dierence between the K and KéMAPdata, as suggested |b_)LHin_ihaMLéd.al_dZ007). The
last one in part compensates for possible errors introdhgeding the Haslam template, presumably
accounting for the change in morphology of the emission atrawave frequencies. However, the
interpretation of the scalings is complicated by the faet tihe diference map must also include a
free-free component, and probably a contribution from thenaalous dust correlated emission. The
all-sky Ha-map produced bLLE'Lanb_e'Ld!dL(Zd)OI%) is adopted as tracereofrée-free emission, and the

1 Legacy Archive for Microwave Background Data Analysisttp;/lambda.gsfc.nasa.gov
2httpy/healpix.jpl.nasa.gov.
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lEinkb.ein.eLet_dl.LﬂijQ) FDS8 predicted emission at 94 GHhaseference template for thermal and
anomalous dust emission. All these maps are described ie dedail in Sectiof T14.

3.4 Monte Carlo simulations and calibration of method

As the first step of our analysis, we have testedrica using realistic simulations of th&/ MAP
observations to calibrate the accuracy of the method foplata fitting. Specifically, we performed
1000 simulations of the microwave sky at each of th&/BMAP frequencies, each containing a
realisation of the CMB signal, the Galactic foreground esiis, and instrumental noise appropriate
to the specific channel. The study was undertaken affant&e resolution of 1

Each simulation was used as an input4erica, together with the foreground emission templates,
and the scaling factors computed. Apperidix A provides fathds of their statistical distribution as
a function of both the applied Galactic clK§2 or Kp0), and therastica non-linear function. In
summary, the main conclusions are as follows.

(i) The t-function is inappropriate for template fitting — the staial distributions of the returned
coupling codficients are asymmetric and highly biased with respect tortpetivalues.

(i) The p- andg- functions provide similar results — the distributionsloé ttoupling cofficients are
well-described by Gaussians with a weak bias of the meangleatsentially insignificant for our
studies.

(i) There is evidence of cross-talk, specifically an adrrelation, between the synchrotron and dust
codficients when either the Haslam or K-Ka templates are usedaracterise the synchrotron
emission. In the latter case, correlation between the t@®pind free-free emission is also seen.

(iv) The results from the simplg? analysis indicate that the uncertainties are significdatlyer than
for therastica method, substantially so when compared togkenction. Moreover, the method
seems to demonstrate more cross-talk between componantsebln for theastica analysis.

The uncertainties for the scaling factors presented im $&etions of the chapter are derived directly
from these simulations.

3.5 Analysis with the Haslam map as synchrotron template

For our initial analysis we consider template fits to W&/ AP data for all five frequency bands using
rasTica and the Haslam map as the model for the synchrotron emisathe 3.1 summarises the results
determined using botfr andg-functions for theK p2 andK p0 sky coverages. The correspondkig2
results based on a simpjé analysis (see AppendXlA for details) are also shown, tagyetlith the
template fit co#ficients used bW MAPfor their first year foreground correctidn.(.B.enn.elt.elt@Qi).
We can make the following general observations based oe tiessilts.
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synchrotron dust free-free
Kp2 KpO Kp2 KpO Kp2 KpO
rasTICA - function p
K | 664+£044 546+062 577+026 494+033 858+039 670+0.63
Ka| 200+ 043 168+061 202+026 128+0.32 431+038 268+0.62
Q | 101+042 087+060 108+0.26 042+031 289+0.38 136+061
V | 026+040 026+055 060+024 003+028 139+036 001+0.57
W | 0.05+£0.35 005+049 095+0.21 046+025 067+0.32 -0.49+052
FasTICA - function g
K | 652+£054 566+080 607+029 571+041 852+054 660+0.82
Ka| 205+ 053 187+0.79 209+028 166+040 421+053 275+0.80
Q | 109+052 108+0.78 111+0.28 069+040 279+053 147+0.79
V | 039+£049 056+0.72 058+0.27 019+036 131+050 019+0.76
W | 018+043 031+065 093+0.23 059+032 061+043 -0.36+0.67
2 analysis
K | 596+ 057 638+ 0.29 800+ 0.62
Ka | 1.83+ 0.56 225+ 0.29 371+ 0.60
Q | 094+054 124+ 0.28 232+0.58
V | 0.18+0.49 069+ 0.25 088+ 0.53
W | 0.01+0.37 102+0.19 023+ 0.41
Bennett et al. values (constrainedps = 2.7; B¢t = 2.15)
K — — —
Ka - - -
Q 1.01 104 (192)
Y, 0.34 062 (082)
w 0.11 087 (032)

Table 3.1: Values of the coupling déieients

in antenna temperature units determined betwe&iyharW MAP

data and three foreground emission templates,’ aedolution. The Haslam 408 MHz map is adopted as the
synchrotron template. Thastica analysis is performed using the two non-linear functiprendg and for the

Kp2 andKpO masks. The correspondirit

p2 results for a simplg? analysis are provided for comparison.

In addition, we provide the values from t

tlalo@dits to the Q,V and W-bands performed with

constraints imposed on the synchrotron and free-free igpaentlices. These are the dheients adopted by
W MAPfor their first-year foreground corrections. The units akgK for synchrotron, mKmK for dust and

uK/R for free-free emission respectively.
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The frequency dependence of the fméents follows the generally expected trends, and in
particular, the synchrotron and free-free fimgents decrease with increasing frequency. The situation
with dust emission is more complex: the dust emission deese&rom 94 GHz to 61 GHz as would
be expected for thermal dust emission. However, there isoagly increasing contribution from a
dust correlated component with decreasing frequency bélbwsHz. This presumably constitutes
further evidence for a new emission mechanism for dust, teeige physical nature of which remains
unknown. Overall, however, there is a minimum contribufimm the difuse Galactic foregrounds at
~ 61 GHz, which can be regarded as defining the optimal rangeNtB temperature measurements.

The amplitude of the derived cfiients depends on the extent of the mask applied to the data.
For all the foreground components, almost without exceptibe codicients derived with thé p0
sky coverage are less than fidip2. This systematic trend presumably results from genuieetsal
variations of the foregrounds on the sky. Indeed, this bielavs particularly noticeable for the free-
free emission, and may reflect the fact that Kygd mask excludes strong emission regions near the
Galactic plane, whilst the free-free emission remains wagakgher latitudes. These strong emission
regions may also manifest real variations in scaling depeoe relative to the & template due to
variations in the dust absorption or in the temperature @idhised gas in the medium latitude region
present in th&K p2 mask but removed b pO.

Therastica numbers are also in good statistical agreement with our awpls y? results, provided
only for theKp2 sky coverage. Interestingly, the synchrotron and dustitudps are systematically
lower (higher) for they? method. However, these results in general reflect the wesdsdalk seen
between the fitted amplitudes in Appenflik A. The free-freglitndes are also typically &= higher
for therastica analysis.

Similarly, the constrained fits frorh_B_enn_eII_eﬂ ELL_(ZIOOBQ af comparable amplitude for the
synchrotron and dust cfiwients. These values were derived by fixing the synchrotpectsal index
at a value of 2.7, and the free-free to 2.15 for frequencies@l-band. The former constraint explains
why the synchrotron amplitude remains higher at V- and Weldfanthe first-yeatvV MAP corrections,
although the Q-band amplitude is in excellent agreemernt e rastica numbers. It is curious to
note that the constrained synchrotron index adopted imsistent with the Q-band amplitude, from
which one can infer a spectral index ©f3 between 408 MHz and 61 GHz. Howe\m& al.
(M) specifically state that their template method is adiqularly physical, but removes foregrounds
outside thek p2 cut at the required level.

Finally, we would like to comment on the impact of dipole gabtion for the analysis. Specifically,
the results we have presented here, including those_of Beenal. tZO_Qb), do not subtract a best-
fit dipole amplitude from the data and templates before §ttime template amplitudes. Since other
independent analyses, e.b_DaxLi_esJet[al_dZOOB), do prefeenmove the dipole, we have tested its
impact on the results. In fact, we find that the dust and free-€odicients remain largely unchanged,
whilst the synchrotron values become negative at high grges. It may be that this is connected
with the projection of the North Polar Spur in the Haslam t&atgonto the best-fit dipole computed
for that template.
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Figure 3.1: Comparison between scaling factors obtaineah W MAP data with and without the thermal dust
emission, at the resolution of 1At the lowest frequencies, the error bars are smaller ompewable to the size
of the plot symbols. The only significant change is at W-baordtie dust co@icients.

3.5.1 Spectral index of foreground emissions.

We utilise the derived frequency dependence of the scadicipfs to parameterise the spectral behavior
of the foreground emission components. For each compoweriit the corresponding céiecients with

a power law model of the form\,orm(v/vo)™®. Anorm is the amplitude of the emission of a specific
physical component at the reference frequengywhich we take as the K-band (23 GHz). The
parameters values of the fit are shown in Tablé 3.2.

The results for the synchrotron emission generally ingieasteep spectral index consistent with a
value in excess g8s = 3.0. Curiously, the index is flatter for thep0 mask, particularly when using
theg-function. The amplitudes, however, fall with decreasikyg soverage — this is generally true for
all of the emission components, suggesting that there renweithin theK p2 to K p0 transition region
emission that dfers in nature from genuine high latitude emission. It is aseresting to note that the
amplitude at 23 GHz implies a spectral index&relative to the 408 MHz emission, so that in general
there are hints of steepening at higher frequencies, asdmasgreviously noted by th& MAPteam.



66 Foreground analysis of thew MAPthree-year data with rastica

Synchrotron Anomalous Component Free-Free
Kp2 KpO Kp2 Kp0 Kp2 KpO

rastTica — function p

B 335+047 328+0.79 329+032 448+0.78 187+0.15 292+055

Anorm | 6.64+043 546+062 568+0.26 485+0.33 856+038 679+0.63
rasticA — function g

B 310+ 053 282+080 335+035 414+0.75 192+0.22 272+0.65

Anorm | 6.51+053 562+080 598+0.29 563+041 851+052 668+0.81

Table 3.2: Spectral indgkand normalisation factoh,qrm Obtained fitting values of the coupling dteients for
synchrotron, the anomalous component of dust and freesfréssion, with diferent masks.

Since theW MAP frequency range does not allow a detailed study of the sgeo@thaviour of
the thermal dust component, we consider the spectral prepesf the anomalous dust correlated
emission. Understanding the nature of this component mesnaf great importance for the study of
CMB anisotropy and for motivating physical models of the &sion. We use a single dust template
to specify the morphology of both the thermal dust emissind the anomalous dust correlated
component. Thus, in order to study the latter cleanly, wetrapply a correction for the thermal
dust contribution. Specifically, the scaling factors hagerbrecomputed usingstica after subtracting
the dust template from the data assuming that the FDS8 dudéinisee Sectioh3.3) provides an
exact model of this emission component. Under this asswmpatipersistent correlation with the dust
template will be due to the anomalous component, spatialisetated with the thermal dust, but with a
different physical nature. FigureB.1 shows the scaling fafdotse dust emission without the thermal
component, compared with the values of the original anslysi fact, the values tfier significantly
for the dust cofficients only at 61 and 94 GHz as might be expected since the#heomponent falls
off rapidly with decreasing frequency. Note also that whatelest residuals remain at the highest
frequency are statistically insignificant, providing stgosupport to the FDS8 model of thermal dust
emission.

The values of the spectral indgx of the anomalous dust component determined orkth2 sky
coverage are somewhat steeper than the value8& @btained b)LDasLLes_eLlaL(ZdOG). However,
they have also noted spectral indices as steep as 3.8 irabdust dominated regions at mid- to high-
latitude. As with the synchrotron component, the amplitafithe emission drops for th€ p0 mask,
and consequently the spectral index steepens noticeabé/nght speculate that this is related to the
differing properties of the anomalous component closer to thac&aplane flattening the index of
the Kp2 results. In the context of the spinning dust models progh ' ' n|_(]_9213a)
to explain the anomalous emission, the behaviour may retfecproperties of the spinning dust in
different phases of the interstellar medium, e.g. a greaterssedeadmixture of spinning dust in the
warm ionised medium (WIM) depending on latitude.

Finally, we consider the properties of the free-free ernissas represented by the coupling
codficients determined relative to thenHemplate. Indeed, before determining the specific spectral
behaviour, it is worth noting that the derived dogents are not in accord with expectations for the
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Free-Free - Intensity

rasTicA — function p FasTIcA — function g
Kp2 KpO Kp2 KpO
B 0.13+£0.15 -092+055 008+0.22 -0.72+0.65

Anorm | 0.14+0.01 011+0.01 014+0.01 011+0.01

Table 3.3: Spectral indeg and normalisation factoA,qm,m obtained fitting values of the intensity coupling
codficients for free-free emission, withftirent masks.

Ha to free-free conversion factor for which a value of 8®60% conventionally adopted for the thermal
electron temperature. In fact, the K- and Ka-band resultK fi?2 sky coverage are more consistent with
temperatures in the range 5000-68Q0Curiously, however, the cfiicients at higher frequencies are
increasingly consistent with a higher temperature valndgetms of a power-law fit for the frequency
spectrum, this corresponds to a notably flatter spectralxinidan the typical value of 2.14 for free-
free emission, with the best-fit value for tipgunctionrastica fits some 2- away from this canonical
amplitude. However, the results wherK@0 mask is applied are significantlyftérent, favouring an
even steeper slope than expected for free-free, and withalmation amplitudes corresponding to an
electron temperature below 40RO This latter behaviour was also observed_b;LDaMi_es elLaﬂ]d)ZfO)r

5 regions specifically selected to be dominated by freedmeession.

In order to assess the consistency of our results with theretieally motivated spectral index
as compared to the apparently anomalous best-fit modelsawe fiitted the values of the coupling
codficients by an idealised model for the free-free emissidf.m(v/vo) 24 and evaluated the
goodness-of-fit of the model. The results are consistettit thi¢3¢s = 2.14 model, even in the case
of the Kp0 mask. However, in a set of 1000 simulations in which the tated free-free emission
followed the theoretically motivated spectrum, no casesevieund for which there were such large
changes in the fitted spectral slopes determinedKia2 or Kp0O sky coverage as those observed with
the data. This could reflect the ideal nature of the simulatesion, but irrespective of this, although
our results are statistically consistent with the expedted-free scaling with frequency, there are
inconsistencies that arefficult to reconcile.

Arguably then, theastica result for theK p2 mask could be considered an independent verification
of the behaviour observed |'Ln_D_o.bJ.er_&_E'u1kb.eJnEr_(ZdO8a).tiwmed by their analysis, we augment
our assessment of the free-free spectral behaviour bydfittie codicients in intensity units. The
results are presented in Talile]l3.3 and Fiduré B.2.Doblern&sindr |(20_0_Ela) found that theaH
correlated emission showed a bump near to 50 GHz, althowgéxéict behaviour was sensitive to the
type of CMB estimator that they pre-subtract from YWéV AP data before fitting template amplitudes.
In our analysis, no such subtraction is necessary, sinceddgcients are essentially determined as
part of the process of deriving the best CMB estimate frondttea. In fact, ouK p2 amplitudes show
more extreme behaviour at high frequencies, and indicatstemmatically rising spectrum, although
the best-fit is also consistent within errors with the slofdiling theoretically expected spectrum.
However, ourK pO results are significantly steeper than eitherkh@® or expected slopes. Referring
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again to the results from the regional analysiE_QLDasLiﬂjtﬂzao_é), there is a wide range of spectral
behaviour, with region 1 exhibiting a steeper rise in freguyethan seen here fdp2, region 5 being
somewhat consistent with the observations here, but mgsire falling df rapidly. Interestingly,
the simpley? analysis, for which a best-fit spectral index of 8023 is found, is very consistent with
theoretical expectations-(.14).

The major diference between all of these results is how the method tteatSMB contribution.
lD.o.b.Ler_&_E'Lakb_ein_drkZOOdia) subtract an estimate of the CNBdul on a variant of th& MAPILC
methodLDasLLes_eLIaIL(mIOG) explicitly include a CMB cowage term in fitting the data directly with
three templates, oy analysis simply ignores the CMB contribution in fitting tleertplates, whilst the
rasticA method is specifically attempting to construct the bestreste of the CMB sky and computing
template cofficients accordingly. Clearly more work is needed to undadstae relative merits and
problems in these approaches.

Finally, lDQ.bI.QL&_Elukb.einﬁlr[(ZQO_éb) interpret the resuttsboth their full-sky analysis and an
assessment of the Gum nebula region in terms of an enhancediwity due to a spinning dust
contribution from the WIM. It is dificult to make a statement either in support or against thislasion
based on our results, given the larg&elience between the fits dfp2 andKp0, and the apparent
dependence on the CMB subtraction method. Perhaps it efleztlitferent properties of the free-free
emission close to the plane, or the presence indeed of siimhist in the WIM, or simply cross-talk
between dterent physical components that confuses the spectral sasaliiowever, we remind the
reader that our fits for botK p2 andK p0O sky coverage are statistically consistent with the exqubct
scaling for free-free emission with frequengy; = 2.14.

3.5.2 Single Year Analysis

In order to test the stability of the coupling dbeients between the foreground templates and the
WMAP data to potential systematics, e.g. annual instrumentalabbration variations, we have
performed the samestica analysis for the yearly sky maps. These results are plotiédgure[3.B
together with the 3-year data déeients. We find no evidence of significant annual variationthe
codficients.

3.6 Analysis with the K-Ka map as synchrotron template

One of the limitations of the previous foreground analysishiat the Haslam map used as template
for the synchrotron emission is unlikely to be completelyresentative of the foreground morphology
at theW MAPfrequencies due to spectral index variations across the@kgrefore, we repeated the
analysis using the K-Ka map as an internal template for thetsptron emission. We then computed
the scaling factors for the Q, V and W channels. The resuétsshown in Tabl&_3l4. As before, the
uncertainties of the coupling cfigients have been computed from 1000 simulations. Once aain
p-function seem to be statistically more robust than theesmondingy-function ones.

Table[3% also contains results returned by fAeninimisation method, both our own and those
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Figure 3.2: The coupling cdiécients in intensity units for free-free emission as tracgdhe Hr template.
Squares represent the derived amplitudeKfp2 sky coverage from thesstica p-function analysis, diamonds
are for the corresponding analysis Km0, whilst triangles show the results for a simpfe analysis onk p2.
Best-fit curves are also shown. Therica Kp2 results show an anomalous rising spectrum for the free-fre
emissivity, whereas thi p0 andy? K p2 are steeper than expected, the former significantly so.

from WMAP dHin&hM.a‘l.LZQ_d?). For our analysis, we did not imposg @nstraints on the
spectral behaviour of the various physical components.ohtrast.l.l:[lns.haMLeLIall_(ZjO7) explicitly
account for the free-free signal present in the K-Ka tengplahd impose constraints on the free-free
(Bi+ = 2.14) and thermal duspf = 2) spectral indices. The cfiients derived for the K-Ka and
dust templates are in excellent agreement for all three adsth The free-free values, however, are
notably diferent in all three cases. Thdi@irence to th&/ MAPresults could, at least in part, be due to
their application of a large correction for dust absorpti@ithough comparing céiécients at all three
frequencies the explanation is clearly more complex. A nuseful observation in regard to the free-
free codficients is that they are universally lower than in the coroesiing Haslam case for the Q-band
but almost identical for W-band. This directly reflects tlaetfthat the K-Ka template contains not
only synchrotron but also free-free emission. The latteo ahdicates that thexstica results continue
to prefer a flatter slope for the free-free emission than etquefrom theory, and as derived by the
analysis.

The most interesting results are related to the amplitutideeaoupling co#ficients for the dust. In
particular, note the low value of the dust contaminatiorman®-band in contrast with previous findings
for the Haslam case. This could be interpreted as indic#ttemgbsence of an anomalous dust correlated
component, in apparent contradiction to previous resHiiisvever, it is also consistent with a picture in
which the K-Ka template contains contributions not onlynfirthe synchrotron and free-free emission,
but also the anomalous component, which the Haslam maprdgrimes not. At W-band and for the
K p2 sky coverage, the K-Ka contribution is essentially zeoathsit there is noféective contribution of
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Figure 3.3: Comparison between scaling factors deternfimetthe yearlyWw MAPsky maps. The results for the
3-yearW MAPdata are also shown for reference. All results are detedniiseng therastica p-function.

this embedded anomalous component, and the dufliceats should be consistent with the thermal
dust emission. Indeed, there is again strong support fdF¥&8 model of the thermal dust emission,
although for thek pO cut the amplitude drops as before.

In order to understand whether there is a self-consistemtn@ with the Haslam results, we can
perform some simple numerical comparisons. If we assuniehbd/ MAPdata contains foregrounds
comprised of synchrotron, free-free and anomalous dustibations as described in TallleB.1, then we
can infer the extent of these components present in the keialate, and then predict the amplitudes
expected for the free-free and dust contributions in TRbAeaBowing for that fraction contained in
the K-Ka map. The consistency is excellent for bptandg function results on th& p2 sky cut, and
certainly good for théK pO coverage. We have also made a more detailed study usin¢psioms, with
the same results. Of course, this does not imply that the KeKgplate is not a significant improvement
on the Haslam map, but that the gross features of the twormweg models are in agreement. The
quality of the two synchrotron templates will be consideiwther in the following sections.
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Synchrotron Dust Free-free
Kp2 KpO Kp2 KpO Kp2 KpO
FasTICA - function p

Q| 024+0.04 021+007 017+032 -013+041 192+042 048+0.70
V | 0.05+0.04 003+006 050+029 040+030 119+040 -0.16+0.66
W | -001+003 -0.04+005 100+026 0Q77+034 073+0.35 -041+058
FasTICA - function g
Q | 024+0.09 016+0.15 016+052 003+080 176+0.66 084+0.98
V | 0.06+0.08 -0.004+0.14 023+076 039+050 105+0.63 016+0.93
W | 0.01+£0.072 -0.05+0.12 094+044 080+066 056+054 -020+0.81
2 analysis (no constraints)

Q| 0.21+0.09 042+ 0.50 144+ 0.77

V | 0.03+0.08 057+ 0.46 075+ 0.70

W | -0.01+0.06 110+ 0.36 029+ 0.54

Hinshaw et al.

Q 0.23 019 099

\Y 0.05 041 063

W 0.00 098 032

Table 3.4: Values of coupling cficients in antenna temperature units between the 3WEAAPQ,V, and W-
band data and three foreground emission templatesrasblution. The K-Ka map is adopted as the synchrotron
template. Theastica analysis is performed using the two non-linear functipresidg and for theK p2 andK p0
masks. The correspondirigp2 results for a simplg? analysis are provided for comparison. In addition, we
provide the band-averaged values fromlthe Hinshawi et 807(2fits performed with constraints imposed on the
free-free and thermal dust spectral indices. Note thai¥APteam used an & template corrected for dust
absorption assumindy = 0.5 for their analysis. The units are MK for synchrotron, mkmK for dust and
uK/R for free-free emission respectively.

3.6.1 Spectral properties of foreground emissions

A study of the spectral index of the returned K-Ka fimgents would be unphysical, or at least
difficult to interpret, since the template is a mix of synchrotfoge-free and anomalous dust emission.
Moreover, the interpretation of the spectral behaviouhefreturned dust and free-free @oaents is
similarly problematic, requiring a detailed understaigdihthe fraction of the signal associated with the
K-Ka template. However, it is worth reiterating, as showon\ad) that the template fits are in excellent
agreement with those in which the Haslam map is used as tlohisytron template, and therefore the
spectral behaviour of the components can be interpretdeeisdme manner.

3.7 Evaluation of the Q-, V- and W-band sky maps after foregraind cleaning

One of the main aims of the foreground analysis performed flan with rastica is to promote
the possibility of cleaning th&/ MAP data stficiently to allow its use for cosmological purposes.
Therefore, adopting the coupling dtieients derived for various foreground templates, we havdiadl

W MAPsky maps cleaned of the Galactic emission.



72 Foreground analysis of thew MAPthree-year data with rastica

—0.3 mK m—

Figure 3.4:WMAPdata for K-, Ka-, Q-, V- and W-bands cleaned by subtractingdoound templates scaled
by the coupling coéicients determined byastica with the p-function for theKp2 sky coverage. Here, the
synchrotron template is the Haslam map. The maps are showncanventional mollweide projection in a
Galactic frame-of-reference , with the north pole at theddthe image and the Galactic Center in the middle
with longitude increasing to the left. The regions in greyrespond to the bright Galactic emission and point
sources excised from the analysis by K2 mask.

Figure[3:3 shows the residual sky signal of the fiVé AP channels that have been cleaned using
the Haslam data as the synchrotron template. We show onfgsliéts based on thgfunction analysis,
since there is little visual dierence relative to thg-function. There are clearly residuals close to the
Galactic plane for the K and Ka sky maps, particularly nearedtige of th&k p2 mask in the vicinity
of the Galactic Centre. This excess foreground emissids ¢l rapidly with frequency, and only a
hint can be seen in the Q-band data. Nevertheless, the donfieguency-independent CMB structure
is clear at high latitudes. Figufe 8.5 shows the equivalestlts for the Q-, V- and W-bands when
the K-Ka synchrotron template is adopted. There is littkual evidence of residual foregrounds even
close to the masked regions.

As an interesting comparison, we have investigated tlikerdnce between the cleaned maps
obtained using either the Haslam or the K-Ka synchrotrorptatas, scaled by the coupling dbeients
determined either by ousstica analysis or by th&V MAPteam. Figuré-316 shows the results for the
Q-, V- and W-bands (in neither the first nor second data releisd\W MAP provide cleaned K- or
Ka-data, presumably because they do not utilise them fanotmgjical analysis). The mainftierence
apparent at Q-band is the presence of a bright structuredtbe mask concentrated near the Galactic
Centre both above and below the plane. This is a clear déilimeaf the K-band residual noted above
when using the Haslam template, and is most easily intexpras Galactic emission that is not traced
by the Haslam synchrotron template. It therefore suppbes\MtMAP assertion that adopting the K-
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Figure 3.5: WMAP data for Q-, V- and W-bands cleaned by subtracting foregiaemplates scaled by the
coupling codicients determined byastica with the p-function. Here, the synchrotron template is the K-Ka
map.
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Figure 3.6: Diference between the cleaned maps using the Haslam map andkiheniap at 41, 61 and 94 GHz.
The top row shows the fierence when theastica p-function codficients are used, the lower line shows the
equivalent diference maps from when applying théM APfirst-year and three-year foregrounds corrections.

Ka map as a template provides a more complete model of thgrimrad emission at low frequency
where other contributions beyond the synchrotron and file®-emission may exist. This structure is
seen clearly in both thesstica andW MAPresidual plots. Also seen is evidence of a negative residual
associated with a well-known feature in the low frequenaoypkate — the North Polar Spur — plus other
residuals around the edge of the Galactic plane part dKipzemask, although whether these are more
associated with the Haslam or K-Ka analysis is unclear.

The residuals at V- and W-bands show much fainter featuned, particularly for therastica

analysis. Indeed, in this case the plot indicates that tta foreground level determined using either
the Haslam or K-Ka maps, plus the usual tracers of free-frekdust emission, are in very good
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agreement. This is consistent with the discussion in theigue section. For the data corrected using
theWMAPtemplate cofficients, the residuals seem to be larger in all cases.

The comparison here cannot easily be used to infer whetlgeratiica template fits are to be
preferred to th&V MAPones, but we will attempt to address this issue in the nexiosed/Vhat should
be clear is that it is always good practise for a cosmologacallysis to study the cleaned maps at
different frequencies and test for evidence of a frequency digpee that is the signature of foreground
residuals.

In fact, we do exactly that by examining the power spectrhetdeaned maps determined using the
MASTER algorithm ktlhm.n_et_ellLZO_d)Z). FigureB.7 indicatkat the maps are essentially insensitive
to the residual foreground features that remain in the datatd the diferent fitting methods and
templates, although the quadrupole amplitude is genesalbpressed, and notably so when using the
Haslam template to trace synchrotron emission. Thus trenete maps, particularly at V- and W-
bands, can be considered adequate for cosmological asaitseast when based on the angular power
spectrum.

3.8 An fiterative’ blind component separation study usingW MAP data pre-
cleaned using templates

As demonstrated in the previous section, Y& AP data cleaned by foreground templates still show
evidence of contamination due to either the inability oftém@plates to describe real spectral variations
in the foreground emission on the sky, or other emission @@sms not identified with the standard
Galactic componentemplates. Inspired by the analysiiﬁLEala.n_Qh.o.nl eh_a.LEbZOIB have performed
an ‘iterative’ blind analysis on th&/ MAP data,after pre-cleaning with the foreground templates, in
order to study the residuals in more detalil.

Various combinations of the clean®dMAP channels are used as input to #aerica algorithm.
This then returns a number of components equal to the nuniiblee input sky maps. One of these is
identified as a CMB map, cleaned as far as possible fromresigualemission (see Sectidn 3.B.2).
Without exception, at most one of the other returned compitsnean be clearly identified with
Galactic residuals, the remainder generally being soméawation of anisotropic noise (reflecting the
underlying observation pattern of té M AP satellite) and weak residual dipole emission. Fiduré 3.8
shows maps of the candidate foreground residuals for a nuwib&®/ MAP and template input
permutations, as described in the figure caption and disduesSectiol 3.8]1

3.8.1 Foreground residuals

The upper row of Figuré&—3.8 shows the output maps frasmica that we identify with foreground
residuals when using the Haslam template for synchrotraaseom.

The leftmost figure presents results from analysing the\illd APfrequency bands after cleaning
using the cofficients previously derived in this chapter (see Table 3.hgr& are some bright features
along the Galactic plane near to the Galactic Centre and risgepce of a structure related to the
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Figure 3.7: Binned power spectra of the Q-, V- and W-mapsneldafrom the foreground emission. Their
contamination is described by the coupling @iméents determined byastica with both thep- andg-functions
(asterisk and diamond respectively) and by\th&1 APanalysis (triangle). The left figure corresponds to the case
when the Haslam map is used as the synchrotron templateigtitefigure to the corresponding analysis using
K-Ka for the low-frequency emission.

North Polar Spur. These are a clear indication of the defigsnof the Haslam map as a synchrotron
template, particularly for cleaning the K- and Ka-band daféh which the residuals are predominantly
associated. Some of the positive and negative featuresimpedsy reflect either under- or over-
subtraction of the true foreground signal by the templases @onsequence of spectral variations.
The middle figure shows the equivalent analysis using just@Rh, V- and W-band pre-cleaned
sky maps. The residuals are significantly reduced, and rieree of the North Polar Spur is now
observed. The dominant feature, as before, is the structase to the Galactic centre. This was
originally identified and referred to as the ‘free-free HameFinkbeiner (2004a) (although its origin as
free-free emission is unlikely and it is now referred to as W MAPhaze’), and was already visible
in the foreground residuals plot bf Bennett et al. (2003). rébwer, the map is strikingly (though
perhaps unsurprisingly) similar to the map obtained byriRadtan et al..(2005), using Spectral Matching
Independent Component Analysis (SMICA). They have assegtithese residual structures with the
Ophiuchus complex, the Gum nebula, the Orion-Eridanus leulihd the Taurus region. The right-
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Figure 3.8: Maps of the residual components obtainedabyica when applied to th&/ MAP data after pre-
cleaning using template fits with coupling d¢beients a derived either using aastica analysis with thep-
function and theKp2 mask or by theW MAP team inlBennett et all (2003) (WMAP1) amt al.
) (WMAP3). Several cases have been considered: i} mpps K-, Ka-, Q-, V- and W-bands plus Haslam
synchrotron templateastica codficients; ii) input maps Q-, V- and W-bands plus Haslam syncbnotemplate,
rasTicA codficients; iii) input maps Q-, V- and W-bands plus Haslam syotbn templateWW MAPconstrained
fit coeficients; iv) input maps Q-, V- and W-bands plus K-Ka synctmotremplaterastica codficients; v) input
maps Q-, V- and W-bands plus K-Ka synchrotron templid/ APconstrained fit ca@cients.

hand plot is the same analysis when the three input maps eaeex using th&/ MAP foreground
model oﬂ.B_enn.eLt_eI_iIilL(ZQbS). The residual features arexaeleent agreement with those from the
middle plot, although the amplitudes are slightly largaggesting that thexstica template cofficients
provide a modestly better cleaning of tAeM APfrequency data.

The residual maps from input data cleaned with the K-Ka sgotobn model are shown in the
second row of FigurEZ3.8. The maps can be compared directhetequivalent Haslam cases in the
row above. Itis particularly striking that the residuals aubstantially suppressed when using the K-Ka
template, especially close to the Galactic Centre. Thigoeies the latter’'s superiority for foreground
separation purposes, although the fact that it is a mixttighgsical emission components makes the
interpretation of the results moreflilcult. As before, the residuals are larger when usingthd AP
template cofficients, notably so near the Gum nebula — a source of stroagree emission.

3.8.2 CMB component

In order to quantify the improvement connected to the iteegbrocessing step, we have studied the
CMB components returned bystica when working on the data pre-cleaned with a template arsalysi
stage. They are very similar, as shown in Fidguré 3.9. Thissis eonfirmed by the plot of the power

spectrum for the CMB map derived from thefdrent cases of the foreground analysis. Fidgurel3.10
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Figure 3.9: Map of the CMB component obtainedrayrica with the p-function usingWwW MAPQ-, V- and W-
band data pre-cleaned using couplingflc&nts estimated with th p2 mask, and either the Haslam map as
the synchrotron template (left) or the K-Ka map (right). Temperature is measured in mK.
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Figure 3.10: Power spectra of the returned CMB componenilyiag rastica to the set of Q-, V- and W-band
data from the foreground emissions, using various comioimaof foreground templates and fit ¢beients.
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compares the binned power spectrum of the CMB maps retunoed the Q-, V- and W-band data
cleaned using the coupling dieients of therastica analysis or theNV MAP values, with either the
Haslam or K-Ka maps as synchrotron template. The discrgpaness than 150K?2.

Given this, one might argue that the iterative step is urssary forW MAP analysis, but we fully
expect that it will be essential for studying tRé&anckdata in detail. Moreover, in this era of precision
cosmology, it is the deviations from the theoretically nmated model spectra which are of interest and
the search for evidence of primordial non-Gaussianity ireguthat false detections due to foreground
residuals be eliminatedastica can play a role in the initial cleaning of the data, and thedefining
regions on the sky that merit special treatment, be it simpdgking them from future cosmological
analysis due to the apparently complex nature of the foregte there, or the re-application of the
component separation techniques on the regions to impheviaial CMB sky estimate.

3.9 Discussion

We have utilised a blind component separation algorithassca — to address the issue of the Galactic
foreground emission in th&/ MAP 3-year data. In particular, we have adapted the techniqatdw
three Galactic foreground templates (that trace synatmopfree-free and thermal dust emission) to be
fitted to the data on a frequency-by-frequency basis. Spatifj we use thJLElnkb_eiﬂelr_(ZjOSpH
map as a template for the free-free emissionLLh_e_Einkb_e'miL ) FDS8 model for thermal dust
emission, and for synchrotron emission two alternativese-408 MHz radio continuum all-sky map
of lI:IasJa.m_eLdl.L(_’LQ_dSZ) as utilised in the first y§¥diM APanalysis, or the dierence of th&V MAPK-
and Ka-band data preferred in their three year analysis.

Detailed simulations indicate that the algorithm behawesn unbiased way only for tw( g) of
the three non-linear functions typically applied tagtica. In these cases, thefunction also appears
to be marginally preferred as a consequence of its smaller bars, both relative to thg-function
analysis and the simp}¢ method that is usually adopted for template fitting.

When applied to th&V MAP data, we have quantified the foreground contamination im tef
coupling codficients between the data and the foreground templates. Tivedi®alues are sensitive
to both the extension of the mask applied to exclude the @alplane and on the non-linear function
used by the algorithm. The mask dependence is likely to tefjenuine variations in the spectral
behaviour of the foregrounds with sky location, as seen @vipus local studies of template fits by
lDaMi.eﬁ_&Ldl.[(Z)_dG). The non-linear function dependenpéaissibly linked to sensitivity to the actual
statistical nature of the foreground components (as repted by the templates), and suggests that it
may be useful to study more appropriate approximationsdméyg-entropy.

We have considered the spectral behaviour of the derivdahgdactors when thm al.

) data is used as the synchrotron template. We evdltiaespectral index for the synchrotron
emission, the anomalous dust-correlated component, anfete-free emission. In the first two cases,
we found steeper, though statistically consistent, spelbhaviour as compared to previous analysis,
e.g. I.D.alLLE‘ﬁ_eLilill_(ZO_ 6). For the free-free emission, wdirtnad previous observations about
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inconsistencies in the fitted scaling to convert the émissivity to a free-free contribution at K- and
Ka-bands. Specifically, the derived factors correspondhéonhal electron temperatures ©f4000K
compared to the expected value of 8GQ0

In addition, we find independent verification of a flat spdatependence in the free-free emissivity
as reported b ' ' dL(ZO_d)8a). However, thisaweour is seen only for th&p2 sky
coverage. With the&Kp0 mask, the behaviour is even steeper than the expectédl dependence,
suggesting that the anomalous free-free behaviour is @tsdavith bright structures close the Galactic
plane.

We have also proposed that tiaerica algorithm can be applied ‘iteratively’, that is, used tolgsa
a set of multi-frequency maps pre-cleaned using templatesliich the coéficients have themselves
been derived by aastica analysis. This is particularly useful in order to determihe presence of
residual foregrounds that arise either due to a mismatohdset their spectral dependence and the
average high-latitude value determined by the templateditbecause they are new components that
are not traced by the adopted templates. In this manner, vesdoafirmed the existence of a component
spatially distributed along the Galactic plane, with pronced emission near the Galactic center. This
is the emission previously noted in the SMICA analysili_ohﬁah.o.n_et_dl.L(ZO_d)S), and is the/MAP
haze’ od_Elnkb_e'LnJaﬂ_(ZO_Qha). However, the amplitude anémrxf the emission is less when the K-Ka
map is adopted as the synchrotron template. This is notisurgif the foreground component is a
genuinely new contribution to the sky emission that is wedaby the Haslam data. In this context,
the K-Ka map must be considered the better template for itlgahe W MAPdata from foregrounds.
However, the interpretation of the results in terms of Gadaamission components is complicated by
the fact that the K-Ka template contains a mixture of seygtalsically distinct, emission mechanisms.

Finally, the analysis that we have performed with therica algorithm is based on the unrealistic
hypothesis that the spectral behaviour of the various foregd emission components is unchanging
over the sky. In Chaptél 6, in order to take into account tlaialvariation of the foreground spectra,
we have attempted to appiystica on smaller patches of the sky where the assumption of uniform
spectral behaviour is more realistic.
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Chapter 4

New insights into foreground analysis of the
W MAPfive-year data usingrastica

Note: the work presented in this chapter was done in collabon with A.J. Banday and D.Maino and
was also published as Botting ef el.L(ZblO). All the comportsthave been performed by M. Bottino.

4.1 Introduction

The release of five years of observations from\WWsl APsatellite allows a quantitative improvementin
studies of the CMB for cosmological purposes. However, suchmprovement requires an analogous
refinement in both our understanding of local astrophysaagrounds and in the methods employed
for the separation of these components from the CMB emission

The aim of the work presented in this chapter is to underta&ddreground analysis of thd MAP
5-year data]_(_l:linsh.aMLe_tJa]L._Z_d)O9) with tharica algorithm, as previously applied to tNgMAP 3-
year data (see Chapfér 3). As before, we focus on tiiesd Galactic foreground components and their
spectral and spatial properties.

However, novel aspects of the analysis are now introduced:

e consideration of the new KQ85 and KQ75 masks introduced MM APscience team with the
5-year data release

e an investigation into the connection between the mask eghpdi derive the coupling céiecients
and the residuals resulting from the iterative multi-fregoy analysis when these ¢heients are
applied, itself as a function of applied mask

e an attempt to understand the physical nature of the resideataled by the iterative analysis.

¢ the definition of a minimal mask that supports accurate fanegd removal

As previously done, we compare our analysis to the simpfdpased template fitting scheme,
commonly used in the field, as a convenient point of referémceur results (see Chapfiér 3 for details).



82 New insights into foreground analysis of th&V MAPfive-year data usingrastica

To be consistent with thestica analysis, we did not impose any constraints on the datayutinthis

is possible as describedhn.l:lin&hasmeltlaL(iOO?)[a.n.dﬁ_old M).

4.2 Data used in the analysis

Our primary data set consists of tNéMAP 5-year maps improved in sensitivity and precision as
described i L(ZiOQ)

As in the analysis proposed in Chaplér 3, we assume that tiaecda be well described by a
superposition of the CMB anisotropy plus foreground emissraced by three templates. These
templates, suitably scaled to each frequency, are comsider represent four fierent physical
components: synchrotron, free-free and thermal dust émissogether with the anomalous dust
component — a dust correlated emission whose detailedenataot well known.

The templates are based on maps produced from independamtations of the sky at frequencies
where only one emission mechanism dominates. In practieeetain the set of templates used for the
W MAPS3-year analysis (see Chapliér 3), in order to be able to rellatbanges in the analysis results to
the improvements in th&/ MAPdata. Therefore, we used the 408 MHz radio continuum allrsk
of Haslam et gl |_(]_9_$2) and thefflirence between the K- and Ka-band dathﬂAP(m

@) as synchrotron templates. The all-sky-iMap, produced bLLELLLkb_euH.L(Z(bOB) by assembling
data from several surveys, is the template utilised foritbe-free emission. The map was not corrected

for dust absorption, assuming it to be negligible as suggielsyLB_a.n_d.a;Let_ilalL(ZQDB). Nevertheless,
we tested the dependence of our results to this correctipledpon the template. Moreover, we have
also tested an alternativeeHmap provided bLDi.lens.o.n_eLlaL(Zj%). This has demotetraome
differences in correlation properties with WeM APdata in previous analysels_(.DasLLes_elt[a.L_iOOG), but
we do not find any sensitivity to the choice ofrllemplate in our work. Finally, we adopted the model
for thermal dust emission at 94 GHz developed.b.)LEiﬂkb.&ihﬂlJeL’l&Q_b) (FDS8), which has been
also used for the anomalous dust emission. More detailectiggens of these foregrounds and the
corresponding templates may be found in Chagter 1. Howexgenote that the synchrotron emission
(in antenna temperature) is generally described by a ptamespectrumlg(v) ~ v?s, similarly the
free-free byT¢s ~ v#f, and the thermal dust approximatedTas~ ¢ over theW MAP range of
frequencies.

The templates are used to fit the spectral behaviour ofWdAP data at each frequency of
observation from-23 GHz (K-band) up te-94 GHz (W-band). Where multiple samples are available
at a given frequency, we have coadded them into a single skyusiag uniform and equal weights.
As before, we performed our analysis on sky maps convolvexh fitheir original resolution to an
effective T Gaussian beam. Finally, we converted W&/ AP data from thermodynamic temperature
to brightness (antenna) temperature units, which is manealgfor an analysis of foreground spectral
behaviour.

Since regions close to the Galactic plane are the most styioantaminated by foregrounds and
the spectral and spatial nature of the integrated emissioomplex, they should generally be excluded




4.3 Monte Carlo simulations 83

0.20[ ‘ I ‘ B
r I8 ]
r h Kp2
0.15 : : B
L h KQ75
Z 0.10 - rﬂ:\"] 1 z
[ T )
[ I N ]
0.05F ] 3 5
r 1f 3 ]
f e i
0.00L ™ ih
2.65 4.13 5.60 7.08 8.56
Rsynchrotron [uK/K]
0.20 [ L B 0.20 [ 1 B
[ N Kp2 1 . S
: / |
0.15 : \
i A t ‘
Z 0.10F I HH |
1
]
0.05 !
r ]
= [}
0.00C 1
46 5.4 6.

0.05F

0.00E = I k oioog = J.L:_IL%

1.78 3.19 4.60 8.01 7.42 0.71 2.66 4.60 8.55 8.50
yree-tree [1HK/R] Qyreetres [HK/R]

Figure 4.1: Histogram of the coupling d@eient distributions at K-band obtained from the simulagioising the

p (left) andg (right) functions and all the masks. fBérent color are associated tdtdrent masks in order to
compare the results: blue f&rp2, cyan fork p0, green forK Q85 and red folK Q75. The dotted and dashed line
show respectively the mean and the mode of the distribytimnbe compared with the expected values (black
line). For all the Galactic components except the dust eamsghere is a strong dependence of the distribution
width on the extension of the plane cut. This is particulaibible for the free-free emission where the scaling
factors obtained with the KQ75 mask are characterized byyaflat distribution.

from analysis. Indeed th&/ MAP science team itself has proposed two neffiedent masks than the
previously used p2 andKp0 cuts. They refer to the new masksk®85 andKQ75 since they are
produced from the maps at the K and Q band and they excludeatasgly 15% and 25% of the sky
dl:linﬁhaMLeI_dl.LZQ_dg). We employed all 4 masks together aithask for the point sources, without
any modification of the angular resolution. However, in titédr part of the chapter we also experiment
with a full-sky analysis as shown in Sectianl4.8.

4.3 Monte Carlo simulations

Monte Carlo simulations are used in this context for seweasons. First, they provide useful criteria
and figures-of-merit that aid the selection of the non-linfeaction (p, g or t) used by themastica
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algorithm to implement the component separation. Sectweg,grovide a method to evaluate the level
of correlation with and among the foregrounds. Finally wedithese simulations to compute the
uncertainties for the scaling factors presented in latetices of the chapter.

We find that essentially all of the previous results from thgedr analysis are confirmed. The
reconstruction of the input cfiicients is satisfactory for both the andg functions, which provide
similar results. Indeed, the distribution of the ffit@ents is a symmetric Gaussian function in both
cases: the mean value is very close to the expected one anmbtieediters only slightly. However, the
g function shows generally a broader distribution compaoetthiat forp, most likely as a consequence
of the fact that they are sensitive toff@rent statistical features of the spatial distributionhad sky
radiation. For the same reason thinction remains inappropriate for template fitting: thatistical
distributions of the returned coupling deients are asymmetric and highly biased with respect to the
input values.

The distribution of the scaling factors generally dependsh®e mask used in the analysis (see
Figure[41): the more extensive the cut is, the larger is thpedsion of the values around the mean.
It is particularly evident for the free-free emission whédre KQ75 mask is associated with the largest
distribution, though it is still symmetric and not biasede lso find that the anti-correlation between
the synchrotron and dust dheients decreases for larger masks, as is the case for thelatmn
between the K-Ka template and the free-free.

The results from the simpj¢® analysis indicate that the uncertainties for the synchrotomponent
are smaller than found using thetica method, while they are larger for the other components. This
method dependent cross-talk likely reflects thi@edent statistical measures of the data employed by
therastica andy? analyses.

4.4 Coupling codficients between data and templates

As noted above, thesstica component separation allows us to compute couplingficoents between
the data at each frequency of observation, and the threeldtspof the Galactic foreground
components. We calculated these values usingtued theg non-linear functions and the four masks
provided by theW MAP science team. Then, we compared the results with those frersimpley?
analysis. In TableEZ4.1 alid#.2, we report the results oidainith two diferent sets of templates,
where either the Haslam or the K-Ka map was used as synchnmindel. In the same Tables, we show
also the results from Bennett et Eh_(Zde.).._I:Ims.hmALIB{_ﬂQjZ anC|_G_oJ.d_eL&1I|_(ﬂ)_b9): these values
are theW MAPresults respectively for the 1-, 3- and and 5-year foregdaamalysis corrections, with
theKp2 or KQ85 masks. In all three cases, some constraints were placi gpectral behaviour of
the components. In the first case the values were derived ingfike synchrotron spectral index at a
value of 2.7, and the free-free to 2.15 for frequencies aligNmnd. In the latter cases, instead, they
explicitly take into account the free-free signal presarthie K-Ka template, and impose constraints on
the free-freeffs+ = 2.14) and thermal duspf = 2) spectral indices. However, we did not consider any
constraints on the céécients.
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synchrotron dust free-free
Kp2 KpO Kp2 Kp0 Kp2 KpO

FasTICA - function p

K 1620049 547+075 588+029 496+040 857+0.47 666+ 0.75

Ka|191+049 170+0.74 204+028 129+038 435+046 274+0.74

Q |1096+048 087+0.74 109+028 044+0.37 291+046 134+ 0.73

V | 026+046 024+070 061+026 005+035 134+043 -0.07+0.70

W | 006040 007+061 097+023 046+031 064+038 -052+0.61
FasTICA - function g

K |1642+058 563+095 614+030 576+048 848+0.65 652+ 0.97

Ka| 204+056 191+094 210+029 168+047 426+064 280+0.95

Q | 110+056 112+092 111+029 071+047 279+063 145+ 094

V | 040+053 054+087 060+0.27 024+044 121+060 003+0.89

W | 019+046 033+077 095+024 061+039 056+053 -041+0.78

2 analysis

K |[598+042 542+057 644+031 634+055 793+074 568+1.20

Ka| 184+042 162+056 226+030 212+054 377+073 211+1.18

Q 1092+041 079+056 124+030 112+053 231+0.72 080+ 1.17

V 1024+039 017+053 071+028 062+051 075+068 -059+111

W | 004+£034 -001+046 104+025 094+045 017+060 -0.95=+0.97

Bennett et al. (constrainedBs = 2.7; B¢ = 2.15)

Q 101 104 (192)

Y% 0.34 062 (082)

W 0.11 087 (032)

KQ85 KQ75 KQ85 KQ75 KQ85 KQ75

FasTICA - function p

K | 657058 605+109 562+029 478+051 832+0.72 814+ 1.15

Ka|228+057 258+1.08 204+028 166+051 447+071 451+114

Q | 136+056 185+106 117+028 095+050 312+0.70 323+1.12

V 1064+£054 129+101 076+027 067+047 166+0.67 192+ 1.06

W | 038+047 094+089 111+024 101+042 095+059 116+0093
FasTICA - function g

K |1645+£065 634+147 600+031 637+069 772+0.86 618+ 1.56

Ka| 225+064 302+145 209+031 239+068 385+085 293+153

Q | 133+063 231+143 116+030 147+0.67 249+084 173+ 151

V | 065+060 176+135 069+0.29 105+063 103+0.80 053+144

W | 040+053 134+119 103+025 129+056 044+070 -0.01+1.26

2 analysis

K 1591+046 533+070 636+034 667+075 706+1.00 499+ 1.85

Ka| 1.86+045 163+069 229+0.33 247+0.73 325+099 188+182

Q |097+045 083+£0.68 132+033 149+0.72 190+0.98 Q73+ 1.79

V 1030+042 022+064 082+031 101+0.69 045+093 -0.48+1.70

W | 009+£0.37 003+057 113+028 127+060 -0.06+0.81 -0.88+1.50

Table 4.1: Values of the coupling déieients in antenna temperature units determined betwednyharWW MAP
data and three foreground emission templates,’ aedolution. The Haslam 408 MHz map is adopted as the
synchrotron template. Thestica analysis is performed using the two non-linear functignandg and four
masks of the Galactic plane. The corresponding results &male y? analysis are provided for comparison.
In addition, we provide the values from thNéMAP1-year (Bennett et al., 2003) fits to the Q, V and W-bands
performed with constraints imposed on the synchrotron agetfree spectral indices. The units at€/K for
synchrotron, mKmK for dust anduK/R for free-free emission respectively.
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synchrotron dust free-free
Kp2 KpO Kp2 KpO Kp2 KpO

FasTICA - function p

Q| 018+008 015+012 040+040 012+058 216+060 067+0.89

V | -000+0.08 -0.03+0.12 063+038 038+055 133+057 -0.05+0.84

W | -005+0.07 -0.07+010 116+034 092+048 082+050 -0.32+0.74
rasTICA - function g

Q| 025+010 016+017 015+047 013+080 176+079 082+1.17

V | 006009 -0.02+016 041+045 041+076 094+0.75 005+111

W | 001+008 -006+014 096+040 093+0.67 050+0.66 -0.24+0.98

x? analysis

Q| 022+009 020+012 037+041 033+068 143+085 011+121

V | 0.03+0.08 001+011 059+039 053+064 076+081 -047+1.15

W | -0.01+0.07 -002+010 110+034 104+056 029+0.71 -081+1.01

Hinshaw et al. (constrainedgss = 2.14; Bs = 2)

Q 0.23 019 099

\% 0.05 041 063

W 0.00 098 032

KQ85 KQ75 KQ85 KQ75 KQ85 KQ75

FasTICA - function p

Q| 028+010 044+013 027+042 -029+066 203+084 154+1.16

V | 010+£009 025+0.13 051+040 003+0.62 125+0.79 089+109

W | 0.04+0.08 015+011 108+035 066+055 078+0.70 048+0.96
rasTICA - function g

Q| 030+012 035+036 006+053 011+156 134+099 039+159

V | 012+011 016+ 036 031+050 043+110 055+094 -024+151

W| 006+010 007+031 087+044 104+0.97 019+083 -045+1.33

x? analysis

Q| 023+010 021+014 043+044 066+090 105+106 0Q07+173

V | 0.04+0.09 003+0.13 065+042 084+086 046+100 -0.35+164

W | -0.00+0.08 -001+011 114+037 129+0.75 000+0.88 -0.79+144

Gold et al. (constrainedBss = 2.14; Bs = 2)

Q 0.23 019 095

\% 0.05 043 060

W 0.00 101 032

Table 4.2: Values of the coupling diieients in antenna temperature units determined betweénybarw MAP
data in the Q, V and W band and three foreground emission tawlat 1resolution. The K-Ka map is adopted
as the synchrotron template. Tharica analysis is performed using the two non-linear functiprendg and
four masks of the Galactic plane. The corresponding refarls simpley? analysis are provided for comparison.
In addition, we provide where appropriate the values froeMHMAP3-year (Hinshaw et al., 2007) and 5-year
(Gold et al.| 2009) fits to the Q,V and W-bands performed withstraints imposed on the synchrotron and free-
free spectral indices. The units are pnkK for synchrotron, miKmK for dust anduK/R for free-free emission

respectively.
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We note that the results obtained using K@ andK pO masks are very consistent with those from
our three-year analysis, with values varying at most lay®with the previous ones. The frequency
behavior is consistent with the theoretical expectatioifie synchrotron and free-free emissions
decrease with increasing frequency, whereas the dufficents are consistent with the superposition
of an anomalous component with a falling contribution uapproximately 61 GHz where a rising
contribution from thermal emission is seen.

However, consideration of the results derived with the twa masks indicates that it is no longer
possible to define a trend: a larger mask does not necessaply lower scaling factors, as was the
case for the free-free cfiwients obtained with th&p2 and theKp0O masks. On inspection of the
results obtained with the Haslam map as synchrotron temy@d#though th& Q75 mask is the largest
cut provided, we generally obtain values comparable to ghdri than those returned using k@2
andK Q85 masks. Itis certainly a confirmation of the fact that thestist spectral or physical variations
of the foregrounds on the sky. These are particularly sicanifi for the free-free emission and are
presumably connected to specific regions near the Galdetinepwhich are completely removed by
the KQ75 mask, but retained by thep2 andK Q85 cuts.

We studied the dependence of the analysis on the correqiplied to the K map to correct for
the dust absorption. The coupling ¢heients show dierences which are not very significant, but
consistent with expectation, i.e. as the absorption cboecaises the H intensity, so the cd&cients
decrease. What is interesting then, is that the incongigteetween the values derived with tKg0
cut compared to the other masks still remains, implying ithiatnot easily associated with variations
in the dust absorption. Thus it could be related to variationthe temperature of the ionized gas in
the medium latitude regions. In fact, using the free-freefftments we infer values of the electron
temperature that change with the mask and that are genkrakly than the expected value of 8000 K.
This is true in particular for th& p0 mask.

The mask dependence igl@rent for the K-Ka analysis. Each of the foreground compts&mows
a specific trend with the cuts. In particular, the dust and-free coéicients obtained with th&Q75
mask are now lower than those with tkg2 andK Q85 masks. However, this is not surprising, since
the K-Ka map is a mix of dferent emissions. It has contributions from synchrotronfaeetfree, as
well as from the anomalous component: none of which are ptas¢he Haslam map (at high latitudes
— there is a small contribution from free-free emission i @alactic plane). Moreover, this can also
be a possible explanation for the amplitudes of the dustlewypodficients in the Q-band which are
low compared to the Haslam case. Specifically, the anomalmmponent is now traced largely by the
K-Ka template, rather than the dust. Indeed, this may alggest that the thermal dust template is not
morphologically identical to the anomalous dust emissattmough well-correlated.

We have also used a simpfé analysis as a standard method to be comparedmstica. Whereas
with the WMAP 3-year data we considered only the results for K2 mask, here we extend the
comparison to all of the sky coverages. This choice was ratat/by the unusual dependence on the
extension of the mask observed in our analysis. With thedtiashap as synchrotron template, the
anomaly is confirmed by the? analysis. In fact theastica numbers are generally in good statistical
agreement with thg? results, even though the synchrotron and dust amplitudesystematically
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lower (higher) for they? method. However, this in general reflects the weak crogsstdn between
the fitted amplitudes. Alternately, when the K-Ka map is addpnstead, thg? coupling codicients

of the synchrotron and dust emission are stable with respélae mask used. Conversely, the free-free
codficients are found to be strongly dependent on the cut. Moretheevalues obtained with thep0
and KQ75 masks are consistent with zero. Nevertheless, all thiceats are consistent with the
FASTICA results.

Finally, we compared our results with those obtaineb_b;LBﬁm]_ﬂ. ka)_d3i_ﬂmshasmt|all_(2607)
and|_G_Q.I.d_eLalI.|_(20_(|)9) with constrained fits. The values ameparable for the synchrotron and dust
emissions, with both the synchrotron templates. The free-¥alues, however, are notablyfdrent in
all the cases, in part due to the fact that they corrected thenbip for dust absorption. However, even
if we repeat our analysis using th& MAP value for the dust absorption correction, the féiceents
remain larger thalV MAPderive. Therefore, it cannot be the only explanation forditierence.

4.4.1 Spectral index of foreground emissions

We parameterise the spectral behavior of the synchrotrassem (as traced by the Haslam template),
the anomalous dust component, and free-free emission \aitficplar emphasis on the latter. The
W MAP frequency range does not allow a detailed study of the sgelsghaviour of the thermal
component of dust. We fitted the dfeients of each component with a power law model of the form
Anorm(v/vo) . Anorm is the amplitude of the emission of a specific physical conepoat the reference
frequencyvy, which we take as the K-band (23 GHz). In the case of the armusatomponent, in
order to isolate its contribution we recomputed thefioients from the sky maps after correcting them
for a thermal dust contribution assuming the FDS8 dust molas assumption is consistent with the
W-band correlation results in Tallle¥.1.

Since, theKp2 and KpO results do not show any significantffeérence with respect to those
computed with th&V MAP3-year data, we do not expect the spectral index to changthenid indeed
seen to be the case in Tablel4.3. For the synchrotron emjssimmg theK p2 mask the spectral index is
steeper thafs = 3.0, even though still consistent, while it is flatter for @0 mask, particularly when
using theg-function. The values of the spectral indéxof the anomalous dust component are larger
than 3 especially if th& pO0 mask is adopted. Therefore, they are steeper than theafd? &5 obtained
bleasLi.es_el_a{I.L(m_(b@, although higher values of the spérrtdex are expected if we consider regions
of the sky at mid- to high-latitude. In faJ;L_D_aALi.&s_ek b.LQﬂ@ have also noted spectral indices as steep
as 3.8 in several dust dominated regions.

However, the values obtained with the new masks highligimesonexpected physical properties of
the foreground components. In fact, with tK€85 andK Q75 masks, the synchrotron and anomalous
dust spectral indices are flatter than those derived froraltterK p2 andK pO0 masks, and in some cases
considerably so. Indeed, whilst all values are consistétfiinvthe errors (derived from simulations),
we are unable to explain theseffdrences given that the new masks can be considered as small
modifications to the older ones. The majofféience relates to the omission now of various features
associated with the free-free emission. That such appgremtall changes canfi@ct therastica
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Synchrotron Anomalous Component Free-Free
rastTica — function p
Kp2 Kp0O Kp2 Kp0O Kp2 KpO
P 325%% w2l 3320F  4v20%  1880% 2891
Anorm | 6.20+ 047 546+072 579+0.20 487+0.28 857+044 676+0.69
KQ85 KQ75 KQ85 KQ75 KQ85 KQ75
p | 270%%  1800%  300%F  3200% 16508 15007
Anorm | 6.52+056 584+102 552+020 467+0.37 827+066 805+0091
rasTica — function g
Kp2 KpO Kp2 Kp0 Kp2 KpO
B | 3067F 27630  3359% 4000  LoATH  274L%
Anorm | 641+ 055 559+090 605+0.21 568+0.35 850+060 662+1.09
KQ85 KQ75 KQ85 KQ75 KQ85 KQ75
B | 2697 14UTX 3230% 27907 199%% 22897
Anorm | 6.40+0.63 600+134 590+0.22 623+051 775+081 625+1.03
)
X
Kp2 Kpo Kp2 Kpo Kp2 Kpo
p | 326%%  337%F  320%% 33003 2200% 3440
Anorm | 598+ 041 543+054 634+022 625+040 799+068 578+101
KQ85 KQ75 KQ85 KQ75 KQ85 KQ75
P | 3147 3260% 3060 28697 23898  -3390%
Anorm | 590+ 044 533+061 626+024 655+055 714+089 507+1.36

Table 4.3: Spectral indgkand normalisation factoh,om Obtained fitting values of the coupling dieients for
synchrotron (as traced by the Haslam template), the anamalemponent of dust and free-free emission, with
different masks. The normalization fact,m has units equal to miK for synchrotron, miKmK for dust and
uK/R for free-free emission respectively.

analysis to such an extent might be considered problermadtiugh it may ultimately be telling us
something about the properties of the foregrounds clodeetoniask boundaries.

With regards to the free-free emission, the previous amipsChaptel 13 found suggestions of
anomalous behaviour that remain to be explained. Our fitalfaf the sky coverages are statistically
consistent with the expected scaling for free-free emisgih frequencyB:; = 2.14. Nonetheless,
depending on the extension of the cut the spectral behawidine codficients show dterent trends,
as already pointed out in the earlier work. Comparing thectspebehaviour recovered with the
different Galactic cuts, the index is always flatter than the wmi@abvalue of 214 except with the
Kp0 mask which is steeper. Previously, we had interpretedréisislt as the consequence ofteient
properties of the free-free emission close to the planehg@ps a mixture of regions with fikerent
electron temperatures), the presence of spinning dustilMdrm lonized Medium (WIM), or simply
cross-talk between fierent physical components that confuses the spectralsasaly

Here, we_consider the second option in more detail by ado@timodel proposed by Dobler &
Finkbeiner b). For consistency with their analysis,a@nsider the template fit ciheients after

conversion into intensity units. Practically, the fft@ents relative to the kitemplate are described as
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Free-Free
rasTicA — function p
Kp2 KpO KQ85 KQ75

Fo | 821+063 773+101 752+097 705+155

Dp| 0.05+010 005+016 005+0.15 004+0.24

Co| 031+£038 -113+061 075+059 107+0.94
FasTIcA — function g

Kp2 KpO KQ85 KQ75

Fo | 824+087 743+130 759+116 649+209

Do | 005+013 006+020 005+0.18 006+0.32

Co | 019+£053 -099+0.79 008+0.70 -037+1.26

/\/2

K p2 K p0 KQ85 KQ75

Fo | 816+100 724+162 754+135 637=248
Do | 0.06+0.15 007+025 006+021 007038
Co | -0.29+ 060 -1.65+0.98 -054+0.82 -1.47+150

Table 4.4; Values of the parameters obtained fitting thefiiee coupling cofficients with the model proposed
bylDobler & Finkbeiner|(2008b) (see Equatlonl4.1). Theffioients are those derived using betkrica and the
2 analysis.Co andDg are consistent with zero, the later result demonstratiagie do not find any evidence
of a spinning dust admixture with the free-free emissiore Whits of the parameters are ksijR.

a mix of free-free emission,) and radiation from the WIMD,) that together generate the spectral
bump thaLD_o.b.I.e.rj‘_E'Lnkb_e'LnleL(ZO_d8b) observe. The final té@3) with a CMB-like spectrum is a
consequence of the initial subtraction of an estimate of2kB sky before undertaking the template
fitting. Thus the derived free-free dbeients are parameterised by the following relation:

4

23GHz

-0.15 2
oy = Fo( ) + Do(DLO8, Vpeuc = 40GH2) + Co( ) aW) (4.1)

4
23GHz
where DL98 is the WIM model of spinning dust duelto Draine & haan L’L9_9_da), but shifted in
order to have the maximum emission at 40GHz, and whérerepresents the conversion factor from
thermodynamic to antenna temperature at a given frequemcfact[D_Qb.I.eL&_Einkb.ein.érL(ZO_O_éb)
utilise several variants of the CMB sky estimated by inteline@ar combination (ILC) methods. Since
an ILC map will necessarily contain foreground residudh® tLC-corrected data contain modified
amounts of the expected foreground levels, anddhierm dfectively attempts to correct for this bias.
Since we did not pre-process the data in the same way, we domually need to include this term in
the analysis, but do so in the expectation that thetment Cy will be consistent with zero. This is,
in fact, the case, and more importantly, as shown in TabletdeD, dust codficient is also consistent
with zero — we do not find any evidence of a spinning dust admextvith the free-free emission.
Interestingly, the simplg? analysis yields a spectral index that is very consisteni wieoretical
expectations<0.14), especially with th& p2 andK Q85 masks.

As noted before, the fferent treatment of the CMB component in the derivation otcibetficients,
together with the dferent fitting methodologies, seem to play important rolesaitempting a
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Figure 4.2: The coupling cdigcients in intensity units (kJgr/R) for free-free emission as traced by the H
template. We show the results from thartica p function analysis are in the leftmost plot, from théunction

in the middle plot, and the values from tjé analysis are shown on the right. Asterisks represent theeder
amplitudes for the&K p2 sky coverage, diamonds are ¥p0, the triangles foK Q85 and the squares f&tQ75.
Best-fit curves are also shown. Thestica p results show an anomalous rising spectrum for the free-free
emissivity with all the masks but th€p0, whereas with thg function and the/? analysis the results are more
consistent with expectations. TKg0 mask shows consistently a steeper spectrum than expdtteg? results

are consistent with the expectations for free-free emissio

reasonable interpretation of the results and a conneatiomhiat has been found by other authors.
Indeed, cross-talk between the CMB and foreground emissithe so-called ‘cosmic covariance’ of
|C.hla.ng_&t_dl.|(2069) — can likely both flatten and steepen ¢terchined spectrum in some cases, and
i rl(ZO_O_Elb) have proposed that thiee& makes it mandatory to subtract a CMB
estimate before attempting any template fitting. In facthaee observed such spectral changes in a set
of simulations in which the foregrounds are described wdtralised spectra (i.8s = 3.1, 8¢f = 2.15,
Bq = 1.7, and a contribution from andAdcorrelated WIM spinning dust component is either included
or otherwise (see Chaptier 5 for more details). However, thieal behaviour is such that the latter
component is not detected erroneously when it is absenisatetected when present. We do not then

find a likely explanation of the inconsistency of our resulith lD.Qb.I.&L&_E'Lrlkb.e'Ln.elrl(Z)D_db) given

our unbiased recovery of the input ¢heients.

4.5 Evaluation of theW MAPsky maps after foreground cleaning

Computing the coupling cdicients between th&/ MAP data and the foreground templates is useful
both to study the spectral properties of the foregrounds tandllow the data to be cleaned for
subsequent cosmological analysis. In our approach, wey @pekastica method to large sky areas,
thus dfectively assuming that each foreground has a single spaalex over the region of interest. In
reality, this is incorrect, and we therefore expect thatdleaned data will contain residual foreground
contamination, as a consequence both of this assumptionthenrelated one that the templates do
indeed provide an adequate representation of the foredgroorphology at microwave wavelengths.
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The study of such residuals is then itself important in otdeyain new physical insight, and to evaluate
their impact on the statistical properties of the cleanedBdiwaps. We have followed this approach in
the 3-year analysis (see previous chapter).

Here, we wish to experiment further with the implementatéthe cleaning approach applied to
the data. To that end, we should recall that theffocients are derived by maximising an approximation
to the neg-entropy over the sky fraction of interest. Sucbralimear function could be dominated by
one or two regions, that are either bright or have complexpmalogies, thus the derived dtieients
would be sub-optimal elsewhere. Indeed, one might spextifet such regions would occur close
to the Galactic plane. Conversely, with a mask that onlywagldigh latitude regions to be analysed
where the spectral variations may be smaller, thefaments may allow a relativelyficient cleaning
of the data and small amounts of residuals. An interestirggstion then becomes by how much low
latitude residuals would increase if the high latitudeffiornts are applied. We therefore determine the
template cofficients as a function of mask, apply the corresponding ctorexto the multi-frequency
data, and then inspect the corrected maps. In SelClidn 4.Bendnvestigate the related impact on an
iterative cleaning approach. We show only the results basdtie p-function analysis, since there is
little visual difference relative to thg-function.

Figured€4.B anfl4l4 show the results for the Q-, V- and W-baatd. d\e show two maps at each
frequency - each map corresponds to the data as cleanedifaldhe template analysis with the
specified mask, but both the masked and full-sky are plot&tbwing the latter can help to reveal
spectral mismatches between the emission in the maskeohregd the high-latitude area used for
the analysis. The exception is the full-sky (FS) analysi®mhonly the point-sources are masked
in the analysis. It is clear that there is a complex patterbaifaviour as a function of mask, and
some dependence on the template used to trace the synchentission. However, with either the
Haslam or K-Ka templates, it is apparent that in general,tiinener the applied mask, the higher
the level of residual contamination. It should also be ndbked in most cases thi€p0 results seem
anomalous and larger residuals are observed. When theri&siaplate is used as the synchrotron
tracer (Figurd—Z]3) the Q-band residuals towards the plaméhe largest in amplitude, with the V-
and W-band comparable. However, the residuals correspgrdifits performed on either the full-
sky or using the processing mask are largely negative foQt@and - there is an over-correction for
foregrounds towards the Galactic plane. Interestingly,Ithv latitude residuals at V- and W-band for
the full-sky analysis are relatively small and positive andfined to a very thin disk (a similar structure
is seen at Q-band though embedded in the larger region ofsoNracted foregrounds). However,
there appear to be more structures at higher latitudes than wore extensive masks are applied. Not
surprisingly, the foreground cficients are driven by the high amplitude Galactic plane $jgna
are then sub-optimal for the high-latitude correctionsr the masks commonly applied fo¥ MAP
analysis, the cleaned maps at high latitude look very ctargisand the low-latitude residuals tend
to be smallest for W-band. As noted above, K0 results are a curiosity and the level of residuals
seems unexpectedly to be higher than for eithektp2, KQ85 orK Q75 masks, the latter case perhaps
indicating some connection to the bright free-free regitbyas are masked therein. This argument may
well be supported by the clear excess towards the Gum neHolaever, with the non-linear analysis
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Figure 4.3: WMAP Q-, V- and W-band cleaned by subtracting foreground teraplataled by the coupling
codficients determined byastica with the p-function. The maps are shown in a conventional mollweide
projection in a Galactic frame-of-reference , with the hgatle at the top of the image and the Galactic Center in
the middle with longitude increasing to the left. The regiam grey correspond to the bright Galactic emission
and point sources excised from the analysis by the maské féaccorresponds to maps cleaned byfiiomnts
derived from an analysis using one of 6 masks — FS (full skigpagh the point source mask is still employed),
proc (the processing mask), Kp2, Kp0, KQ85 and KQ75. Themakiare divided into three pairs, each pair
corresponding to one of the three frequencies considerglmsited. The left-hand plot in the pair is the full-
sky map cleaned using the dheients derived when applying the indicated mask, the rigintel plot then shows
the cleaned map with the appropriate mask applied. Thetsteugisible on the full-sky that falls within the
analysis mask indicates théect of spectral mismatch between the low- and high-latiglde Clearly, the first
row can only show one map since the two cases coincide fol-akylanalysis. Here, the adopted synchrotron
template is the Haslam map.
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Figure 4.4: As the previous figure, but using the K-Ka tenglfr tracing the low frequency foreground
emission.
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performed byrastica it is difficult to be too precise about the origin of this behaviour. therK-Ka
template, the low-latitude residuals are generally pasigixcept for the full-sky analysis where there
is a complex mix of positive and negative structures at Q-\&bhdnd, and for th&K Q75 mask where
the residuals are predominantly negative. The results $eesnggest an improved cleaning of the
data, particularly at intermediate latitudes. It is agaassuring to note that, in all cases, the dominant
frequency-independent CMB structures are well-pronodtédigh latitudes.

4.6 lIterative application of rastica on pre-cleaned data

In ChaptefB, we introduced the concept of an iterative apptin ofrastica to the data. Specifically,
we applied the algorithm to sky maps that had already beemnete using templates with coupling
codticients themselves derived usingsartica analysis. Here, we continue the study begun in the
previous section by applying such an iterative step as daifumof mask to data sets pre-cleaned with
codficients that are also a function of mask. However, we allowntiask utilised to determine the
template cofficients to be dferent to that applied in the iterative phase to the clean& dad then
investigate the resulting matrix of results. We utiliseheit the five frequency maps cleaned using
the Haslam template, or the Q- V- and W- band data cleanedeititier of the putative synchrotron
templates (Haslam or K-Ka).

This approach to the problem is interesting in order to stndyore detail the limits of application
of the algorithm. Specifically we can address two relatedtjols:

1. Can an initially poor cleaning of the data be compensaiety the iterative internal analysis of
the cleaned data set?

2. Is it possible to derive a full-sky CMB map cleaned of anyatitude residuals resulting from
the application of corrections based on high latitude foyagd codficients? If not, can we
determine the minimal mask, that allows reliable extractbthe underlying CMB signal?

In fact, we speculate that the combination dfelient masks at ffierent stages of the iterative analysis
can dfectively introduce some sensitivity to the relative mix apectral variations of the foreground
components on the sky.

In our rastica implementation, for a blind analysis & input sky maps we expedi returned
independent components. One of these will be identified @CMB sky, the remainder correspond
to other physical components on the sky. In Figlirek[4.5, Adtal, we show the spatial distribution
of this residual foreground derived as a function of the maséd initially to compute the template
codficients for cleaning the input sky maps, and of the mask ussdlisequently perform the iterative
analysis. Each row of the plot corresponds to results defieen maps cleaned with those ¢heients
determined for a given mask, whilst each column corresptmdssults derived when using the stated
mask for the iterative analysis. Consequently, the diagovaps are those returned when the same
mask is adopted for the two steps of the analysis.

When the standard masks (i.€p2, Kp0, KQ85, KQ75) are used in the two steps of the analysis,
we find that only one of the additional non-CMB componentsnetd byrastica is actually consistent
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with a foreground residual, the remainder being relatedtsaiand residual dipole terms. A box in the
plot highlights these maps which we retain as the most istiexg results. Conversely, when either the
processing mask is used or a full-sky analysis is performezhe of the two step of the analysis, the
cleaned data remain strongly contaminated from the Galémtegrounds, and there is no clear single
map representing foreground residuals. Neverthelessoimpleteness, we show representative maps
that contain at least part of the strong foreground sigmesome cases, e.g. when the processing mask
is used for iterative analysis after data pre-cleaning withstandard templates, there is evidence of
consistent residuals with those shown in the red box in El@. However, it is not possible to draw
strong conclusions from these cases.

If we compare the new 5-year results with the 3-year resutts) four previous analysis, we can
confirm the previous conclusions, which are actually reitdéd thanks to the wider set of masks
adopted here.

e There is strong evidence of a residual which is concentnaged the Galactic Centre and along
the edge of the mask.

e There is a residual associated with the North Polar Spur isetlie Haslam data, clearly visible
when all fiveW MAPfrequencies are included in the analysis and the Haslam snaged as the
synchrotron template. This oversubtraction of the emissiplies a spectral eierence between
this region and high latitude regions. However, the amgéttalls df when a larger cut is used,
which may indicate some variation of this index along ther'spextent.

e The spatial distribution of the contamination is larger whee analyze the K-, Ka-, Q-, V- and
W-band data using the Haslam map as the synchrotron tentpétevhen only the Q-, V- and W-
band maps are input data. Moreover, the amplitude of thduakis also lower in the latter case,
implying a spectrum that falls with frequency. Whether tegidual is a new physical component
of emission or simply a region where the spectral index iseftahan the high latitude areas is
unclear.

e The intensity of this component gets even weaker when theakridp is adopted to model the
synchrotron emission. This is a consequence of the facthleak- and Ka-data do contain this
emission component which also supports the concept thaigbef internal templates such as
the K-Ka map, even with a simple global scaling, provides aerarcurate means to model
the foreground contaminations than from data obtained athnower or higher frequencies.
However, the physical interpretation of such templatesfitcdlt since they are certainly mixtures
of several components.

Including the new cases of analysis, where the masks aredyrodeer interesting points come out:

1. The processing steps with respect to masking do not coenfat example, the residuals from
the iterative analysis using Q85 mask applied to maps cleaned Kp2 codficients are not
identical to the case when the masks are reversed.



4.6 lterative application of rastica on pre-cleaned data 97

2. When the scaling factors are computed with the thinneks@gamely theK p2 and theK Q85),
the spatial distribution of the residual is similar regasdl of the mask used for the iterative
analysis. Therefore, the component is not a simfilece of the cut of the Galactic plane.

3. The algorithm provides a good component separation at@mwe adopt the cdiécients relative
to the largest masks: the algorithm is able to recover thduabwhose amplitude depends on the
mask applied in the second step of the analysis. What is itestied in the cleaning process, is
actually recovered by the iterative analysis.

4. The residuals associated with tikgpO codficients and the K-Ka template seem to show
unexpectedly high amplitude compared to smaller cuts amgithilarK Q85 mask.

5. TheKQ75 codficients computed with the K-Ka template seem to be the optimes in order to
clean the data: the residual maps appear uniformly cleae.obkious conclusion would be that
they give the most realistic description of the contamidatey. However, this idea is not always
supported by analogous considerations about the CMB coemoln fact, the set of céicients
are reliable only when thKQ75 mask is used also for the iteration. In the other cagsesica
mixes all the components and part of the residual actuahyasninates both the CMB map and a
third component, which generally shows a noise pattern.

The last point highlights that a consideration of the realigsluevealed by the iterative analysis can
actually be misleading, and is not afiscient figure of merit to quantify the performance of such an
analysis by itself. To make such a judgement, we must conti@eCMB component returned by the
analysis and, in particular, its power spectrum. Howewaioite we make this assessmentin Sedfioh 4.7,
we make a small digression.

4.6.1 Isthe foreground residual the WMAPhaze'?

Since we cannot simply associate the recovered residug@oemt with any of the standard templates
used to describe theftlise Galactic emissions, we attempt to address the issigespfatial distribution

and physical origin. In facL_D_o.b.I.QL&_E'Lnkb_e'u 4;L(Zlb8a)/balready attempted to give an answer to

these questions, and identify the residual (the so-caliddiAPhaze) as a hard synchrotron component,
whose origin is linked to dark matter annihilation in the trerof our Galaxy (see Chaptér 1). They
also provide a simple model for its spatial distributionyedy:

h(x{%—% forr < ro; 4.2)

0 forr > ro,

wherer is the angular distance to the Galactic centergnd arbitrarily set equal to 45 degrees.
Examination of the maps returned bstica indicates that a spherically symmetric distribution is
not the optimal one to describe the component. NeverthedeBeect fit of this model to our maps shows
a quite good agreement, with a correlation féiceent of Q45. Therefore, we adopted it as a fourth
template and repeated the iterative analysis using theahliasiap as the soft-synchrotron template.
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Figure 4.5: Maps of the residual component recoveregsbyca with the iterative blind analysis of the cleaned
K-, Ka-, Q-, V-, and W-band data. Results on a given row aré&ddrfrom input maps cleaned using €oaents
determined for the stated mask; results on a given columdeaiged when the stated mask is used in the iterative
step of the analysis. The labels have the same meanings @eH@. The numbers over the maps refer to the
list of comments in the text. Here, the Haslam map is used wsansotron template. The red line highlights the
cases where single well-defined residual component istaéetethe black line separates regions wheftedent
temperature scales have been used for the plots.

A physical interpretation of the coupling déieients returned byastica is not simple: the values are
negative for all the frequencies except the K- and Ka-bamd&ing a spectral index computation very
difficult. Nevertheless, we used the values to clean the dateoastered the amount of contamination
still present in the residual map from the correspondingiitee analysis. Although these dfieients
are representative of the bestrica solution when the haze template is used, a negative valysexdio
to clean the data canffectively correspond to the introduction of a spurious fooegd residual in
the data. Therefore, we also studied the case where the éagdate cleaning was only performed
for the K- and Ka-bands; for the remaining frequencies waimed the old three-template dheients.
Figure[4.8 shows the residual maps obtained in these twe edsen theK p2 mask is applied to the
data together with the previous result derived from thegheenplates fit of the data.

When the haze template is employed, bright emission ardwmborthern extension of the Galactic
Centre is still present, whilst the Southern hemispheresgion is essentially removed. There is little
obvious diference between the two cases. Some refinement of the hazéisstilerequired.
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Figure 4.6: Maps of the residual component recoveregsbyca with the iterative blind analysis of the cleaned
data Q, V and W band. Rows and columns have the same meaninguas[E3 as well as the red box and the
numbers, and again the Haslam map is used as the synchreinphate.

4.7 Power-spectrum evaluation of iteratively cleaned maps

Note that, in what follows we will use th&/ MAPteam’s 5-year power spectrum derived from the V-
and W-band data using the MASTER algorithm over all anguiaf& as a canonical reference. This
should not imply that the result is indisputable, nevedhslseveral independent analyses have yielded
results in good agreement. Moreover, we will make compagsm a qualitative level regarding the
broad features of the spectrum, rather than make detaileckimces about cosmological parameters.

In Figure[49, we show the CMB maps obtained when the fitil AP bands are cleaned using
the codficients determined from an analysis when the Haslam map isogegpas the synchrotron
template: we chose this case as the best example to commesihoa it connects to further analyses
described later on. We divide a description of the results ftwo sections — the first dealing with
more conventional analysis when only partial skies areyaedl, the second considering cases when
the signal for the full sky is utilised in at least part of theadysis.

1Private communication: G. Hinshaw (2009)
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Figure 4.8: Maps of the residual component recoveregsbyica with the iterative blind analysis of the cleaned
data. These are produced using the couplindgfments obtained from the templates fit where the haze templat
is not used (left), when it is added as a fourth template &#¢mind when the haze déieients are only used to
clean the K- and Ka-band maps. The Haslam map is adopted agrtblerotron model.

4.7.1 Partial-sky analysis

Generally, with all the possible combinations of fia@ents and masks, we obtain CMB maps whose
power spectrum is highly consistent with the best estimatfdV MAP. In Figurd Z.ID we have plotted

a subset of all possible power spectra computed by ouriienatethodology. The selection was carried
out on the basis of a reducgd-value computed relative to the/ MAP spectrum, and we show some
best (top panels) and worst (bottom panels) cases. Notalihaibtted power spectra are corrected
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for the contributions of the instrumental noise (deterrdinsing simulations) and the unresolved point
sources folIowinéJALLighI_eLJilL(ZQbQ).

The values of thg?-statistic are generally driven by the loé< 6) and high multipoles{(> 250).

In order to exclude the possibility that such excesses seteipower spectra could be associated with
an underestimation of the noise, we implemented a cros&ipspectrum estimator. Such a method
requires two input CMB sky estimates, which we derived usigsets of the individual DA sky maps.
For Q- and V-bands, the split is unambiguous since thererdyetewo DAs per frequency. For the W
band, we averaged W1 with W2 and W3 with W4. Finally, sincetf@ K-band we have only one
differential assembly, two independent inputs were createa dneeraged maps of the first, second and
third year of observations and the fourth and fifth year, eespely. The inverse has been done for the
Ka band where the same problem exists. Tfieot of these selections is to approximately balance the
noise properties of the input maps for the power spectruruatian. For each of the two sets of maps,
the individual frequencies were then combined with theficients derived from the standard analysis,
and the cross-power spectrum evaluated. In all cases, dsictnfirmed the auto-power spectrum
estimation after noise correction. Therefore, the exd&slylreflects contamination from foreground
residuals at low latitude, rising from an inability of therica algorithm to disentangle the components.
This contamination is probably due to thdéfdrent extension of the masks used to clean the maps and
to internally analyse them.

However, given this interpretation, some anomalies affécdit to explain. We would expect the
contamination to be larger when thep2 and KQ85 masks are used for the internal analysis, yet
the KQ85 mask returns a CMB map with a lower contamination tharkfp®. Moreover, following
this logic, we would expect the processing mask providedbystience team &V MAPto exhibit the
most pronounced excess at higibut on the contrary it is very small. This suggests that tmemonent
separation is mostly driven by specific features of what appas the residual, rather than simply by
its angular extension. This interpretation is also appab@rto explain the results obtained from the
maps cleaned using thep0 mask co#ficients and then analysed with the processing cut. The CMB
component returned hbystica has a power spectrum which is consistently higher than ther aases,
with a larger noise contribution at high multipoles.

4.7.2 Full-sky analysis

As a further experiment, we wanted to test the limits of theliapbility of the algorithm by performing

a component separation study futl-sky maps. In practice, by full-sky we mean the remaining sky
coverage after exclusion of the point sources. This expEnirs interesting in order to seerfstica

is able to function satisfactorily, even when thé&elient sources are strongly mixed with each other, as
they clearly are in the Galactic plane.

In the first stage of the analysis, we find that the compongraragion based on template fits is poor.
This is only to be expected, since the spectral behavioureofdregrounds traced by the templates has
well-established dierences at low- and high-latitude, and since the bright @omsrom the Galactic
plane is likely to drive the fit cd@cients. We find that the cé&ients are very large for the dust
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Figure 4.9: CMB components recoveredfayrica when the cleanelV MAPdata are used as input maps. The
data are cleaned according to the scaling factors obtaisied the Haslam map as synchrotron template pthe
function andall the masks. The iterative analysis itself has been perforuitdall the diferent cuts of the sky
and the five maps. Each row is referred to the mask adoptedripute the coicients, further used to clean the
data. Inside the row, the single map is obtained from thenateanalysis and using a specific mask, whose name
is indicated on the top of each column.

and free-free emissions, but small for the synchrotroratazh. The latter factor probably reflects the
degree of mixing between the sources, which is particustrigng between the synchrotron and free-
free emissions. However, the general trends in spectravielr are maintained, and we adopt the
codficients to clean the data as usual.

After the iterative step, the final recovered full-sky CMB prshows clearly extraneous features
along the Galactic plane, as shown in the top left corner gbife[4D. The corresponding power
spectrum (see Figufe4]11) shows, accordingly, a subataxtiess on almost all angular scales. Note
that the enhancement on small scalés-(250) is in the regime limited by the® Xesolution of the
analysis. Nevertheless, although we do not wish to overbasipe its significance, itis likely indicative
of foreground residuals.

The cleaned full-sky maps (top-row of Figurel4.9) were atecatively analysed using the usual
set of masks to exclude the Galactic plane. In these casefnavihat, on application of a mask, the
excess of power at intermediate and high multipole valuegela disappears, confirming that most
of the previously observed excess is connected to the spusiouctures along the Galactic plane, at
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Figure 4.10: Subset of the power spectra of the CMB compganebvered by an iterative applicationr@$rica
when the cleanetlV MAPdata are used as input maps. The data are cleaned accordimg $oaling factors
obtained using the Haslam map as synchrotron templatqy filnection andall the masks. The iterative analysis
itself has been performed with all theffidirent cuts of the sky and the Q, V and W maps. For an input seapsm
cleaned using cdicients determined for a specific mask, best- (top row) andtagase (bottom row) spectra
are chosen from the corresponding iterative analyses ffpoakible analysis masks using4astatistic relative
to the best-filw MAPspectrum. For clarity, the left column shows the result®atd on a linear scale, the right
column shows the intermediate and higlieralues on a logarithmic scale.

latitudes smaller thar 5°. Indeed, the processing mask itself is alreadyiciently large to produce
this result.

Finally, we have internally analysed the full-sky maps ok utilising the coficients computed
using a mask (leftmost column of Figure¥.9). As expected,dhta appear strongly contaminated
in the Galactic plane region, since the scaling factors ril@sc¢he properties of the high-latitude sky
outside of a specific cut. An intriguing result is constitutey the diference in the nature of this
residual contamination as a function of mask: for the hgjittide cuts, there is generally a negative
region in the Galactic plane, except when using khg® mask which retains positive Galactic plane
structure. This again suggests anomalous behaviour feettesults derived using this mask, following
that described in Sectidn 4.4 and further discussed in @€di4], dedicated to the spectral index
estimation. The consequence of the existence of this congion is again an excess at high values of
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Figure 4.11: Power Spectra of the CMB components recoveyedsinica applied to the data cleaned according
with the codficients obtained with a full-sky analysis. The Haslam mapligpéed as synchrotron template and
the codficients were computed with thefunction. The iterative analysis itself has been perforraedll the
five maps.

¢ in the CMB power spectra, which extends to intermediateescalost notably when using tikgp0
andKQ75 masks. None of the spectra can be considered compellimg$mological purposes.

4.8 Application of rastica on WMAPdata and templates simultaneously

From what has been presented in the previous section, wdudeanthat the experimental full-sky
analysis does not satisfy our expectations. This happetwdéaeasons: first of all, we lose information
on the foreground components because the template fit idypbehaved; secondly, the CMB
reconstruction shows significant contamination, preveniis use in cosmological studies. However,
we did not abandon the idea of producing an adequate fulley estimation, and considered a
data set compromising the ensemble of multi-frequency ndapsinated by the CMB component,
simultaneously analysed with foreground templates. Waidened diterent combinations of the input
data: the fiveW MAP maps were analysed together with the dust and free-free,raapsafterward
also including the Haslam map as synchrotron template. @heesvas done with only the Q- V- and
W-band maps: in this case, when the synchrotron templaténwalsed, we used both the Haslam and
K-Ka maps. Finally, we considered the fi'éMAPfrequency channels alone, in order to quantify the
advantages of including foregrounds models.

In Figure[41P, we show the CMB maps obtained with this newl@mgntation of the algorithm.
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Unsurprisingly, it appears that the higher the number ofiinpaps, the greater the precision of the
CMB map reconstruction. In particular, with all five MAPmaps and the three foreground templates,
we obtained the best CMB map with respect to those recovarall ihe other combinations of input
data. Spurious structures along the Galactic Plane ardyclgsible in all the maps, while in this case
they get much weaker and are perhaps even confined to theparteof the Galaxy. Quantitatively
speaking, we checked the impact of these structures on therppectrum, shown in Figure4113. The
CMB map returned with the largest number of input data is tlestroonsistent with the best estimate
from theWMAP5-year data, even though at higlvalues there is still an excess of power, which is
clearly the consequence of these residuals.

However, we focused our attention on the map obtained fractmbination of the largest data
set, computing as usual the power spectrum as a functionpdiedpmask. This analysis, shown in
Figure[4.TH seems to confirm that the excess is related tctgtes observed along the plane since it
disappears with more extensive cuts. Moreover, in FiQuf8 &ue compared its power spectrum to
those of the CMB maps derived with the internal full-sky gs@ of the cleaned data. The aim of
this exercise was to verify that the new implementatiomasfica was an improvement on previous
attempts.

The excess of power faf > 200 is smaller than in the other cases of comparison, evargtho
the diference is not marked and we are at the limit of the multipotemye imposed by the data
angular resolution of21 On the other hand, however, at intermediate values of tHépuales, it is
more consistent with th&/ MAP best estimation, while the other power spectra are sligfigier in
amplitude.

Ultimately, we want to compare thastica method with the results of other methods currently
used to achieve the same aim. We considered the ILC map mdductheW MAP science team
dG_oJ.d_et_aJ.l_Z)_dQ), a similar foreground-reduced map inclvlihe frequency dependent weights were
determined in harmonic spacelbgusim_ek b.LdOOS) (here&fteC) and a further alternative obtained
byl[lela.hm.ulll.e_el_dl.L(ZO_d)Q) using needlets as the basibefinalysis (hereafter NILC). Since these
techniques make use of th&# MAP data alone without any augmentation by internal templates,
revert to the fully blind analysis also performed for WeM APthree-year data i|n_Ma.'Ln.o_e_tJdL_(ﬂ|)07),
and consider the case when all five frequency bands are usgain,Ahe power spectrum has been
chosen as the figure of merit to compare the performancesesetmethods. These are shown in
Figure[4Ib. We have used published information to comhéabise correction to the spectra based
on simulations, except in the NILC case where a correctiendeen directly provided, though here
no correction for unresolved point sources has been made.pdWwer spectra of the HILC and the
NILC maps are the most consistent with MEM AP best estimation, whereas the ICA map seems to
be the most contaminated with residuals, since it showsaigest excess of power on small angular
scales. However, in some sense, the comparison is unfardsmsrica since the other methods allow
some regional dependence of the weights used to form thealp@MB estimate, either by solving for
codficients in diferent regions of the sky separately, or finding a best spatiatying set of weights.

In conclusion, the ICA approaclHtards a fair estimate of the CMB signal, although improversent
are still possible. However, at this stage, we simply tookaathge of this result to address another
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Figure 4.12: CMB maps returned listica when applied on dierent combinations of data. Several cases
have been considered: i) tNé MAPmaps at the K-, Ka-, Q-, V- and W-bands together with threegoyunds
templates, where the Haslam map is used to describe thersyrwehemission; ii) thaV MAPmaps at the K-,
Ka-, Q-, V- and W-bands together with the dust and free-feeepiates; iii) theNV MAPmaps at the K-, Ka-, Q-,

V- and W-bands; iv) th&V MAPmaps at the Q-, V- and W-bands with the dust and free-free ey v) the
WMAPmMaps at the Q-, V- and W-bands together with three foregretechplates, where the Haslam map is
used to describe the synchrotron emission; v)WhBIAPmaps at the Q-, V- and W-bands together with three
foregrounds templates, where the K-Ka map is used to destrd synchrotron emission. The cleanest map is
the one obtained from the first case considered, but gepey@lirious structures are visible along the Galactic
Plane in all the maps.
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Figure 4.13: Full-sky power spectra of the CMB maps showniguie[Z.TP.
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Figure 4.14: Power spectra of the CMB map (KKaQVW®foreg in Figurd_Z.12) returned by a full-skystica
analysis when applied simultaneously to the fiVdVI AP maps together with three foregrounds templates. We
used the Haslam map as synchrotron template ang filnection. Power-spectra are then evaluated after applying
a variety of masks.

guestion.

4.8.1 Whatis the minimal mask?

Given the imperfections of our full-sky CMB map reconstrant we are forced to apply a cut in order
to use it to extract cosmological information. We therefmek the opportunity to define the minimal
mask required byastica to recovered a non-contaminated CMB map.

In order to determine the mask, we first implemented \WBIAP thresholding method used to
generate theKp2 and KpO masks as described IIJ_)LB_e.nn.elt_eIt E.L_dZOOS), but here dptdi¢he
rasTicA map. However, we found that, given the relatively low amyalés of the residuals, pixels
for a given threshold set soon included likely genuine CMiBictures, which then contaminated the
mask. Consequently, we considered simple parallel cutsfidrdnt latitude extension. Finally, we
determined a minimal mask, which is the union of the processiask and a parallel cut of the regions
with |b| < 6°. As usual, we also excluded the point sources, accordingeartask provided by the
W MAPscience team. The result is shown in Figure ¥.17. Fidure® @nt{4. 16 then show the power
spectra derived from th&/ MAP data either including or excluding the three foregroundpiates
respectively for this mask. In both cases, the agreementtivt\WW MAP spectrum is impressive over
all £, with the remaining dferences being on large angular scales.
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Figure 4.15: Comparison of the power spectrum of the CMBved from the simultaneous full-sky analysis
of the WMAP data together with the templates and those obtained witlsithaltaneous internal analysis of
the cleaned data. We show all thétdrent combinations of the input data internally analyselde fiesults are
obtained sing the function.

4.9 Discussion

In this chapter, we have undertaken a foreground analyslsed/ MAP 5-year data using thesrica
algorithm, as previously applied to thé MAP 3-year data (see Chapfér 3). Various improvements in
the implementation have allowed us to address several opestiqgns from our previous work, and
allowed some experimentation with the technique.

We used the code to perform a foreground fit of the data on auémcy-by-frequency basis,
where the Galactic components are described by all-skylttagobtained at wavelengths where the
corresponding emission mechanisms dominate. Specificadlyadopted thE‘_E'Lnkb.eﬁer_(Z(bO:s)yH
map as a template for the free-free emission|_the Finkbeirt 199b) FDS8 model for thermal dust
emission, and the 408 MHz radio continuum all-sky maﬂ)&f_alasht_a'. kmd2) as utilized in the
first yearW MAPanalysis for the synchrotron emission. In the latter casehawve also considered the
differenced of th&V MAPK- and Ka-band data, as preferred in their 3-year analysis.

The first step of the analysis is the computation of the cogpipéticients, which give an estimation
of the contamination of the foreground emission level in taa. We know already that these
codficients depend on the extension of the mask used to excludedkecontaminated regions of
the Galactic plane. We further investigated this depenelghanks to the neW Q85 andK Q75 masks
provided by theW MAP science team. We confirmed the result which reinforces tba af a spatial
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Figure 4.16: Power spectrum of our best full-sky map obthinéh rastica, compared with those of thé/ MAP
ILC map, the HILC map produced hy Kim etidl. (2008) and the Nto@p of_ Delabrouille et all (2009).

Figure 4.17: Minimal mask derived from thestica simultaneous analysis of the five full-sky MAPdata with
the three foreground templates. It is basically the contlanaof the processing mask and a parallel cut of the
regions of the Galactic plane withl < 6°. As usual we also excluded the point sources, accordingtihdtimask
provided by theV MAPscience team.

variation of the foreground emissions. Moreover, it suggése component separation is driven by
some key regions, rather than the extension of the mask i@elthe other hand, we reestablish some
anomalies obtained when tikg0 mask is adopted that remain unexplained.

We have considered the spectral behaviour of the derivdihgdactors when the_Haslam etlal.
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(@) data is used as the synchrotron template, since arpiatation of the analogous results
derived using the K-Ka template is compromised by the faat ithis itself a mixture of foreground
components. We evaluated the spectral index for the sytrdmr@mission, the anomalous dust-
correlated component, and the free-free emission. In teetfiro cases, we found steeper, though
statistically consistent, spectral behaviour as comptrgdevious analysis, e.b_D_asLi.es_ek bl_(jOOG).

We then focused our attention on the estimation of the free-pectral index. A non-trivial
dependence of the spectral behaviour on the extension ohéisé& confirms what was already found
in the previous chapter, with tH& MAP 3-year data. However, an understanding of the behaviour is
probably associated with two factors — the spatial vanatibthe physical properties of the component
(e.g. electron temperature which directly relates to ttedestactor associated with theaHtemplate)
which is mostly linked to specific structures close the Gadaplane, and the connection of the
statistical properties of the foreground with the respaofsthe algorithm as a function of the non-
linear function used. The spectral behaviour is generadityghd even increasing with frequency, if
the p function is used together with tH€Q85 andKQ75 masks. We have interpreted these spectral
features as a consequence of a self-similarity of the Gaglasin-Gaussian mixtures at each frequency.
When theg function is adopted, a more uniform behaviour, consistetit theoretical expectations, is
obtained. Finally, in both the cases, ti@0 mask gives a steeper spectral index than the expected
value of 214. We note that none of our results seem to be compatibletihgtlexistence of a bump in
the spectrum, as claimed b;LD_QbJ.eL&_Einkb.elir{QL(Zd)OSb) arfequently explained by the existence
of spinning dust in the WIM that is traced morphologicallythe Hx template.

A more extensive approach to the cleaning of the data hasib&educed in connection with the
iterative application ofastica. A set of codficients obtained with a specific mask is used to remove the
foreground contaminations in the maps, which are thennatbr analysed wittall the Galactic cuts
available. This new approach allowed us to check the capabflthe iterative step to recover from a
poor initial cleaning of the data and still yield a credibI®B estimate. A useful figure of merit for
the quality of the results is then the corresponding CMB paspectrum as compared to tiéeMAP
estimation. In general, the iterative approach is very satalthough some not completely satisfactory
results provide a evidence of limitations of the algorith@pecifically, it seems that the algorithm
provides poorer estimates of the CMB if applied on smallgiams of the sky.

Associated with the iterative analysis, we were able to rdetee the presence of a residual
foreground whose spatial distribution is concentratech@lthe Galactic plane, with pronounced
emission near the Galactic center. The extension of thiduakis independent of the mask used,
meaning that it is not just thefect of a poor component separation. However, it decreasealitude
if the K and Ka band are not included in the input data set, anterso if the K-Ka map is used to
compute the synchrotron ciheients. This indicates that the component has a fallingtsp@cwith
frequency, but whether it is a new physical component or Bilmpmanifestation of a region with
different spectral behaviour from the average fdlilt to determine. In any case, it does confirm
the utility of the K-Ka data as a better template to descrhmee low-frequency foreground mixture.
In fact, this emission was already observed in the SMICA)&B"iaIOfLEaIa.n_Qh.Q.n_eLIaIL(ZdOS) and
is clearly consistent with the&V MAP haze oiLE'Lnkb_e'LnJeﬂ_(Z)Qha). The putative model of its spatia
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distribution proposed d;LD.O.b.lﬂL&.Ei.ELKb.Qi.H‘_L(ZQb8a) isriduo be in reasonable agreement with the

data, although some refinements are required.

Finally, we attempted a full-sky analysis of the same dataEsesn though the code then challenged
to work in regions of the sky where the cross-talk among thepmnents is very high, we find that
rasTIcA IS Still able to achieve good results, particularly basedhaniterative analysis of the cleaned
data as originally implemented in Chaplkér 3. We focused ttention on the CMB reconstruction,
comparing the results with those produced by a simultananakysis of the multi-frequendyV MAP
data with the templates. In this case, the result is slighglyer. On the other hand, a direct comparison
of the power spectra of the ICA CMB map with variants of the ldy@proach proposed recently (HILC,
NILC) suggests the need to include more spatial dependenoarianalysis. Indeed, the excess of
power observed on small angular scales is likely the sigaatfisome residual structures along the
Galactic plane. Consequently, to partially compensatstich structures, we defined a minimal mask
to be used in a practical analysis of the derived CMB map. €kaltingrastica power spectra for our
preferred data sets then agree remarkably with the bestastof the CMB spectrum provided by the
WMAPteam.
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Chapter 5

A refined study of the free-free frequency
spectrum

5.1 Introduction

The analysis presented in Chapférs 3[@nd 4 has shown then, thie foreground scaling cieients, it
is possible to derive the frequency spectra of the singlegi@und components.

The codficients can generally be computed by means fikdent kinds of analysis, as described
in ChaptelR. Therefore, it is interesting to compare thelte®btained with dierent methods. By
this point of view, the work presented b;LDQbEL&.EIﬂKdedm&H}J) anh.DQ.b.L&LetJaL(ZiOQ) and
their claims about the free-free frequency spectrum argcpiéarly interesting. They assert that the
Ha map, generally used to trace the free-free emission, stadsiiddo so for a spinning dust emission
component, and that such a model is consistent with the salfi¢ghe Hr codficients which they
derived. Specifically, they foundlumpin the spectral behaviour of these @o@ents, which can be
explained as a contribution from the spinning dust emissidhe Warm lonised Medium (WIM).

The spectrum derived from ousstica analysis did not show any consistency with the model
proposed biLD_QbJ_e_LeLbL_LZdOQ), although, depending omidiek used, it demonstrated some peculiar
behaviour.

The work presented in this chapter aims to investigate irerdetail the discrepancies between the
results of the two analysis, taking into account theffetences and the impact of them on the results
themselves. Practically, we repeated our analysis comfigrour working conditions to those used by

lD.O.b.I.&LQLaI.l(ZldQ).

5.2 Fitting procedure used by Dobleret al.

The foreground study carried OUtb;LD_QbJ.&L&_EiﬂKb.dirilﬂL@ﬁS a simple cross-correlation analysis

(see Chaptdrl2), applied to théMAP data previously cleaned of the CMB emission. The data are
described by the equation:

Pa=w, (5.1)
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Figure 5.1: Mask of the Galactic plane produced by Doblet!¢PA09). They masked out the regions of the sky
where the dust extinction atd{ as estimated by the maplof Schlegel étlal. (1998)\(li4r) = 2.65E(B-V) > 1
mag. Additionally, they masked out all point sources lisbgdthe WMAP science team as well as the LMC,
SMC, M31, Orion-Barnard’s Loop, NGC 5090, and the HIl regaznund{ Oph.

wherew is the CMB-subtractedlV MAPdata, andP is a ‘template matrix’ whose columns consist of
foreground templates, for the d@ieient vectora, whose entries represent the weights of the individual
foregrounds. The adopted templates are the Haslam map al¥@gHaslam et &l., 1982), the FDS
94 GHz map by _Finkbeiner et lal. (1999) and the khap produced by Finkbeiner (2003) for the
synchrotron, dust and free-free emission respectivelgydssumed no knowledge of the foreground
components spectra. The latter are derived by fitting thghtsithemselves.

The correlation between the cosmological signal and thegifmund emissions makes the cleaning
of the data mandatory, since iffacts any foreground analysis and is a major source of sysitema
errors. However, subtracting the CMB contribution, estedeby means of the ILC, introduces a bias
in the data, due to the foreground residual whifflees the CMB estimation itself (see Sectlanl 2.3).
Therefore, the choice of the CMB estimator can dramaticdtlct the inferred foreground spectrain a
given fit, due to the dierent amount of residual which depends on the way the esinsagjenerated.
This issue is particularly relevant for the character@anf the free-free spectrum, given the claims
about the presence of a bump.

To assess such an impélct, Dobler etlal. (2009) experimentbdlifferent CMB estimators, which
are basically dferent realizations of ILC maps.

e First of all, they used the published ILC map derived by\WsIAP team for the five-year data.

e The set of cofficients obtained for the Region 0 (according to the subdixisi the sky proposed
by WMAPshown in Figur€Zl1, basically the regiofi the Galactic plane) have been adopted to
generate the second estimator.

e The third one is the ILC which minimizes the variance oveirtbhemasked pixels. In their mask,
which is also used throughout the later analysis, they cuth@regions of the sky where the dust
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extinction at Hr, as estimated by the map|.0.f§.chLeg.eI.ét|.aL(Jl9989(Fr£a) = 265E(B-V)>1

mag. Additionally, they masked out all point sources lidbgdheW MAP science team as well
as the LMC, SMC, M31, Orion-Barnard’s Loop, NGC 5090, and khkregion around? Oph
(see FiguréBb]l). This mask covers2% of the sky: in comparison the nominal mask for the
temperature analysis 8 MAP (the KQ85 mask) excludes 22% of the pixels, although slightly
differently distributed mainly along the Galactic plane .

e Furthermore, they adopted the so called ‘high frequenadynesor’ that removes the dominant
foregrounds (thermal dust and free-free) from the 94 GMKIAP data. It is described by
CMB = Tosn,— FDS — AHa, where the constartis determined from the approximate free-free
amplitude at 23 GHz and traced to 94 GHz assuming a power ldlaedbrmT ~ v215,

¢ Afifth estimator is created from the internal linear anadysfitheW MAPdata previously cleaned
of the thermal dust contribution, which is assumed to beritesd by Ty = (v/94GH2)'xFDS.

e Finally, they generated a map using khﬂegma.tk]elLaliZ@@ﬁ)od, which makes use of a linear

weighting of the data in which the weights depend on the paoiki¢ of the spherical harmonic
expansion of each of the fi& MAPbands.

The solution to the Equatidn®.1 is given by the ffi@éents

a=(P/o)" (w/o) (5.2)
which minimize the quantity:
P w|? [Pa-w|?
H_ B (5.3)
ag ag g

These are the coupling ciiieients between th&/ MAP data and the foreground templates, by fitting
which itis possible to derive the frequency spectrum of $soaiated emission. The chosen foreground
model to fit the K codficients is given by the contribution of free-free plus CMB aNtM spinning
dust emission. For the last one, they assumed the model oDl azariah k]_9_9_db) (hereafter
DL98), with the maximum of emission shifted to 40 GHz:

v
23GHz

4

23GHz

-0.15 2
) ¥ DO(DL98, Vooak = 4OGHz) ¥ co( ) a(v) (5.4)

I mod = FO(
wherea(v) is the factor which converts th&T thermodynamic temperature to antenna temperature
at a given frequency, andF,, Dy andC, are the free parameters which quantify the amplitudes of
the three components. The last one is actually a componéntaMCMB-like spectrum (i.e. flat in
thermodynamic temperature), which is included to take attwount the residuals in the ILC maps used
to clean the data.
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5.3 Monte Carlo simulations

Dobler et al. @9) have pointed out that the spectral ccos®lation co#ficients do depend on the
CMB estimator used. However, they also stressed the fatsthee they fitted out a CMB spectrum
in the interpretation of the correlation spectra, the fieauits for the k-correlated spinning dust do
not depend on the choice of the CMB estimator and, theretoréhe subtraction of the CMB itself.
Nevertheless, given the discrepancy with our results ($epterdB anfl4), it is natural to investigate
whether a fake detection of a bump in the free-free spectsupossible, mainly as a consequence of
the subtraction of the CMB emission from the data.

To answer this question, we used simulations, which are atsoseful tool for addressing other
interesting points:

1. whether a fake detection of a bump in the free-free specisunduced by a cross-talk among the
components: this is the main reason why we did not study dréyfree-free spectrum, but we
carried out the same analysis also for the other components.

2. what the error bars are for a template fit when a CMB map ispbéracted. From th&/ MAP
noise alone, the error bars should be very small becauseedhitih W MAP signal-to-noise.
However, the CMB cross-correlation bias is not small, anchjrints a CMB spectrum on the
derived frequency spectrum: this could explain why therdvews derived in the previous analysis
(see Chaptdil4) are so much larger at 94 GHz compared to 23aHzgenerally larger than the
error bars derived d;LD.O.b.Ler_etl J__(zd)og).

3. whether not detecting a bump, but instead a rise in thetspecis possible when the WIM
contribution is included in the foreground model: one of tesults of our analysis proposed in
Chapte® indeed, is a free-free spectrum which arises wattuency depending on the mask
used to exclude the Galactic plane.

In practice, we run two sets of simulations, considering thfferent foreground models:

A. The first one is a model where the free-free emission is apetated with spinning dust. This
is created using the usual three templates for synchrotreesfree and thermal dust emission,
scaled at the dlierent frequencies with idealised spectra, Bg.= 3.1, B¢f = 2.15,84 = 1.7.
The amplitude is chosen in order to make the resultant cogiplbdficients comparable to those
derived from the real data analysis. However for the dusttspe, we added an actual spinning
dust component from Cold Neutral Medium (CNM), whose modelérived using the SPDUST

code developed d;LAlj;Halm.o_u.d_eﬂell_(ZbOQ) and shown iufeR.2.

B. The second one includes also the free-free correlatedisyg dust emission from WIM, again as
derived by the SPDUST code (see Figluré 5.2).

As usual, the foreground model for each frequency is ther@dd the CMB random Gaussian
realization, according to th&/ MAP best estimation of the angular power spectrum, and the noise
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Figure 5.2: Spinning dust spectra for several environmenditions: Cold Neutral Medium (CNM), Warm
Neutral Medium (WNM), Warm lonized Medium(WIM), MoleculaCloud (MC), Dark Cloud (DC) and
Reflection Nebula (RN). The environments are defined by Rré&ih azariah [(1998b), in their Table 1. The thin
solid line is the result ¢f Ali-Haimoud et'al. (2009) usimgtSPDUST code, while dotted line is DL98 prediction,
and the dashed line is the free-free emission (the adopteefifee gaunt factor is derived fram Sutherland (1998)).
The plot was taken fromn_Ali-Haimoud etlal. (2009). We coesidl the spectra defined for the WIM and CNM.
The apparent systematic increase of power around the pegueincy for the SPDUST code result is mainly
due to the used grain size distribution, which has an inetasimber of small grains compared to that used by

IDraine & L azariahl(1998b).

contribution, as described in AppendiX A. The maps are sylEly used to run thesstica and
y? templates fits in the standard way, as done in Chaplers Elafadidhermore, they are internally
analysed to produce an ICA and ILC estimation of the CMB whgchubtracted from the simulated
data themselves. Finally, also the CMB cleaned simulatéal al@ fitted with templates witiastica
and they? approach.

Although the real data analysis has been carried out camsgpdifferent cuts of the Galactic plane,
for the simulations we used only tkgp2 mask, due to the fact that the pipeline is quite time consgmi
For the same reason, we adopted onlypifiegnction among those generally used witkrica. We tested
that these choices do ndfect our results and conclusions.

As already mentioned, the subtracted CMB emission is egtianaither byrastica or the ILC

method. For the latter case, we reproduced some of the meplsbﬁD_o.bJ.er_eLEll.L(ZO_d)Q), which

we refer to as:

¢ 'NoICA": the CMB emission is traced by the ICA map computedside theKp2 mask and it is
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subtracted before the templates fit.

e ‘'NolLC’": the CMB emission is subtracted and traced by the in@p computed over the whole
sky, using the 12 regions defined by teM AP science team.

e ‘NoILCKp2': the CMB emission is subtracted and describedhsy ILC map computed over the
region of the sky outside thep2 mask.

e ‘nolLCnoThDust’: the CMB emission is subtracted and trabgdhe ILC map computed over the
whole sky, using the 12 regions defined by YWéVIAPscience team. The thermal dust emission
is not included in the data.

e ‘NolLCKp2noThDust’: the CMB emission is subtracted andatdsed by the ILC map computed
over the region of the sky outside tHg2 mask. The thermal dust emission is not included in the
data.

5.3.1 Simulations results

An interesting cross-check on whether the modeled sky bgtoeatches theN MAP observations is
whether therastica and ILC codficients are similar to those derived from the analysis of teeoved
data or not. To assess this point, we studied the distribsitidd the weights obtained from the internal
analysis of the raw simulated data, and compared them te ttie@sved from the analysis of the real
ones. These are shown in Figlrel5.3 5.4 respectiveljhnéomiodel which does not include the
WIM emission and the one that includes it.

It is easy to note that thexstica results are more spread than the ILC ones. Furthermoregin th
latter case, the mean is generally not consistent with theesaexpected from the real data analysis:
for a frequency larger than 40 GHz (Q band), the values argdrithe distributions. This is not the
case fomastica although this result is mainly due to the fact that the disiions are very spread: the
real weights are still consistent with the mean of the dstibns or, at least, they lie on the tail. This
discrepancy in the width of the distributions is probablg Hfect of the diferent statistic employed
by the two methods as well as the fact that the ILC imposes at@int on the CMB spectrum. On
the other side, the inconsistency of the mean of the digtabs with the weights derived from the real
data analysis, suggests the idea that the foreground meddlfor simulations does not realistically
reproduce the observations. Thus, our poor knowledge dboedgrounds partially compromises the
usage of simulations to predict real data analysis results.

We also examined the distribution of the derived couplingffocients of all the components with
respect to the mock data, and the cross-talk among them.atesddbefore, although the attention was
focused on the free-free component, the distribution osgmehrotron and dust cieeients have been
analysed as well, in order to have a complete picture of tinellsition response, and to check that the
results obtained for the free-free emission were not jugiresequence of a bad reconstruction of the
other components. For a non-standard analysis, we codréotevalues for the bias due to the CMB
subtraction. This value has been derived by fitting all thetfoments to the models assumed, as follows:
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Figure 5.3:Simulations without WIM emission. Statistical distribution of the weights derived to congttie
CMB map usingsasrica (red) and the ILC code (blue). The first one is computed oetgiéK p2 mask and the
latter has been computed using the partition of the sky megpdy theV MAPscience team. The green (ICA)
and yellow (ILC) lines show the values of the weights receddny the real data analysis.

v -31 v 2
Imocisynchro'[ron = Async(m) + COa(V) (23GHZ) b (5-5)
v 17 v 2
Imoddust = AThDust(m) + ACNM(CN M) + COa(V) (23GHZ) (56)

whereAgynch Arhpustand Aoy are the amplitudes of the synchrotron, the thermal and spniust
emissions respectively, ai@j is the dfset. Equatiof 514 is the equivalent one for the free-freessiom.

The codficients of the synchrotron and dust emission derived fronstaedard analysis (without
subtraction of the CMB) have a symmetric and not biasedidigton. In the cases where the CMB
Is subtracted, instead, there is a bias which can be sigmififadompared with the error on the mean.
This is probably the consequence of a cross-talk betweetwthemissions, which is further enhanced
by the bias introduced by the ICA and ILC maps. Such a deviasmot present in the distributions of
the free-free ca@icients, meaning that they are not involved in the cross-talk

Finally, comparing the coupling céicients obtained from simulations and those derived from the
real data analysis (see Sectlon]5.4), we detected a disagnédetween them. When the CMB is pre-
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Figure 5.4: Simulations with WIM emission. Statistical distribution of the weights derived to conmgtite
CMB map usingsasrica (red) and the ILC code (blue). The first one is computed oetgiéK p2 mask and the
latter has been computed using the partition of the sky megpdy the’V MAPscience team. The green (ICA)
and yellow (ILC) lines show the values of the weights receddny the real data analysis.

subtracted, the céiécients are generally not consistent with the real ones, ih tiee cases where we
include the WIM emission and we do not include it, and withhbthte rastica andy? methods. This
is a further indication of the fact that the adopted foregmodel is not perfectly consistent with the
real observations. The presence of the bias in the CMB ©anakes the discrepancy even larger.

A critical issue is to disentangle thefidirent contributions encoded in the free-freefioients
following the prescription proposed I);LD_Q.bJ.QI”_ek Ial_(ZIOﬂﬁ)theFASTICA and ILC corrected data. For
both the sets of simulations, we fitted the fimgents with both the models, looking for the genuine
free-free emission as well as for the correlated spinnirgj§ domponent. In practice, in the case where
the model A is adopted, we checked that there were no faketdeis: the mean of the ciients
for the spinning dust component should be consistent with. 28n the other side, when the B model
is used, fitting the cd&cients under the hypothesis that they can be described abygree-free, is
interesting in order to see how the fits behave. In other wand$e first case we can test whether we
can obtain a bump when there is none, and, in the case wheesisteebump, whether we do not have
evidence of this.

Figured5.H, 516,517 show the spectrum behaviour deriad the scaling caécients for the three
components when using the input models. It is clear that fotha cases of analysis, the spectral
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behaviour for both the components is recovered accordirige@xpectations. Specifically the bump
in the free-free spectrum is visible, if the WIM emission ¢ually present in the data. This is true for
either the case where the CMB contribution is subtracted tiee data or not. Therefore, the subtraction
of the CMB contribution does not seem to induce any artifactne free-free spectrum, excluding the
hypothesis that the bump is due to the contamination of th&@Mp by residual foregrounds. Indeed,
the simulations where the WIM contribution is not includadthe foreground model, return spectra
perfectly consistent with the theoretical expectatiotsy avhen the CMB is subtracted from the data.
This is why we retained only the fit with the model used to seteithe data.

Looking at the plots of the frequency spectra, it is also éasyote that, when the CMB emission is
not subtracted from the data, the uncertainty of thdfaments is much larger then in the other cases,
due to the cross-talk between the CMB and the templates. , Takisig into account the amplitude
of the error bars, several scenarios are possible for thetrapdehaviour of the free-free coupling
codficients.

Furthermore there are not dramatiffdiences between the results obtained withica and they?
analysis. However, there are cases of analysis wiherea seems to be unstable: when the ILC map
(created according to th& MAP prescriptions) is assumed as CMB tracer, the algorithm tormes
fails in the reconstruction of the components. The samedrapwhen the ILC map is computed using
data without contribution from the thermal dust emission.

5.3.2 Fit parameters

Tabled B I[BIA B3 add b.4 show the values of the mean, tlle @nad the errors of the parameters
which define the foreground model used to fit the simulated.dae show the results for the three or
four foreground components, depending on the model adpatetditerent cases of analysis.

The statistical properties of the fit parameters reflectdladghe coéficients used to derive them.
In the case of the free-free, the distributions are symmatrd the mean is perfectly in agreement with
the input values. Some odd results however, are obtained thieelLC map is used to trace the CMB
emission, both in the case where it is computed with and wittiee thermal dust emission. For what
concerns the other two components, instead, the distoibsiof the fit parameters are fine if derived
from the standard analysis, but biased, even though synuyietthe other cases. All these results are
consistent with what already pointed out about the crogssttween the two components.

The dfset parameter, included when the CMB is pre-subtracted fileendata, is on average
consistent with zero. However, the contribution for thegt@rsimulations can be significant.
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Figure 5.5:Synchrotron emission. Mean spectral behaviour of the synchrotron emission coegpfrom 1000
simulations. The data are simulated as composed by a sugitgwpoof the CMB, synchrotron emission, dust
emission (which includes the anomalous component as duetG@NM emission), and free-free emission. For
the latter component, we considered both the cases whel#ittieemission is added to the foreground model
(top panels) and where it is not (bottom panels). The armlgsderive the cdécients is performed using the

rasTIcA code (left plot) and thg? analysis (right plot). We have considered only the Kp2 mask.
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Figure 5.6: Dust emission. Mean spectral behaviour of the dust emission computed fro@® kimulations.
The data are simulated as composed by a superposition of Mg, Gynchrotron emission, dust emission
(which includes the anomalous component as due to the CNdséwni), and free-free emission. For the latter
component, we considered both the cases where the WIM emiissadded to the foreground model (top panels)
and where it is not (bottom panels). The analysis to derieectidficients is performed using th@&stica code
(left plot) and they? analysis (right plot). We have considered only the Kp2 mask.
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Figure 5.7: Free-free emission. Mean spectral behaviour of the free-free emission compir@es 1000
simulations. The data are simulated as composed by a sugit@wpoof the CMB, synchrotron emission, dust
emission (which includes the anomalous component as duetG€NM emission), and free-free emission. For
the latter component, we considered both the cases whel#ittieemission is added to the foreground model
(top panels) and where it is not (bottom panels). The aramlgsderive the cdécients is performed using the
rasTIcA code (left plot) and thg? analysis (right plot). We have considered only the Kp2 mask.
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FASTICA 2 analysis
mean o oMPEIT Mmode mean o oMPEIT Mode
Synchrotron
Async[expected value 6.200]
standard 6.222 0687 Q008 5958 6202 0576 Q008 5935
ICA 6.190 Q021 Q032 6190 6193 Q007 Q032 6192
ILC 6.186 Q118 Q028 6189 6193 Q006 Q028 6190
ILCKp2 6.190 Q019 Q026 6187 6193 Q006 Q026 6190
ILCnoT hDust 6.183 Q027 Q049 6176 6192 Q008 Q049 6195
ILCKp2noThDust| 6.189 Q016 Q052 6193 6192 Q009 Q052 6195
offset

ICA 0.031 Q449 Q004 Q134 Q030 Q446 Q004 -0.059
ILC 0.135 0318 Q006 0110 Q184 (0354 Q006 Q198
ILCKp2 0.038 Q0214 Q006 Q076 Q038 0214 Q006 Q010
ILCnoT hDust -0.065 0313 Q003 -0.062 -0.079 Q355 Q003 -0.083

ILCKp2noThDust| -0.010 0213 Q004 -0.033 -0.010 Q0214 Q004 Q042
Thermal Dust + CNM
Acnwm [expected value 5.793]

standard 5788 Q309 0003 8850 5787 0320 Q003 9627
ICA 5795 Q010 Q012 9797 5796 Q006 Q012 5797
ILC 5794 Q015 Q010 9793 5796 Q006 Q010 8794
ILCKp2 5795 Q009 Q010 9791 5796 Q006 Q010 5797
ILCnoT hDust 5796 Q008 0024 9789 5796 Q005 Q024 8794

ILCKp2noThDust| 5795 Q007 Q026 5790 5796 Q005 Q026 5793
Athpust[expected value 0.963]

standard 0.951 Q465 Q004 1125 Q945 0494 Q004 Q701
ICA 0.960 Q008 Q011 Q963 Q960 Q005 Q011 Q961
ILC 0.960 Q011 Q005 Q962 Q960 Q005 Q005 Q960
ILCKp2 0.960 Q008 Q005 Q962 Q960 Q005 Q005 Q960
ILCnoThDust 0.961 Q008 Q012 Q954 Q960 Q005 Q012 Q960
ILCKp2noThDust| 0.960 Q009 Q013 Q961 Q960 Q005 Q013 Q961
offset
ICA -0.013 Q298 Q006 Q111 -0.012 Q297 Q006 Q103
ILC -0.025 Q105 Q005 -0.027 -0.033 Q043 Q005 -0.054
ILCKp2 -0.007 Q034 Q004 -0.005 -0.006 QO30 Q004 -0.011
ILCnoThDust -0.014 Q151 Q015 -0.005 Q019 Q041 Q015 Q029

ILCKp2noThDust| 0.003 0032 Q016 Q003 Q004 Q030 Q016 -0.002

Table 5.1:Simulations with WIM emission. Values of the mean, the mode and the errors of the fit parasnete
obtained from 1000 simulations for the three foreground poments and dierent cases of analysis. See next
table for further details.
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FASTICA 2 analysis
mean o oMPEIT Mmode mean o oMPEIT Mode
Free-free + WIM
Fo [expected value 8.200]

standard 8039 0418 Q006 8044 8043 0645 Q006 7983
ICA 8031 0013 Q026 8031 8033 Q008 Q026 8035
ILC 8031 Q015 Q021 8030 8034 Q008 Q021 8036
ILCKp2 8032 0012 Q020 8024 8034 Q008 Q020 8034
ILCnoT hDust 8.033 0015 Q041 8031 8034 Q009 Q041 8033

ILCKp2noThDust| 8.032 Q015 Q044 8026 8034 Q009 Q044 8033
Do [expected value 0.150]

standard 0.151 Q068 Q001 Q131 Q152 Q105 Qo001 Q144
ICA 0.150 Q002 Q003 Q149 Q150 Q002 Q003 Q150
ILC 0.150 Q003 Q003 Q150 Q150 Q001 Qo003 Q150
ILCKp2 0.150 Q002 Q003 Q150 Q150 Q001 Qo003 Q150
ILCnoThDust 0.150 Q002 Q006 Q148 Q150 Q001 Qo006 Q150
ILCKp2noThDust| 0.150 Q002 Q006 Q150 Q150 Q001 Qo006 Q150
offset
ICA 0.012 0435 Q004 -0018 Q010 0433 Q004 -0.026
ILC 0.006 Q133 Q005 Q043 -0.007 Q089 Q005 Q008
ILCKp2 -0.006 Q082 Q005 Q003 -0.007 Q082 Q005 -0.001
ILCnoThDust 0.003 Q098 Q003 -0.029 -0.005 Q090 Q003 -0.027

ILCKp2noT hDust| -0.013 Q083 Q004 -0.016 -0.013 Q083 Q004 -0.067

Table 5.2:Simulations with WIM emission. Values of the mean, the mode and the errors of the fit parasnete
obtained from 1000 simulations for the three foreground ponents and dlierent cases of analysis. The free
parameters of the fitted model are the amplitude of the syt emission, the amplitude of the anomalous
component and the thermal dust emission, and finally the iardpk of the free-free emission and the WIM
contribution: their expected values are shown in brackats.offset has been included among the parameters,
when the CMB contribution is subtracted from the simulatathdit takes into account the residuals of the CMB
map itself. The spectral indexes are fixed at -3.1, 1.7 arib-far the synchrotron, the thermal dust and the
free-free emission respectively. The WIM and CNM spectrumderived from the SPDUST code. The fitted
codficients are derived withastica and they? analysis. To perform the fit we used the IDL MPFIT function
which returns the value of the error for each parameter ofribdel used to fit the data. For comparison, we
show the error bars derived as the mean of the MPFIT estinmsatio



5.3 Monte Carlo simulations 127

FASTICA 2 analysis
mean o oMPEIT Mmode mean o oMPEIT Mode
Synchrotron
Async[expected value 6.200]
standard 6.222 0680 Q008 5879 6201 Q570 Q008 5939
ICA 6.191 Q022 Q041 6194 6193 Q012 Q041 6193
ILC 6.186 Q072 Q032 6192 6193 Q008 Q031 6191
ILCKp2 6.190 Q016 Q035 6192 6193 Q010 Q035 6189
ILCnoThDust 6.189 Q027 Q048 6195 6193 Q014 Q048 6192
ILCKp2noThDust| 6.191 Q024 Q048 6188 6193 Q014 Q048 6190
offset
ICA 0.071 0426 Q010 -0.068 Q072 Q423 Q010 Q033
ILC 0.210 0241 Q009 0221 Q271 0287 Q009 0226
ILCKp2 0.062 0204 Q009 Q024 Q061 Q204 Q009 Q040
ILCnoThDust 0.083 Q304 Qo010 Q077 Q101 Q337 Qo010 Q087

ILCKp2noThDust| 0.023 0211 Q010 -0.006 Q022 Q0212 Q010 -0.001
Thermal Dust + CNM
Acnwm [expected value 5.793]

standard 5788 Q303 Q005 8851 5787 0313 Q005 9633
ICA 5794 Q013 Q010 9793 5795 Q008 Q010 5796
ILC 5795 0023 Q009 8790 5795 Q007 Q009 8797
ILCKp2 5794 Q011 Q009 9789 5795 Q007 Q009 5794
ILCnoT hDust 5794 Q014 Q011 9792 5795 Q009 Q011 5794

ILCKp2noThDust| 5794 Q014 Q011 5794 5795 Q009 Q011 5794
Athpust[expected value 0.963]

standard 0.950 0489 Q003 1062 Q944 (0520 Q003 Q806
ICA 0.960 Q008 Q014 Q959 Q960 Q005 Q014 Q959
ILC 0.960 Q011 Q011 Q960 Q960 Q005 Q011 Q960
ILCKp2 0.960 Q008 Q012 Q959 Q960 Q005 Q012 Q960
ILCnoThDust 0.960 Q008 Q016 Q962 Q960 Q005 Q016 Q959
ILCKp2noThDust| 0.960 Q008 Q016 Q955 Q960 Q005 Q016 Q960
offset
ICA -0.015 Q279 Q007 Q042 -0.015 Q279 Q007 Q040
ILC -0.046 Q093 Q005 -0.063 -0.047 Q039 Q005 -0.069
ILCKp2 -0.011 Q029 Q006 -0.008 -0.010 Q029 Q006 -0.014
ILCnoThDust -0.008 Q046 Q008 -0.026 -0.009 Q043 Q008 -0.008

ILCKp2noT hDust| -0.002 Q032 Q008 -0.006 -0.001 Q031 Q008 Q001

Table 5.3:Simulations without WIM emission. Values of the mean, the mode and the errors of the fit parasnete
obtained from 1000 simulations for the three foreground ponents and dierent cases of analysis. See next
table.
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FASTICA 2 analysis
mean o oMPEIT Mmode mean o oMPEIT Mmode
Free-free
Fo [expected value 8.200]
standard 8211 0679 Q005 8377 8216 1050 Q005 8134
ICA 8.198 0023 Q009 8193 8200 Q015 Q027 8200
ILC 8194 Q038 Q022 8196 8200 Q012 Q021 8195
ILCKp2 8.198 0020 Q024 8188 8200 Q014 Q024 8197
ILCnoThDust 8198 0026 Q030 8180 8200 Q018 Q009 8198
ILCKp2noThDust| 8199 Q027 Q029 8180 8200 Q018 0029 8197
offset

ICA 0.008 0418 Q009 Q051 Q009 Q419 Q009 Q031
ILC -0.011 Q129 Q008 -0.033 -0.013 Q086 Q008 -0.020
ILCKp2 -0.016 Q080 Q008 -0.056 -0.016 Q079 Q008 -0.003
ILCnoThDust -0.023 Q087 Q009 -0.051 -0.025 Q086 Q009 -0.044
ILCKp2noThDust| —-0.033 Q081 Q009 -0.041 -0.033 Q080 Q009 -0.016

Table 5.4:Simulations without WIM emission. Values of the mean, the mode and the errors of the fit parasnete
obtained from 1000 simulations for the three foreground poments and dlierent cases of analysis. The free
parameters of the fitted model are the amplitude of the sytichr emission , the amplitude of the anomalous
component and the thermal dust emission, and finally theiardpk of the free-free emission: their expected
values are shown in brackets. Affset has been included among the parameters, when the CMitbction is
subtracted from the simulated data: it takes into accowtdbiduals of the CMB map itself. The spectral indexes
are fixed at -3.1, 1.7 and -2.15 for the synchrotron, the thédust and the free-free emission respectively. The
CNM spectrum is derived from the SPDUST code. The fittedfuments are derived withastica and they?
analysis. To perform the fit, we used the IDL MPFIT functionievhreturns the value of the error for each
parameter of the model used to fit the data. For comparisorshew the error bars derived as the mean of the
MPFIT estimations.
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5.3.3 Noise impact simulations

Given the cross-talk between the CMB and the foregroundsijrteresting to quantify the role of the
noise in such a coupling. We did that by running a new set ofikitions, starting from those described
above. We chose a CMB realisation for which the recovereéticants seemed quite bad compared
to the expected input values, and we kept it fixed, only vayyhre noise (see the fixed dfeients

in Tabled5.b anf 86 compared to the original ones). We deresil only the case where we did not
include the WIM emission and we run a standard analysisyieedid not subtract the CMB from the
simulated data.

The diference between the mean value of theflicdents of the simulations with the original input
ones represents the cross-talk for this CMB realisationtheamore, the dispersion of the values around
the mean should give an idea of the impact of the noise (selesl@d and516). This is two orders
of magnitude lower than the one recovered by a standard sisalyieaning that the noise contributes
very little to the variation of the cdicients (see previous tables). Moreover, we conclude tleat th
uncertainty in the estimation of the d&eients, over 1000 simulations withftkrent CMB realizations,
is mainly driven by the CMB cross-talk with the foregrounthfdates.

FASTICA
input coef. fixed codf. mean o Omean Mode
Synchrotron
K 6.2000 61006 60976 00064 00002 60955
Ka 2.0247 19442 19353 00063 Q0002 19343
Q 1.0330 09428 09473 00057 00002 Q9478
\% 0.3015 02292 02206 00066 00002 Q2212
W 0.0789 00080 00089 00070 00002 Q0050
Thermal Dust + CNM
K 5.8808 56120 56052 00037 00001 56051
Ka 2.7336 24639 24638 00035 00001 24629
Q 1.2040 Q9377 09376 00032 00001 Q9357
\% 0.5387 02849 02858 00039 00001 02854
W 0.9635 Q7447 07409 00040 00001 Q7395
Free-free
K 8.2000 101160 101256 00087 00003 101264
Ka 3.7733 56689 56717 00084 Q0003 56717
Q 2.3662 42438 42379 00076 00003 42378
V 10071 27687 27839 00092 00003 27850
W 0.3975 19435 19601 Q0093 Q0003 19554

Table 5.5: Statistical properties of the @@ents distribution derived from the simulations which @édeen run

to test the noise impact. The sky is generated without WIMssion and fixing the CMB emission to be the same
for all the realizations. The noise is the only contributishich changes from one realization to the other. The
codficients are computed using thetica and following a standard analysis with the Kp2 mask. The ebque
values are shown in the first column of the table.
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x? analysis
input coef. fixed codf. mean o Oanal Omean Mode
Synchrotron
K 6.2000 62210 62209 00037 00082 Q0001 62197
Ka 2.0247 20506 20500 00036 00086 00001 20501
Q 1.0330 10594 10592 00033 00069 00001 10582
\% 0.3015 03281 03270 00040 00135 Q0001 03249
w 0.0789 01045 01021 00042 00194 00001 Q1030
Thermal Dust + CNM
K 5.8808 57031 57001 00025 00028 Q0001 56991
Ka 2.7336 25534 25535 00025 00030 00001 25532
Q 1.2040 10262 10258 00023 00024 00001 10258
\% 0.5387 03724 03693 00026 00046 00001 03689
w 0.9635 08126 08141 00029 00067 Q0001 (08140
Free-free
K 8.2000 109841 109940 00053 00056 00002 109944
Ka 3.7733 65284 65261 00053 00059 00002 65243
Q 2.3662 50890 50794 00050 Q0047 Q0002 50785
\% 1.0071 35813 35819 00056 00092 00002 35778
W 0.3975 26492 26623 00063 00133 00002 26630

Table 5.6: Statistical properties of the @aents distribution derived from the simulations which @édeen run

to test the noise impact. The sky is generated without WIMssion and fixing the CMB emission to be the
same for all the realizations. The noise is the only contidouwhich changes from one realization to the other.
The codficients are computed usimgstica and following a standard analysis with the Kp2 mask. The ebqae
values are shown in the first column of the table.

5.4 Real data analysis

Once the analysis with simulations has been tested, wetegpeavith real observations, the data set
being the same as in the previous chapters, though clearied 6MB emission. This is evaluated by
internally analysing th&/ MAP5-year data withastica.

Both the non-linear functiop andg have been used: when one of these has been employed for the
internal analysis, it has been kept for the templates fit ds we

Furthermore, as before, a simpé analysis has been used as a reference fortheca results.
Such a comparison seems to emphasize a significant instalbithstica in performing the components
separation with respect to the simpfeanalysis. This instability is confirmed by the fact thattherica
results depend on the non-linear function used to perfomctimponent separation. The algorithm is
more stable using, rather tharp. This suggests that the instability is generated by thenatenalysis
of the data and propagated to the templates fit, subtradim@MB map from the data. Indeed, the
work done b)LMﬁ.'LD.O.&L&tIL(ﬂlb?) showed that the internalysisiof CMB observations withsstica
is more stable when thgfunction is used.

In order to reduce the instability of the algorithm, we haegived the CMB estimation using a
full-sky analysis, and applied a mask of the Galactic plamg for the templates fit. It allows a better
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Figure 5.8: We show the free-free coupling floments between th&/MAP data and the H template, as
computed byastica using the non-linear functions p (left) and g (right) filerent colors are used for theldirent
masks applied to the data. We show the results obtained Witreamasks provided by thé/ MAPscience team
and the one adopted by Daobler ef al. (4009). The asterisk shiosvvalues of the cdigcients, while the line
shows the best fit derived using the model proposed by Dobk! (2009) (see Equatidi.4).

performance ofastica, thanks to the fact that in these conditions it has a largaissic sample (i.e. a
larger number of pixels is available to perform the compdseparation).

In Figure[&.8, we report, as a reference, the frequency spaadf the Hr coupling codficients
derived in the previous chapter. As already mentioned,pibetsal behaviour is not necessarily in favor
of the presence of a bump: the spectrum is generally flat, @escéad, or rising with frequency, strongly
depending on the mask used in the analysis and on the narfdimation. However, the large error bars
make the spectrum still consistent with the theoreticakeigd one as well as with other completely
different scenarios. This means that the presence ohatoktelated additional component can not be
ruled out: the rising spectrum might still be dfdrent signature of the contribution from spinning dust
grains from the WIM, as claimed l}J_)LDQ.b.Ler_eJ $.L_(2b09).

When thew MAPdata are cleaned of the CMB contribution, instead, somes loihd bump appear
in the spectra: itis visible in Figute®.9, where we show tieeffree frequency spectrum derived using
different masks of the plane.

We tested that the shape of the spectrum does not depend mtpkate used to trace the free-free
emission: we performed the analysis using the telmplates assembled b_)LE'Lnkb_eln_er_eltlal_dl999),
but also the map produced b.)LDi.QIslnsg.n_dt |a.L_dZOOS). Fumloee, we checked that the bump is not
induced by the correction for the dust absorption appliethtoHr used in the analysis. Here, we
did not used any correction, whose introduction would ordgrdase the amplitude of the ¢o&ents.
These results are all in agreement with what founh_b;LD_Qb.laH éZOQb).

They also studied the dependence of the spectrum on thesextenf the cut of the Galactic plane
and they did not find any significant variation of their respétpart from a change in amplitude of the
coupling codicients. Similarly, we see such a variation in amplitude. éesv, the &ect is visible also
in terms of irregularities in the global spectrum. Theseaateally the signature of a bad performance
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Figure 5.9: We show the free-free coupling floments between th&/ MAP data and the H template, as
computed byrastica (left) and they? analysis (right). The CMB emission is subtracted from theadmd
estimated with a&astica blind analysis of the full-sky five maps: we excluded only goent sources. Dierent
colors are related to fierent masks applied to the data for the templates fit. We shewesults obtained with

all the masks provided by tha/ MAPscience team and the one adopted_by Doblerl et al. (2009). igsis has
been performed with both the (upper panels) and (lower panels) functions. The asterisk shows the values of
the codficients, while the line shows the best fit derived using the ehptbposed by Dabler et lal. (2009) (see
Equatior[5H).

of rastica in separating the components: what is left after the CMB ragtibn from the data, is not
well disentangled in the ffierent components. Specifically, it is hard to distinguighdbist components
from everything else. The situation isfidirent if the analysis is performed by minimizing the the
spectra are more reqular and the results are generally nooestent with those derived by Dobler
etal. .ZlOb).

Finally, the free-free coupling céiicients have been fitted to the model proposem et al.

) and defined in Equatién®.4: the values of the paramétieh describe the model are shown in

Table[R.Y, while the resultant curves are plotted over tlefficeents in Figuré:]o.

Consistently with the picture derived looking at the fregcye spectrarastica sometimes returns
negative values for th®, parameter. It happens for th€Q85 andKQ75 maps when the analysis
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Free-Free -nolCA

rasTicA — function p
Kp2 Kp0 KQ85 KQ75 Dobler Mask
Fo | 0.1307+0.0002 01171+0.0002 01132+0.0002 00976+ 0.0002 01440+ 0.0002
Co | 0.0005+0.0001 00009+ 0.0001 00026+ 0.0001 00030+ 0.0001 —0.0005+ 0.0001
Do | 0.1560+0.0043  02147+0.0043 01043+ 0.0043 00482+ 0.0043 00907+ 0.0043

FasTIcA — function g
Kp2 KpO KQ85 KQ75 Dobler Mask
Fo | 0.1337+0.0002 01218+0.0002 01237+0.0002 01191+0.0002 01416+ 0.0002
Co | 0.0006+0.0001 00006+ 0.0001 00004+ 0.0001 -0.0020+0.0001 00002+ 0.0001
Do | 0.1300+0.0043  01443+0.0043  01193+0.0043 -0.0259+0.0043 01548+ 0.0043

x° analysis — function p
Kp2 KpO KQ85 KQ75 Dobler Mask
Fo | 0.1321+0.0002 01171+0.0002 01219+0.0002 01021+0.0002 01404+ 0.0002
Co | 0.0026+0.0001 -0.0131+0.0001 00049+0.0001 00008+ 0.0001 Q0097+ 0.0001
Do | 0.1451+0.0043 01812+ 0.0043 01495+ 0.0043 01665+ 0.0043 01163+ 0.0043
x° analysis — function g

Kp2 Kp0 KQ85 KQ75 Dobler Mask
Fo | 0.1321+0.0002 01171+0.0002 01219+0.0002 01021+0.0002 01404+ 0.0002
Co | —0.0008+ 0.0001 -0.0113+0.0001 -0.0006+0.0001 00291+0.0001 00103+ 0.0001
Do | 0.1452+0.0043 01813+0.0043 01494+ 0.0043 01665+ 0.0043 01164+ 0.0043

Table 5.7: Values of the fit parameters obtained fitting theffimdents with the model proposed mt al.
(|20_.0.ﬂ)). The fitted cd&cients are computed usimgstica and adopting dierent masks of the sky. We considered
all the masks provided by the&/ MAPscience team and the mask produced_hy Dobler et al. (2009.d@ta
used to derive the fitted coupling deients are previously cleaned of the CMB emission whichaeed by the
ICA map. This one has been computed using full-sky data mEpsvalues are expressed in terms of intensity,

to more easily compare the results with those derived by @dilal. (2009).

implemented with the functiop and for the maskQ75, with g. Again, this is the ffect of the
irregularities of the spectra mentioned before. On thereoptthey? analysis returns always regular
spectra characterised by a positive value ofDiggoarameter. Anyway, both the methods give a value
of the amplitude of the WIM component not consistent withozer

5.4.1 Dependence on the CMB estimation

Simulations showed that a critical issue is the bias of theB&gtimation due to foreground residuals.
To check the impact of it, in the real data analysis, we expenited with diferent estimations of the
CMB additionally to the one derived witlastica. Namely, we used the same ILC map@let al.
) and already described in Sectiod 5.2. Furthermorbetter compare our results with theirs,

we tried to reproduce the conditions of their analysis, dyssituting the K« map with their free-free
template and by adopting their mask of the Galactic planes drily diference in the analysis is the
fact that we did not fit the data with the Haze template.

We performed the analysis usimgstica as well as the simplg?, also because it is the method
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closer to the one used l);L[lo.b.LeLek Ial_(21009). The results@rgared in Figure 5.10.

Again, they? analysis is extremely stable regardless of the CMB traced:uhe shape of the bump
is quite evident and the results basically match those elél’n'wLD_o.b.I.er_eLfll.L(md)Q). It is true also
when the CMB emission is described by the map derived fronrdteca analysis. On the contrary,
when therastica algorithm is used to compute the ¢heients, the presence of the bump is less clear
as a consequence of irregular features in the spectrumpéndis strongly on the non linear function
used: g shows now the largest instability especially with specifi€ Imaps adopted to subtract the
CMB contribution.
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Figure 5.10: We show the free-free coupling fiméents between th®/ MAP data and the H template, as
computed byastica using thep function (top), theg function (center) and the? analysis (bottom). The CMB
emission is subtracted from the data and estimated usifgthetastica algorithm and the ILC method: in the
latter case, we consider the ILC maps use EOZOTheir mask is also used in the analysis, as
well as for computing the ICA CMB map and one of the ILC m&pQpoplermasy- We used the asterisks for
showing the values of the coupling dbeients, and the lines for the fit.

The fit of the coéicients, as shown in Tab[e'h.8, confirms these statements.vdlbes of the
parameterD, derived by they? are extremely stable. This is not the case fgrica, although
the parameter is never consistent with zero, meaning tleasplctrum is always consistent with the
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presence of a bump.

Fo Do Co
FASTICA
ICA 0.10076+ 0.00058 008364+ 0.01292 000734+ 0.00031
ILC 0.10121+ 0.00059 014915+ 0.01303 000107+ 0.00031
ILCk p2 0.10124+ 0.00059 014974+ 0.01301 000070+ 0.00031
ILCdoblermask| 0.10205+ 0.00059 006166+ 0.01301 000288+ 0.00031
ILChoThpust | 0.10218+ 0.00059 011458+ 0.01317 000226+ 0.00031
FASTICA (
ICA 0.10624+ 0.00058 019697+ 0.01292 000665+ 0.00031
ILC 0.10688+ 0.00059 002733+ 0.01303 000133+ 0.00031
ILCk p2 0.10712+ 0.00059 002923+ 0.01301 000118+ 0.00031
ILCdoblermask| 0.10421+ 0.00059 030248+ 0.01301 000215+ 0.00031
ILChoThpust | 0.10770+ 0.00059 004313+ 0.01317 000298+ 0.00031
2 analysis
ICA, 0.10590+ 0.00058 008700+ 0.01292 000707+ 0.00031
ICAq 0.10590+ 0.00058 008699+ 0.01292 000765+ 0.00031
ILC 0.10591+ 0.00059 008660+ 0.01303 000137+ 0.00031
ILCk p2 0.10591+ 0.00059 008661+ 0.01301 000152+ 0.00031
ILCgoblermask| 0.10591+ 0.00059 008662+ 0.01301 000287+ 0.00031
ILChoThpust | 0.10591+ 0.00059 008648+ 0.01317 000249+ 0.00031

Table 5.8: Values of the fit parameters obtained fitting theffimdents with the model proposed mt al.
). The fitted caicients are computed usimgstica as well as thg? analysis, from data previously cleaned

of the CMB emission. This is traced byfiirent maps: we considered the ICA map together with the IL@sma

adopted by Dobler et bl (2009). Finally, we adopted theiskn&he values are expressed in terms of intensity,

to more easily compare the results with those derived by @dilal. (2009).

These diferences in the frequency spectra can be better understokithdoat the features of the
CMB maps used in the analysis. Specifically, we plotted tiffedince between the ILC maps adopted
byllim.b.l.er_e.t_ai.[(m_d% and the ICA map derived with fheunction for the regions of the sky outside
their mask. The maps show that tharica estimation of the CMB is generally more contaminated
along the Galactic plane than the ILC ones. Conversely,dtterlhas dterent residuals depending
on the way it is computed, mostly concentrated at high ldésuand around the Gum Nebula. These
residuals introduce a contamination in the data cleaneldeo€MB, enhancing the mix and cross-talk
among the components. This is reflected in a poor componep#sation, if the ICA approach is used.
In fact, the cubic and exponential form of the non-linearctions used as neg-entropy approximations,
amplify the dfect of the residuals. The consequent diverse sensitivitygatatistical properties of the
sky, explains the discrepancy in the response of the metihgauismented. Indeed, it is interesting to
observe that the residuals do not impacthanalysis.
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Figure 5.11: We show the fierence between the ILC maps adopted_by Dobler et al. (20aDjrenICA map
derived with thep function for the regions of the sky outside their mask. Theeanask is also applied to all the
other maps.

5.5 Discussion

The work presented in this chapter aimed at investigatiegpitesence of a bump in the free-free

spectrum, by experimenting with thestica analysis of CMB observations, where the cosmological
emission is removed. The impact of this subtraction has bagfied as one of the possible reasons for
the existence of the bump as claimecl_b;LDQ.b.LQL&_Einkaainﬁﬂﬂ)) and_D_o.bJ.er_el_hIL(ZQbQ).

After testing the analysis using simulated data, we cardetia study of theW MAP 5-year
observations cleaned of the CMB emission.

The first step of the work has shown that, given a specific foragd model, botlastica and the
y? analysis return spectra of the single components whichexfegly in agreement with the expected
one. Specifically, a bump is detected in the free-free spextonly when the contribution from the
spinning dust emission in the WIM is included in the foregrdumodel.

Therefore, we have been able to exclude the CMB subtractioma @ossible reason for the
manifestation of the bump in the free-free spectrum. Thees@asponse concerns the cross-talk among
the three considered foreground components. Thece only the synchrotron and dust emission,
whose co#ficients distributions are slightly biased with respect te ¢éxpected values. Besides, the
free-free co#ficients are generally well recovered.
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Simulations have also shown that a rising free-free spegtas derived with a standard analysis
of the WMAP data, seems not to be the favored solution, if the CMB is resddvom the data.
Instead, when the CMB is not pre-subtracted, the crossbietiween the cosmological signal and the
foregrounds is the main reason why the spectral behaviodatgs from the theoretical one, being
remarkably steep or rising with frequency. Consequentiy, uncertainty of the cdicients is very
large compared to the case where the CMB is excluded fromdlteg chaking the derived free-free
spectrum consistent withfierent scenarios. The existence of an additional compowerglated with
the Hx emission, as claimed li_)LDQ.b.LeLelI il_(2b09), is therefoaigble: the rising spectrum could
just be a diterent signature of it.

However, both the assumed foreground models in the simnksfre not completely in agreement
with the real observations. The comparison between thelaisibn of the linear weights, which define
the ILC and ICA maps used as a tracer of the CMB, and the anasogeights derived from the real data
analysis, highlighted a large inconsistency between ttterland the mean of the distributions. Such
a limitation of the model does not invalidate the conclusidarived from simulations, but prevents us
from understanding the results obtained from the same sisaly theW MAPdata.

Therastica application on thaV MAP data cleaned of the CMB seems to favour the existence of
a bump in the free-free spectrum. This is strongly confirmgdhie > analysis, whose response is
remarkably stable in this direction, independently of tlaeer of the CMB. Howeverastica becomes
more unstable once the CMB is excluded from the data, so thstdifficult to separate the single
emissions. It is most likely the consequence of the largengexity of the foregrounds in the real
sky, together with the cross-talk among the components;twini the real case possibly involves also
the free-free emission. Consequently, the ICA and ILC magesldo remove the cosmological signal
from the data are probably mor&ected by residuals. Therefore, we interpreted these ralsidund
their different features depending on the method used to estimatévBe & the main responsible for
the instability ofrastica. The neg-entropy statistic employed in the component séiparmakes the
method particularly sensitive to residuals and to the cgmeset complex features of the data.

The degeneracy between the components - especially betivesgnchrotron and dust emissions -
can only be broken having observations witlffiient frequency coverage, such as those provided by
the Planck satellite. Moreover, full-sky and high resaotmaps between 5 and 15 GHz could help to
eliminate this ambiguity and, at the same time, could celgdavour the detection of the presence of
the WIM emission, better defining its spectrum. Forthcongmrpgeriments such as C-BASS (C-Band
All Sky Survey) and QUIJOTE (Q-U-1 JOint TEnerife), will beeky useful in this sense.
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Chapter 6

Internal analysis of the WMAP five-year data
on patches of the sky.

6.1 Introduction

The analysis of th&®/ MAP five-year data presented b_)LMa.Ln_o_eIt EL(ZIOO?), and disdussehapters

B and[# has confirmeekstica as a useful and stable tool to disentangle the mixture ofatsgn the
sky as measured B MAP. Moreover astica turned out to be a powerful method to recover a good
estimation of the CMB emission, even in the extreme workiagditions of a full-sky analysis. To
achieve this result, it is convenient to combine the foragtbanalysis with the internal one.

Nonetheless, significant improvements can still be intoedin the analysis: they concern both the
treatment of the data and the implementation of the comp@egaration problem itself.

One of the possible modifications is connected to the mosiifgignt limitation of therastica
approach, as it has been generally used. In the standarermeptation of the code, both for the internal
and the foreground analysis of a set of CMB data, the valuéisen$caling factors (see Equationl3.2)
are unique for the entire sky, regardless of the existingtians of the spectral and spatial properties
of the diferent emissions. Therefore a natural improvement to thepooent separation could be the
possibility of taking into account such variations.

The main point of the work presented in this chapter is to erpent with the derivation of a CMB
estimation as a result of the implementation of the inteanalysis of th&V MAP5-years data on small
patches of the sky.

Several subdivisions of the sky have been adopted, in oodemngwer to the following questions:

1. Is the partition of the sky actually useful to improve tlegfprmance of our analysis?
2. Which is the optimal number of regions to consider?
3. How should these regions be selected in order to get thedmsstruction of the CMB signal?

Given our previous considerations, we expect a partitiothefsky to be helpful, particularly if it
is a subdivision which reflects the actual properties of thee However, it might be that a better



140 Internal analysis of theW MAP five-year data on patches of the sky.

performance is simply driven by the number of subdivisiohthe sky, independently of the way they
are defined.

This is the reason why we have examined both a simple schemaidivision of the sky, as well
as a less straightforward one. Specifically, we looked fangrnal prescription for selecting regions
guided by themstica results themselves (see Secfiond.1.1).

Besides the regional approach to the problem, two simpleawgments can be introduced to the
ICA implementation, as explained in Section214.4. The firs¢ consists of introducing a constraint
(or prior) to require the CMB spectrum to follow the Planck law (e.g. hlve a flat spectrum in
terms of thermodynamic temperature). Thus the componestimated accordingly to the prior itself.
However, it has been demonstratedLb_)uLLo_&_An.dtlaij_(tooa) this modification makesstica
become identical to the ILC method. Therefore, switchingand df this constraint, is equivalent to
use either theastica or the ILC code. For the work presented here, we adopted bdtiem, aiming
to an orderly and explicit comparison of their performances

The second modification to the originalstica code consists of compressing the output of the
algorithm, in order to reduce any redundancy, but presgnralh the information enclosed in the
data. As explained in SectidnZK.4, the standard data @ssjen and Principle Component Analysis
techniques are combined in order to find a linear combinatidhe input maps which preserves all the
information concerning the sky signal, but which consistisdependent data.

Both these new features of the algorithm (hereafteica) have been used simultaneously only in
the process of defining a physically interesting partitibthe sky (see next section). In the subsequent
steps of the analysis, they have been dropped andrasiliya has been used and compared to the ILC
analysis.

6.1.1 Partitioning of the sky

Defining the criterion to use in partitioning the sky is aicat issue. As stated before, we experimented
with simple partitions, as well as more sophisticated otegng advantage of the known physical
properties of the sky and their spatial variations. An optipartition consists of a subdivision of the
sky into regions across which the foreground propertiebeasonsidered constant. The issue, however,
is that the foreground properties are also part of what isgpsought in the analysis.

We first adopted a simple selection of regions (see Figuledhére the Galactic and Ecliptic Plane
have been used to separate two regions: they are defined essbmble of pixels witlb| < 15° or
Ib| > 15°. Thus, three regions maps have been created, in a straightfbway, distinguishing between
the northern and southern Galactic or Ecliptic Hemisphefdthough simple, these partitions of the
sky are interesting in order to test the existence of Heneigpal asymmetries as well as anomalies
connected to the Ecliptic plane. Moreover the lack of coxipfenakes them very useful tools to test
the applicability of thesastica algorithm on patches of the sky, at least in a simple context.

Nevertheless, we are ultimately interested in defining asutf regions which represents the spatial
variation of the foregrounds emission on the entire sky ak agepossible. By this point of view,
precious hints can be derived looking at the features of timeaosmological maps returned byica.
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Figure 6.1: Full-sky maps color-coded to show thiéatent sets of regions that were used to generatesthea
and ILC CMB maps, both for the simulations and for the reahd@atalysis.

Indeed, when the code is internally applied to a seNaieasurements at ftierent frequencies, it
returns a map which is the best CMB reconstruction, but atkerdN — 1 maps which are the best
estimation of the independent foregrounds signals or tieendaking advantage of the compressing
(see SectionZ.4.4), itis possible to concentrate all thie oemponents but the CMB, in only one map.
Specifically, it is convenient to compress the input daténted output maps (e.g. CMB, foregrounds
and noise). In order to limit the cross-correlation amorggdbmponents and, therefore, to optimize the
performance of the component separation, it is also usefohpose the prior for the CMB.

The map relative to the foreground components will thenudelall the contributions from any
emission. As visible, for example, in Figurel6.2, its maiattees tell us the dominant components and
regions of the sky with the same properties. Therefore ntfaip is suitable for tracing a subdivision of
the sky, such that these regions can be treated separately.

Both the non-linear functiongp(andg) have been used in this analysis. The results derived using
g are particularly interesting in terms of the reconstruttd the foregrounds. The smoothed map at a
resolution of 3 degrees is shown in Figlrel 6.2.

Note that we have also experimented with the computatiohexfakTica non-linear statistics maps
generated from this foreground component map: in praciieeapplied thep andg functions to the
foregrounds map shown in Figureb.2. Nonetheless, we edfre latter as the most significant result,
since the other ones did not show revealing improvements.

The foregrounds map has been used to define a new set of regierseparated groups of pixels
selected in a way that each region has the same total intelgierhperature. The integrated temperature
criterion is useful since it naturally focuses on regionshaf sky where the foreground variations are
largest, namely in the Galactic plane. Note however, theatehm “region” here is used improperly since
we are actually defining a set of thresholds. Regions areadstets of pixels with well defined coherent
and integrated structure. Looking at the pixels comprisirggven threshold, there are possibly many
separate areas on the sky, i.e. regions. Using temperateshblds is motivated by Miville-Deschénes
et al. (2007): indeed, they have shown that, at least for eng$sion, there is a correlation between
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Figure 6.2: Plot of the map of the integrated foreground camepts recovered byrica, imposing a compression
to three output maps. The color coding represents thevelsmperature (i.e. red is hotter and blue is colder).

regions defined this way and their spatial power spectruhilzat this connects physical properties to
temperature. Consequently, it is reasonable to assumthtss physical properties are also related to
frequency spectral behaviour.

Following the threshold prescription, we ended up with arsigions map, shown in Figufe 6.1
(second map in the second row, from the left). It is intergsto note that the high latitude sky is
mostly one region, with a second confined largely to one caradr

Merging them in one region, this can be distinguished frommrdgions along the Galactic plane
which again can be treated as a unique patch. In this way weedefined a new map of two regions: it
is the second top map, from the left, in Figlird 6.1. Againpastfe simple cut along the Galactic plane,
itis possible to consider the case where the northern Hdrarsps distinguished from the southern one:
this gives a three regions map (the fourth top map).

In the six regions map, it is notfliicult to recognize some structures along the Galactic pldnehw
can be associated with well known sources: the Gum NebutaCilgnus region, the Orion nebula
as well as the North Polar Spur are easily visible in the magcaBse of that, we decided to further
subdivide the map by hand, separating the main structurg®iRlane, in what we can now properly
call regions. Moreover, following the same criterion of eodncy and integration of the structures,
we merged the fifth and sixth regions: this also allows us tmdatoo small areas. We propose two
solutions, with 9 and 10 regions, presented in Figurk 6.%e kwat these last two maps are influenced
by our intuition and thus, might not be optimal choices.

Finally, beside our own subdivisions of the sky, for the megd analysis of the re®/ MAP data,
we have also considered the 12 regions defined bW)MRAP science team to perform the ILC analysis
dl:linﬁhaMLet_dl.LZQ_d?), and the 400 regions useb_b;LEa.LIJ m.'l’) (see Figure8.3). They are again
an attempt of a physically driven selection oftdrent areas of the sky, and therefore, they give us the
opportunity of comparing and extending our results to a teeoacenario: both of these partitions, in
fact, contain a larger number of regions than ours, derieidviing different criteria. The first one
is basically a subdivision of the regions close to the Galgaane, being the largest area of the sky
concentrated in a single region (e.g. Region 0). The pamtpproposed bLEatk.eLla]L.(Z(bO?), instead,
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Figure 6.3: Full-sky maps color-coded to show the partitiproposed bl Hinshaw etlal. (2007) (left) and Park
et al. (2007) (right), which we have adopted for the analgéihie W MAP observations.

is based on the distributions of the spectral indices on kiyenseasured at low- and high-frequency
intervals: itis particularly interesting since the reg@election is explicitly done by taking into account
the spectral index variations which are studied and derbyedsing the MEM mapslﬁm al.,

2007).

6.2 Method of analysis

Therastica code has been used to analyse sets of real and simulated Cisl Btdiferent frequencies,
in different patches of the sky. The same scheme of analysis hasdpssated with the ILC code to
compare the performance of the codes.

Having fixed the regions of the sky to be considered, the compbseparation is achieved as
described in Chaptdil 2 (see Sectibns2.4.3[@nd 2.3, resgglti The CMB solutions for the single
regions are then merged in a full-sky map, by co-adding thenorder to suppress boundarffects,
the edges of the regions are smoothed withféective Gaussian beam of amplitudé°1

6.3 Monte Carlo simulations

To test the accuracy of the methods with a regional approadiiacompare the results derived with
them, we first applied the regional analysis to simulatidith®@W MAPobservations. Specifically, we
generated 200 maps of the microwave sky at thé d APfrequencies, each containing a realisation of
the CMB signal, the Galactic foreground emission, and umséntal noise appropriate to the specific
channel. As usual, the study has been undertaken dfestige resolution of 1

Each CMB component corresponds to a Gaussian realisatitwe tfieoretical best fit CMB angular
power spectrum as determined by MEMAP five-year analysis. The white noise contribution is
simulated for each of the 10fiierencing assemblies (DAS) in the usual manner, as desadnbtbe
Appendix[A. The CMB and noise realisations are then combired the maps smoothed. For
those frequencies with multiple associated DAs, the baedagyed sky maps are formed using simple
averaging. For the foreground emission, we added to eadhatied frequency map four simulations
of the main Galactic components (synchrotron, thermal arurealous dust, and free-free emissions)
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according to the Planck Sky Model (PSM, %&MML&D&{H@&L&I.[(MS) and Chapfér 1 for more

details). This is in fact the most complete model currentigilable, although a direct comparison
with the W MAPdata (see Sectidn 1.5.4) shows that, at these frequerfoteeBIM maps do not match
perfectly with the observations. Besides, other modeldabla in the literature seem to better trace the
foreground emissions as measuredWilAP. Therefore, we also used the MEM solutions produced by
theW MAPscience team, which by construction are closer to the dasah&more, we experimented
with the foreground maps recently published_byﬁh_oshjelzﬁﬂib) (hereafter GFM). In both the cases,
the model is derived from the/ MAP data pre-cleaned of the CMB emission, whose estimation is
computed using the ILC implemented in the real and needtespespectively.

The five frequencies maps for each simulation have been ssad mput torastica and the ILC
code, to be analysed simultaneously, ofiallent patches of the sky. The CMB solution derived for
each region has been used to produce a full-sky map, follpttia prescription described in Section
0.4.

Different figures of merit have been used to evaluate the reSvdtsirst studied the weights of the
linear combination of the five input maps: this is an impart@nsistency test of the simulations with
data which has not been undertaken anywhere else. Aftesywasdfocused on the statistical properties
of the returned CMB maps.

Figured& W[ BI15 arld§.6, show the distribution of the weightained for each frequency band and
for each region, in the case where we used the three regiefised with respect to the Galactic plane,
and where we adopted the PSM to trace the foregrounds. Thegesaan example of what has been
computed for all the partitions of the sky: the derived resate generally valid for all of the partitions
shown in Figurd8]1. Analogous plots are shown in Figlres®, [6.9[6.T0 611 arid 6112 for the
MEM and GFM simulations. To compare the results, we retathedsame partition of the sky.

e For each single method, the distributions are symmetric walll described by a Gaussian
function. However, for the PSM simulations, the mean andibee are generally not consistent
with the expected values derived from the analysis of thedat: they lie well outside of the
distributions. This suggests that the simulated data ateaby not representative of the real
observations, although the model assumed has been progssate of the most realistic. The
situation is visibly diterent if either the MEM or the GFM maps are used in the simutat(see
Figured GV 619, 619, 610, 6111, dnd ®.12): in these castsed, the weights derived using real
data, are generally within the distribution, although ofoa the tail. This suggests a better match
between the foreground model adopted and the observahiangdar the PSM.

e Therastica weights are generally larger in absolute value, than thedb€s. The fact that the
two methods use ffierent statistics for the estimation of the CMB plays celyaan important
role. Besides, the fact that ILC imposes a constrained o&€MB frequency spectrum, probably
helps to stabilise the solution.

e Theregions closer to the Galactic plane are the most contded by foregrounds. Therefore, the
component separation becomes more challenging, due toréimg snix of the physical emissions.
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Figure 6.4:PSM simulations. Statistical distribution of the CMB weights derived usingtica (red) and the

ILC code (blue), adopting the three regions defined witheesfo the Ecliptic plane: the values used are relative
to the northern Hemisphere. The yellow (ICA) and green (ILi@3s show the values of the weights recovered
by the real data analysis. The dot lines indicate the meaheotlistributions, while the dashed one show their

maxima.
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Figure 6.5:PSM simulations. Statistical distribution of the CMB weights derived usiingrica (red) and the
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This is reflected by a slightly larger distribution of the gheis returned by the two methods, with
respect to the one derived from the analysis of regions &t lakifudes of the sky.

Besides the weights, the output maps of the simulations baea used as a figure of merit to
evaluate the results of the analysis. These have been cedthfiathree other maps: the input CMB,
the noisy maps, meaning the input maps with the addition ®@htbise contribution according to the
weights of the specific simulation, and the output maps ctetefor the bias due to the foregrounds
residual (see Sectidn2.3). The bias has been estimated agdatage of the input foreground templates
co-added with realisation specific weights.

In particular, comparing the debiased CMB maps with the frgnes is interesting in order to
evaluate the féect of the applied correction. Note though, that the mean lsanot necessarily a
good estimation of the foreground residual in the CMB mapdach simulation, although it is the
best estimation we can achieve if the foreground model isectr Of course, this is the case only for
the simulations, since we know the foregrounds by constmctt is difficult to assess whether such
an estimation of the bias is suitable for the CMB maps derivech data. In fact, the discrepancies
highlighted before between data and model, do not suppisridba in the case of the PSM: it would
be dificult to quantify the impact of this mismatch on a statistasgessment of the data. Again, the
issue makes it clear why th& MAP science team has preferred the MEM solutions as bettergrace
of the foregrounds in the data, regardless of thdiialilt noise properties and théfect of the ILC
subtraction in the initial stages of the analysis. Using@k maps goes in the same direction of a
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mean ICA Bias

mean ILC Bias

Figure 6.13:Component separation analysis on three regions defined with parallel cut along the Galactic
plane. We show the foreground residual map of some simulationsorahdselected among 200 available. They
are derived from theastica and ILC analysis: the two rows of maps on the top of the pictare those derived
with rastica, while the rows on the bottom are those from the ILC analySlese maps can be compared with
the bias estimation, defined as the mean of the foregrouidbed®ver all the simulations: it is shown on the top

of the single realisation, as indicated by the labels. Ihieresting to note thefliect of discontinuity due to the
sharp cut of the regions. There are some cases whenea does not reach the convergence: these are shown as
null maps.

better description of th&/ MAPobservations, although also in this case we do not know tipadtof
the subtraction of the Needlet ILC map (hereafter NILC),@ontheir analysis.

To check how far the mean estimation of the bias is from thglsinases, we had a look at some
single realisations randomly chosen among the set of 20(abl& For each of them, we compared
the bias correction to the mean value used to define the debmaaps (see FigureEs 813 &nd 6.14, as an
example). Such an analysis is shown for the PSM simulatiahg since the results derived with the
other foreground models are analogous.

Generally, the mean bias seems to be a realistic estimatitreaesiduals present in the single
recovered CMB maps, both for ILC andstica. However, depending on the method used in the
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mean ICA Bias

mean ILC Bias

Figure 6.14:.Component separation analysis on three regions of the skyekected with respect to the Ecliptic
plane. We show the foreground residual map of some simulationsorahdselected among 200 available. They
are derived from theastica and ILC analysis: the two rows of maps on the top of the pictare those derived
with rastica, while the rows on the bottom are those from the ILC analySleese maps can be compared with
the bias estimation, defined as the mean of the foregrouidbed®ver all the simulations: it is shown on the top
of the single realisation, as indicated by the labels. AdHerfull-sky analysis, the foreground residuals show
different features depending on the method adopted in the @algain, there are some cases wheraica
does not reach the convergence: these are shown as null maps.

analysis, the dominant structures change. Specificallyy mtica, the bias is mostly dominated by
negative dust-like structures along the Galactic planelgnitie North Polar Spur. On the other hand,
adopting the ILC code, the residuals are defined by a spheegative structure concentrated around
the Galactic center and some features along the Galache plehich can be easily associated with the
free-free emission. These discrepancies are not visibteédVIEM and GFM models, as can be seenin
the bias maps derived (see Figlre .15). The bias maps devitethe MEM and the GFM simulations
look quite diferent from the PSM ones (see Figlire 6.15). The bias maps sieaty dominated by
strong emissions along the external regions of the Galgtaéice and a negative contribution in the
Galactic Center, whose shape depends on the foreground ambmjged. It is interesting to note that
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Figure 6.15: Comparison of the bias maps estimated fromlatioos generated using the three foreground
models (PSM, MEM maps and GFM). Batkstica and the ILC code have been considered for the analysis with
three regions defined with respect to the Ecliptic plane.

with the MEM maps, the bias seems to reflect the regions usdiaeoly.C that is subtracted before the
MEM analysis. Furthermore, as for the PSM, the North Polar $pevident and traced as a negative
contribution. In the case of the GFM, instead, it iffidult to see evidence of some NILC partitions:
the North Polar Spur is not present anymore, while the seshgegative contribution comes from a
spherical region around the center, plus the Cyn region.

Finally, it is easy to note that the maps clearly show tlfeat of the partition of the sky used
in the analysis, when the cut parallel to the Galactic planadopted (see Figufe_8l13). Both the
methods of analysis derive solutions which enhance theodiswity between the area closer to the
plane and those at higher latitudes. It is also interestingpiserve that the saméect is not visible
when other partitions of the sky are considered: since thiéyw better the natural spatial distributions
of the foreground structures. We have tested that tfiesedoes not depend on the foreground model
considered to generate the simulated data: using eitheéviEM foreground templates or the GFM
maps, these anomalies remain, although less evident leecbabetter CMB estimation in the Galactic
regions of the sky and therefore, a lower noise contribution

6.3.1 Statistical study of the simulations results

The comparison itself between the CMB maps is carried outerms$ of their global statistical
properties: for all the maps and for each simulations, wepmded the variance, the skewness and
the kurtosis over the total number of pixels of the maps. Harrmhore, we evaluated the amplitude of
the quadrupole moment of the maps. All these quantities haea used as a measurement of non-
Gaussianity. Any deviation of the CMB estimated maps witspeet to the input one (which is a
Gaussian random realisation of the cosmological signalrdaag to the theoretical estimation of the
angular power spectrum) can be detected by means of thesvafube statistics computed. Indeed,
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a temperature map which includes deviations from a Gaugsmtern will have dterent statistical
properties than a Gaussian field. We did not use the powetrspe@s a figure of merit of a good
estimation of the CMB, since we know that it is remarkablyusttagainst residuals. This point will be
explicitly shown later in Section 6.4.1.

Figure[6.1b shows as an example the scatter plots of thesvafithese statistics computed for 200
simulations with the PSM, for one of the several subdivisiofithe sky adopted in the analysis and for
both the ICA and ILC methods. Note that, since ICA does nothighe convergence with a number
of regions larger than six, the nine and ten regions analyssbeen carried out only with the ILC
code. The variance values have been corrected for the na$eltion, which is computed using the
simulations themselves.

This statistical analysis provides interesting inforroati

Generally, for both the methods, the results derived from ftil-sky analysis show elierent
properties than those derived using a partition of the skjlighting the impact of the new approach
on the results. However, for the regional analysis, ICA aralterized by a weaker dependence on the
type of partition considered, than the ILC code.

Furthermore, Figure6.16 shows that:

1. The ICA variance values of the output maps are the samethi®anoisy and debiased maps.
Moreover, there is not anyfiset with respect to the input maps values. This seems to stitpge
the output maps are generally not contaminated by residuedjfounds and that the correction
itself is negligible: at most, it reduces the spread of thatsalistribution.

2. On the contrary, the ILC values of the variance of the dutpaps are dierent with respect to
the other maps: they generally show diset with respect to the values of the noisy and bias
corrected maps, although the amplitude of tlfiset depends on the partition of the sky. The
larger the number, the better the CMB reconstruction, thefdhe residuals, whose estimation
is given by the bias.

3. Correcting for the residuals, the values of the debiassasrbecome consistent with those of the
CMB input maps and the noisy ones. Therefore, we can assuen®gah to be a good estimation
of the foreground leftovers in the CMB maps, at least for itheugations.

4. The distribution of the skewness of the returned mapsneigdly broader than the input ones.
This is clear for the CMB output map since it contains resisludhe other two maps present
the same behaviour because the noise contribution is noestdd in the skewness computation.
The residuals alsofiect the kurtosis values. Again, the noise is included in th@amination,
since we did not apply any correction for it: the noisy mapd ere bias corrected ones indeed
show an dfset as well, although smaller.

5. For both the methods, théset shown by the skewness and kurtosis is larger for theskylinot
shown) than for the regional analysis, which demonstrdiassas expected the regional analysis
has less residuals.
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6. The kurtosis is particularly sensitive to the presenceesiduals endorsing the utility of using
different statistics to evaluate the quality of the CMB recart$ton. This is clear looking at the
rasTICA results derived with the PSM: the variance of the output nthiges not show anyftset,
while instead, anfbset is visible in the kurtosis distributions.

7. The kurtosis fiset becomes lower when the bias correction is applied, wdnot does not
completely disappear due to the noise contribution. Suchisencontribution to the féset is
also visible looking at the ILC results, although it is calesiably lower thamastica one. While
FASTICA IS more dfected by noise, the ILC is mordfacted by foregrounds residuals.

8. Finally, the values of the quadrupole amplitude show adrdistribution without fiset. The
presence of residuals is reflected more in the spread of ihéspthan in a possibleftset.

9. rasTicaA IS unstable when the sky is subdivided in more than thre®@nsgiln particular, with nine
and ten regions, it reaches the convergence only for a fegepeof simulations. This instability
is the signature of the fact that the component separatibanywerformed with the ICA approach,
is not actually improved by selecting regions.

The results of the statistical analysis of the simulatioesveéd using either the MEM foreground
maps or those proposed lbyﬁ_h_osh_lat]_al_dZOlO) are guifereint with respect to the PSM case. Figures
and&.18 show the plots obtained from the three regioalysis, as an example of what happens
also with all the other partitions.

In general, theastica and ILC results look very similar: there is always dfset in the distribution
of the statistical values derived from the output CMB mapthwespect to the noisy maps and the bias
corrected ones. The MEM and GFM foreground models make #eelaiger in amplitude than before.

Besides the noise is clearly less significant than for the Rddiel, especially for theastica
analysis: the values of the four statistics of the noisy naapslways consistent with those of the input
maps. This is true also for the skewness and kurtosis valbhehwere more spread for the PSM.

When the bias correction is applied to therica and ILC output maps, the statistics give results in
agreement with the input ones, as for the PSM case. Althdwghias maps haveftiérent features due
to the diferent models adopted, the computation is always good enouglaluate the actual residual
in the CMB.

6.3.2 Local evaluation of skewness and kurtosis

Attempting to estimate the impact of the foreground red&loa small angular scales, we have studied
in further detail the values of the skewness and kurtosishef@MB estimators derived from the
simulations: these statistics have demonstrated to hagaidicant sensitivity to non-Gaussianities.

Specifically, instead of computing the global value, we catagd the local value of these statistics,
over the pixels of the map (Msige = 256) which lie in a given pixel of a low resolution map of
Nsige = 32. The analysis has been carried out only for the PSM simakstwhose CMB maps are
largely contaminated by residuals.
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For each CMB map recovered in a single simulation (inputpotjtnoisy and bias corrected map),
we generated the maps of the skewness and the kurtosis.lyFinalaveraged them over the entire
ensemble of simulations. Theastica results for a selection of cases of analysis are shown inrfésgu
and&.20. The analogous plots for the ILC code are showigured6.21 and 6.P2.

Looking at them, it is possible to get new hints about the progs of the CMB maps, especially
for what concerns the impact of residuals on angular scatedler than 2 degrees and the applied bias
correction.

As expected, given the Gaussian nature of the simulatedlsitpe input CMB generates regular and
uniform skewness and kurtosis maps: the values of both #tistéts, indeed, are uniformly distributed
over the sky. Of course, this is not the case for the outputsmdgpch are contaminated by foreground
residuals. The latter are reflected in larger values of tlevekss and kurtosis, mainly along the
Galactic plane. It is interesting to note, that such a comtation is larger for the ILC analysis than for
therastica one (when it does not have convergence problems), for betekéwness and kurtosis. As
already seen with the scatter plots, the CMB maps returnélaoly.C are generally more contaminated
by spurious emissions, than the maps derived witinica.

For the partitions of the sky wherastica is unstable, the amplitude of the kurtosis increases even
more when computed close to the Galactic plane, due to tegrfound residual. Moreover, the edges
of the partition of the sky are clearly visible, significanslo when the cut parallel to the Galactic plane
is adopted. It is remarkable that the skewness does not dimwame irregularities due to the cut,
confirming the kurtosis as a more sensitive tool to detegtivass and anomalies with respect to a
Gaussian random field. A similar pattern is visible in thet&sis maps of the noisy CMB, since the
noise is evaluated according to the same weights.

Another interesting point is given by the statistics mapshefbias corrected CMB. For both the
methods, they are similar to those derived from the noisyan&upirthermore, when the ILC is used,
the similarity is extended to the input CMB as well. Thisdalls that the bias correction is a pretty
good estimation of the residuals in the CMB maps, as alreatlydnstudying the global values of the
statistics. Though, we need to stress again that it is nassecily a good estimation for the residuals
in the real data analysis results. Indeed, in Se¢fidn 6.6yieemonstrate the limitations of the PSM
in evaluating the bias, with respect to the MEM and GFM maps.
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Figure 6.16: Three regions component separation analysis with respecbtthe Ecliptic plane (fifth map

of Figure B). Scatter plots of the variance, skewness, kurtosis and gpaldr amplitude of the CMB maps
produced with 200 simulations. The values for the output CM&p, as well as the noisy and bias corrected
output CMB maps are plotted against the values of the inpuB@Mps. The plots on the left are relative to
the analysis performed witkastica, while those on the right are the analogous for the ILC metfidee values
derived from the real data analysis are shown in green.



6.3 Monte Carlo simulations 157

ICA ILC
VARIANCE VARIANCE
1.1x10* ‘ 1.1x10* ‘
9.2x10° N 9.2x10°F N
3 5
& 75x10%t 1 & 7s5x10%t 1
=} =}
o o
g CMB output 4 CMB output
3 3
5.8x1071 jv noisy CMB || 5.8x10°r g noisy CMB ||
y debiased CMB W" debiased CMB
4.0x10° ‘ ‘ ‘ 4.0x10° ‘ ‘ ‘
4.0x10°5.8x10°7.5%10%9.2x10%1.1x10* 4.0x10°5.8x10°7.5x10%9.2x10%1.1x10*
input input
SKEWNESS SKEWNESS
0.350 PR T 0.350 T
* T e .
+
02251 4 FrHEL 1 0.225 1
B+ rr 5
< s e SR 2
2. HF U 2.
5 0.100 ;E 1 5 0.100 1
° e L;: - °
+° 7+ output
—0.025 il ?Ei*sy CMB |] —0.025 . noisy CMB ||
- %@%@ Hébiased CMB Itdébiased CMB
—0.150 " | # 4 ‘ ‘ -0.150
—~0.150 —0.025 0.100 0.225 0.350 —~0.150 —0.025 0.100 0.225 0.350
input input
KURTOSIS KURTOSIS
9.0 ‘ 9.0 ‘
6.6 1 6.6 1
5 3 F
% B t |
g 425 q g 425
5 o n
MB, output
L | L Houtp |
19 oisy CMB 19 Hoisy CMB
ebiased CMB iased CMB
~0.5 ‘ ‘ ‘ ~05 [ ‘
-050 -0.22 005 0.33 060 -0.50 -0.22 005 0.33 060
input input
QUADRUPOLE QUADRUPOLE
4000 ‘ ‘ ‘ E 4000 ‘ ‘ ‘
A
& gt
3000 WERE 3000 ¥ " 1
+ 2
3 ﬁ%i ] ¥%¢
£ zo00t 4 £ zo000f " 1
j=) j=)
o o
CMB output MB output
1000 ¢ noisy CMB | ] 1000 ¢ noisy CMB | ]
3 debiased CMB debiased CMB
L &
olFT ‘ ‘ ol ‘ ‘
0 1000 2000 3000 4000 0 1000 2000 3000 4000
input input

Figure 6.17:MEM simulations - Three regions component separation analsis with respect to the Ecliptic
plane (fifth map of Figure B.1). Scatter plots of the variance, skewness, kurtosis and gpaldr amplitude of
the CMB maps produced with 200 MEM simulations. The valuegte output CMB map, as well as the noisy
and bias corrected output CMB maps are plotted against thes/af the input CMB maps. The plots on the left
are relative to the analysis performed witlstica, while those on the right are the analogous for the ILC method
The values derived from the real data analysis are showreengr



158 Internal analysis of theW MAP five-year data on patches of the sky.

ICA ILC
VARIANCE VARIANCE
1.1x10* ‘ 1.1x10* ‘
9.2x10° N 9.2x10° N
) -
3 3
& 75x10%t 1 & 7s5x10%t 1
=} + =}
o o
. ﬂﬁ CMB output . CMB output
5.8x107 2 noisy CMB | ] 5.8x107 1 7 noisy CMB | ]
? debiased CMB v debiased CMB
4.0x10° ‘ ‘ ‘ 4.0x10° ‘ ‘ ‘
4.0x10°5.8x10°7.5%10%9.2x10%1.1x10* 4.0x10°5.8x10°7.5x10%9.2x10%1.1x10*
input input
SKEWNESS SKEWNESS
0.350 E *#iﬁ 0.350 N ‘+ +
+ o+ R i
I
0.225F + +#§H¢ 1 0.225 1
it R
- + -
2 ~ :
5 0.100f 1 5 0.100 1
o R o]
4]
—0.025 1 - noisy CMB || —0.025 }
- " :
- Fdépiased CMB
FLFEA
—0.150 k. A L . —-0.150
—~0.150 —0.025 0.100 0.225 0.350 —~0.150 —0.025 0.100 0.225 0.350
input input
KURTOSIS KURTOSIS
9.0 ‘ 9.0 "
6.6 1 6.6 1
) )
2 2
g 425 q g 425 q
o] ) [0
JMB, output CMB output
L -+ 4 L 4
19 “noisy CMB 19 noisy CMB
debiased CMB debiased CMB
~0.5 ‘ ‘ ‘ ~0.5 HHHITT
—050 -022 005 033 0.60 -050 -022 005 033 0.60
input input
QUADRUPOLE QUADRUPOLE
4000 ‘ ‘ ‘ 4000 ‘ ‘ ‘
NEs e
3000 - ¥+ A 3000 - 1
T et +
+
3 3 g5
o ft o
= 2000 1 = 2000 1
o o
CMB output MB output
1000 ¢ noisy CMB | ] 1000 ¢ noisy CMB | ]
debiased CMB i debiased CMB
0 ‘ ‘ ‘ o F ‘ ‘
0 1000 2000 3000 4000 0 1000 2000 3000 4000
input input

Figure 6.18:GFM simulations - Three regions component separation anakis with respect to the Ecliptic
plane (fifth map of Figure ). Scatter plots of the variance, skewness, kurtosis and gpaldr amplitude of
the CMB maps produced with 200 GFM simulations. The valueshfe output CMB map, as well as the noisy
and bias corrected output CMB maps are plotted against thes/af the input CMB maps. The plots on the left
are relative to the analysis performed witlstica, while those on the right are the analogous for the ILC method
The values derived from the real data analysis are showreengr
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Bias corrected

Figure 6.19: Mean maps of the skewness computed from the Cldsrderived from the simulations. The
skewness values are computed for each pixel of a map at aitiesobf Ngige = 32. The CMB maps are derived
from therastica analysis of simulated data. As example, we show the resutteedull-sky analysis, and those
obtained with three regions, i.e. the three regions defindunespect to the Galactic and Ecliptic planes.

Figure 6.20: Mean maps of the kurtosis computed from the CMdpsnderived from the simulations. The
skewness values are computed for each pixel of a map at aitiesobf Ngjge = 32. The CMB maps are derived
from therastica analysis of simulated data. As example, we show the resuttseedull-sky analysis, and those
obtained with three regions, i.e. the three regions definédrespect to the Galactic and Ecliptic planes.
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Figure 6.21: Mean maps of the skewness computed from the Clsrderived from the simulations. The
skewness values are computed for each pixel of a map at aitiesobf Ngjge = 32. The CMB maps are derived
from therastica analysis of simulated data. As example, we show the resuttedull-sky analysis, and those
obtained with three regions, i.e. the three regions defindunespect to the Galactic and Ecliptic planes.

Figure 6.22: Mean maps of the kurtosis computed from the CMdpsnderived from the simulations. The
skewness values are computed for each pixel of a map at aitiesobf Ngjge = 32. The CMB maps are derived
from therastica analysis of simulated data. As example, we show the resuttseedull-sky analysis, and those
obtained with three regions, i.e. the three regions definédrespect to the Galactic and Ecliptic planes.
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6.4 Analysis of theW MAPfive-year data

Our data set consists of thd MAP 5-year maps. As in the case of the simulations, they have been
analysed on patches of the sky, accordingly tdedént selections of regions. Specifically, we have
considered six dierent subdivisions of the sky: four of them have been chossing those used in
the testing phase, while two of them have been selected terfiterature, namely the 12 ILC regions
from WMAP(lI:I.'Lns.haMLeLdILZ.OﬁJ?) and the 400 regions defined by Park ( ). The analysis has
been performed both witiastica and ILC as implemented H);LEr.lks_en_el M004).

Unlike previous works on this data set ds_e_e_M.ainQ_IaLal_dZ@Lﬁﬁ Chaptel4), no masks have been
applied to the data, nor has there been a subtraction of thegmurces, the main reason for this choice
being the possibility of obtaining a full-sky reconstractiof the CMB. In fact, we already know from
Chaptef¥ that the algorithm is able to achieve good reswdts ender these conditions.

As for the simulations, we computed the CMB component foheagion, and afterwards we
merged them in a full-sky map. The merging has been done giaguling the maps together, as well
as previously smoothing the edges of the regions withi@tive beam of £°. As example, in Figures
B.23 620 6.25 arld6.26, we show the resultant full-sky Giveps together with the CMB components
of each single region, in the case whexerica has been used for the analysis and fdfelent cases
of partitioning of the sky. In addition, Figufe 8127 shows therged CMB maps obtained with the two
codes, for the four subdivisions of the sky, when the edgdéiseofegions are smoothed.

A first glance at the full-sky CMB maps is fficient to observe someftierences between thestica
and ILC results. With the first method indeed, there are gdlyesome residuals left along the Galactic
regions which increase in amplitude when the sky is diviae6,i9 and 10 regions. Indeed, the Cyn
A region as well as a thinner layer in the central part of thenBlare particularly prominent when the
sky is divided in more than 6 regions. Visually speakingydhke CMB derived from the three regions
analysis withrastica is comparable with the ILC one. This result confirms whatadsefound with
simulations:rastica is unstable when used on small regions of the sky and geteworerformance
with respect to the ILC code. This is probably also connetbetthe small extension of the regions
closer to the Galactic plane (for example, region 5 and 6 gufe[6.2B). Due to the strong mixture
of foregrounds of these regions, it is venyfaiult to disentangle the component and it is not perfectly
achieved by the code. In fact, the statistics adopted indhgpatation itself enhance those features of
the sky which are already strong, to the detriment of the CMtssion. At higher latitudes, instead,
where the contamination becomes less significant, the CMit8noadooks clean and properly defined.

On the other hand, the ILC estimation is remarkably impravggbatching the sky: this is clear
when comparing the CMB map derived from the full-sky anaygith those obtained using the regional
approach. Moreover, the larger the number of regions, thtere results: the residuals along the
Galactic plane gradually reduce with an increasing numbsuldivisions.

To better compare the ILC and ICA results, we have computedifference between the respective
CMB maps (see FigureZ6P8). For the full-sky and three regiamalysis, the disparity is mostly
constituted by a residual along the Galactic plane. Withrgelasubdivisions of the sky, instead, the
difference increases in amplitude.
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Figure 6.23: We show the three regions map (upper left). T Components returned hysstica for each
region are also shown (second row maps) as well as the onmettaerging the regions. We merge the maps
simply adding them together, but also previously smootlivegedges of the regions at an angular resolution of
1.5 degrees (see the middle and right maps in the top ronectsely).

The stronger signal comes from the Galactic plane, althdliglstructure of the North Polar Spur
is more visible. Finally, it is interesting to note that, whthe sky is subdivided in 6 or 9 regions,
the area around the Gum Nebula is well resolved by both tharighgns. It is not the same when the
sky is divided in 10 patches and the region is analysed tegetith others closer to the Center. This
is probably due to a stronger cross-correlation among th&pooents and changes in the values of
spectral indices.

The diferent behaviour of the two methods is also visible lookinghat weights of the CMB,
returned by the two algorithms. They reflect tHeeet of the constraint imposed on the CMB when
using ILC, and the fact that both method emploffetient statistics.

As seen with simulations, a limitation efstica is the fact that it does not reach the convergence
if the regions of the sky are too small. This happens with theegions proposed by MAP and
the 400 regions defined ll)_)LBa.Lk_el lal_dOOY). The number @pircluded in a single region is not
statistically sifficient to make the code converge. For this reason, for thes@artitions of the sky,
we employed only the ILC algorithm: as mentioned befores¢hmases are interesting as a comparison
with other works and because they give us the opportunitxpboee more largely the dependence of
the ILC results on the number of regions (see Sediionl6.4:8¢ recovered full-sky CMB maps are
presented in Figufe 6.P9: the CMB pattern looks clean of esiduals.

6.4.1 Power spectrum

Another figure of merit for evaluating the final CMB map is thewgr spectrum estimation. In Figure
B30, we compare the power spectra of the full-sky CMB mapsyetesmoothing the edges of the
regions. The results from the simple full-sky analysis ds® @ncluded as reference, as well as the
measuredV MAP power spectrum.

As anticipated in the previous discussion (Secfioh 6.4 aly case where it seems reasonable to
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Ka Q
FASTICA ILC FASTICA ILC FASTICA ILC
weights - FS
-0.01625 -0.01947 -1.22580 -0.01931 1403021 -0.65080
weights - 3 Regions
1 | -0.07322 -0.08682 031048 006388 -1.07516 -0.42592
2 | -0.02643 002943 009745 -0.20285 -0.82779 -0.52696
3 0.10621 004027 -0.37649 -0.20133 -0.67149 -0.62444
weights - 6 Regions
1 0.26983 -0.04028 -1.09501 -0.39777 -0.21328 036204
2 0.16486 -0.18363 -1.02409 010310 029037 029051
3 0.35934 -0.08428 -1.44334 -0.15584 -0.07637 020719
4 0.15344 017263 -0.65040 -0.45023 -0.44628 -1.03254
5 0.12542 017570 -0.41078 -0.61689 -0.65726 -0.55256
6 | -0.02354 -0.17896 154971 069843 -3.90176 -1.17644
weights - 9 Regions
1 | -0.12033 -0.26980 -0.92638 025772 205783 029352
2 0.43760 -0.03364 -255416 -0.43984 207979 045829
3 | -0.69573 004325 282638 -0.49383 -2.73613 005063
4 0.16223 -0.18379 -1.01775 010392 029491 028950
5 0.37001 -0.03362 -1.44859 -0.27517 -0.16775 006867
6 | -0.00837 010286 001746 -0.28553 -0.87007 -0.93630
7 0.14200 015787 -0.36083 -0.56462 -1.13101 -0.69950
8 0.23731 014290 -0.84902 -0.18432 -0.34356 -1.51762
9 | -0.00593 -0.03730 062716 020907 -2.05310 -0.99335
weights - 10 Regions
1 | -0.12033 -0.26980 -0.92638 025772 205783 029352
2 047421 -0.11945 -2.75902 -0.05226 230928 012126
3 | -0.69573 004325 282638 -0.49383 -2.73613 005063
4 0.17895 033723 012974 -1.54008 -2.47513 032035
5 0.16223 -0.18379 -1.01775 010392 029491 028950
6 0.37001 -0.03362 -1.44859 -0.27517 -0.16775 006867
7 | -0.00837 010286 001746 -0.28553 -0.87007 -0.93630
8 | -0.02712 -0.06103 -0.00655 -0.08511 -0.90176 -0.62822
9 0.23731 014290 -0.84902 -0.18432 -0.34356 -1.51762
10 | —-0.00593 -0.03730 062716 020907 -2.05310 -0.99335

Table 6.1: Values of the K-, Ka- and Q- bands weights retudmgdhe rastica and ILC codes for the single

regions.
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\Y W
FASTICA ILC FASTICA ILC
weights - FS
-2806411 169522 176175 -0.00565
weights - 3 Regions
1 193295 137201 -0.09505 007685
2 165879 165676 009798 004362
3 212949 184492 -0.18772 -0.05942
weights - 6 Regions
1 339914 163095 -1.36069 -0.55493
2 138278 061614 018609 017388
3 3.08146 099252 -0.92109 004040
4 232883 289490 -0.38559 -0.58476
5 223501 223527 -0.29238 -0.24153
6 368580 136435 -0.31020 029262
weights - 9 Regions
1 0.29953 080988 -0.31065 -0.09131
2 218614 116352 -1.14936 -0.14833
3 114578 216641 045969 -0.76647
4 136927 061507 019134 017531
5 291220 102702 -0.66587 021309
6 199765 267398 -0.13668 -0.55501
7 321871 253187 -0.86886 -0.42563
8 190855 347086 004673 -0.91182
9 253081 170833 -0.09894 011325
weights - 10 Regions
1 0.29953 080988 -0.31065 -0.09131
2 217080 094815 -1.19527 010229
3 114578 216641 045969 -0.76647
4 415225 209217 -0.98580 -0.20967
5 136927 061507 019134 017531
6 291220 102702 -0.66587 021309
7 199765 267398 -0.13668 -0.55501
8 247438 248274 -0.53895 -0.70839
9 190855 347086 004673 -0.91182
10| 253081 170833 -0.09894 011325

Table 6.2: Values of the V- and W-band weights returned bytkaca and ILC codes for the single regions.
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Figure 6.24: We show the six regions map (upper left) derivenh the firstrastica component returned when
the real data are analyzed internally with theon-linear function. The regions are selected in order Ve liae
same integrated temperature. Negative and positive paxelgeated separately. The CMB components returned
by rastica for each region are also shown (second and third rows) asawétle one obtained merging the regions.
We merge the maps simply adding them together, but alsoquglyi smoothing the edges of the regions at an
angular resolution of 1.5 degrees (see the middle and rigipisrin the top row, respectively).

implement a regional analysis withstica is the one where the sky is subdivided in three regions: the
power spectrum is consistent (withirr) with the estimation of th&V MAP science team and, at small
angular scales, shows the same behaviour with respect fallhsky analysis. On the other hand, the
other three cases (6, 9 and 10 regions) show an excess of pawaultipoles larger than 10, with
respect to the full-sky analysis and even larger with ressipeihhe W MAP result.

Any excess disappears as soon as the minimal mask define@pidii is applied to the maps (see
Figure[&31). This demonstrates the fact that it is actuhltypresence of residuals along the Galactic
plane that is responsible for the excess in the power spethar than, for example, an underestimation
of the noise.

A further confirmation of this point is given when using thegs-power spectrum estimator, already
defined in our previous analysis: as described in Chapteedave adopted the two input CMB sky
maps derived from subsets of the individual DA sky maps tomatenit. In Figurd 632, we compare
the auto-power spectra of the maps derived from the regmmalysis (and already shown in Figure
B.30) with the cross-power spectra derived using the samitigas of the sky. Since the cross-power
spectra follow the same curve than the auto-power spettsaems clear that the excess of power is
connected to the foreground residuals along the planesrr#ian to the noise.

Finally, Figure[6.3B compares thestica results with the ILC ones. As expected looking at the
maps, the power spectra of the ILC analysis do not show arlgefuexcess of power, apart from the
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Figure 6.25: The same regions presented in Figurd 6.24 ardunther subdivided in order to separate the main
structures of the plane. The final map has 9 regions (uppgr [€he CMB components returned Ipystica

for each region are also shown (second, third and fourth)ras/svell as the one obtained merging the regions.
We merge the maps simply adding them together, but alsoquslyi smoothing the edges of the regions at an
angular resolution of 1.5 degrees (see the middle and rigipsrm the top row, respectively).

usual one at small angular scales due to the vicinity to th@luéon limit of the map. All the partitions

of the sky return CMB maps whose power spectrum follows quét the W MAP result and the full-
sky estimation. However, the power spectrum alone is nficgent to appreciate the improvements
due to a large partition of the sky. Indeed, it is not easy ® &y diference in the power spectra,
connected to the smaller impact of the residuals in the niEps power spectrum is remarkably robust
to small changes in the foreground correction, as achieyetifferent partitions. This emphasizes why
other figures of merit are necessary for comparisons. Thplssnhones are the variance, skewness and
kurtosis of the CMB maps, both globally and locally evaldaterhich will be addressed in Sections
and©.413. More sophisticated ones instead are nezaeants of non-Gaussianity as described in
Sectiof6.41.

Note that all these power spectra have not been correctedhéomunresolved point sources
contribution, unlike in the analysis described in ChapBesxd4. In these previous works indeed we
applied the correction as done hyAM:ighLdt E.L_(iOOQ), wipidvides an estimate according to global
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Figure 6.26: The same regions presented in Figurd 6.24 ardurther subdivided in order to separate the main
structures of the plane. The final map has 10 regions (upfier Téne CMB components returned Ipystica for
each region are also shown (second to fifth rows) as well asrieeobtained merging the regions. We merge
the maps simply adding them together, but also previouslgosining the edges of the regions at an angular
resolution of 1.5 degrees (see the middle and right mapsitoihrow, respectively).

linear weights and, therefore, can not be adopted agaihéaxegional analysis. Nevertheless, we have
computed the correction (following the same prescripiidoisthe single regions used for partitioning
the sky: it is useful in order to have an idea of the magnitudia® contribution of unresolved point
sources and to identify the regions of the sky where this im@somore significant. The values derived
for both therastica and ILC analysis are generally small enough notftec the curves shown in the
previous plots and the conclusions derived from them. Heweke correction is significant when the
weights are anomalous, such as in the case wilerea is applied to full-sky data or it is used for the
analysis with a number of regions larger than 6. Furtherptbexe is not a specific trend in the order
of the regions shown by thestica and ILC analysis: the largest contribution derives frorfiedent
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FastICA pg 3 Reg 6 Reg 9 Reg 10 Reg

Figure 6.27: We compare the merged CMB maps derived fegmca (already shown in Figurés 6143, 61 £4,8.25
and6.2b) with those derived with the ILC code. The edgesefdgions are smoothed at the resolution.&f 1

3Reg 6Reg

Figure 6.28: Diterence between thastica and ILC merged CMB maps derived from the full-sky analysid an
from the regional analysis, shown in Figlire 6.27.

regions for the two methods.

6.4.2 Variance

For each CMB map derived with ICA and ILC, we evaluated theavare over the total number of
pixels of the map (see Taldleb.3). The computation has beele lath for the case where the edges
of the regions were smoothed before merging them, and wheyewere not. Moreover, we corrected
for the noise variance, evaluated using noise simulatibtigecsingle bands oV MAP and combining
them according to the weights of the specific CMB map consiler

The first interesting point to note is the fact that the vak@aputed from the merged maps with the
ILC code are smaller than the full-sky ones, indicating ggional analysis as a good tool to improve
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Figure 6.29: Plot of the full-sky CMB maps derived with ILC aintheW MAP partition of the sky is adopted

as well as the one proposed by Park et al. (2007).
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Figure 6.30: Power spectrum of the merged maps shown in theopis figures. We considered only the case
where the edges of the regions have been smoothed.
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Figure 6.31: Power spectrum of the merged maps shown in #@wéopis figures. The minimal mask is previously
applied on the maps.
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Figure 6.32: Comparison between the auto- and cross-pgeeetra of the merged maps shown in Figure16.30.
They are all derived from a full-sky analysis. The auto-posgectra are corrected for the noise. They basically
overlap with the cross-spectra, suggesting that the noisguatation is actually correct.
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Figure 6.33: The same power spectra shown in Figureé 6.3®manpared with the power spectra of the ILC maps.
They are all derived from a full-sky analysis.

the quality of the CMB reconstruction. Usimgstica, this is still the case for the three regions analysis,
but not for the larger subdivisions of the sky. We have adgaénconfirmation of what has been found
with the simulations studyastica does not dramatically improve with a regional analysis,le/Buch

an approach is more interesting and useful for the ILC methwteed, the variance values derived from
the ILC results are generally lower than those computed tf@aastica maps. This is also connected
with the instability of the code, when it works on small are&she sky, as seen with the simulations.
Furthermore, this is a consequence of thféedent statistic used to find the CMB: the neg-entropy is a
approximated with an exponential function of the tempegasio that bright regions become dominant
in the sky.

Finally, it is interesting to note the trend in the varianddgh® ILC maps, which is such that the
larger the number of regions, the lower the variance. The® Hhregions analysis are the only
exceptions, since the variance increases again. Howéwetwo sets of regions are those derived
by further subdividing by hand the 6 regions map, so thatiipetructures could be treated separately.
The modification in the trend of the variance values suggististhese arbitrary partitions are not
optimal: possibly, they do not reflect common propertiehefdtructures. Respecting the actual spatial
variations of the properties of the foregrounds is theeefaorandatory to improve the performance
in reconstructing the CMB. A large partition of the sky, doest necessary improve it, if such a
requirement is not fulfilled.

Tablel&.% reports the values of the variance computed oegriiels of the single regions, with the
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with smoothed regions
FASTICA ILC
noise corrected only map noise corrected only map
3Reg 533531 537721 529631 53341
6Reg 689371 698489 499035 502829
9Reg 615447 623422 500929 504615
10Reg 616000 623989 502144 505853
12Reg - - 480019 498860
400Reg - - 461277 467768
No smoothed regions
FASTICA ILC
noise corrected only map noise corrected only map
3Reg 533652 537842 529710 533621
6Reg 757702 766820 504948 508744
9Reg 652410 660385 506520 510206
10Reg 653363 661352 508146 511855
12Reg - - 480356 499197
400Reg - - 468342 472051

Table 6.3: Values of the variance (i ?) of the merged CMB maps derived from the regional analysifopaed
with rastica and the ILC code. We show the values with and without the noeseection, for the maps derived
smoothing the regions as well as those derived without apgphjne smoothing. For reference, the variance value
of the CMB map derived from the full-sky are 5497 and 539011 respectively forastica and ILC: the values
computed from the merged maps are smaller than the full-gleg,oindicating the regional analysis as a good
tool to improve the quality of the CMB reconstruction.

two component separation methods. This local computasantéresting to check which region has
the largest variance value and, therefore, has the largasmination by a spurious emission. We also
compared these values with those derived from the CMB mapstti returned by a full-sky analysis.
The diference between the variance evaluated on the single refgiobseth the maps, should give an
idea of the possible improvement of the regional analybis1€A and ILC solution for the single area,
indeed, are expected to be better than the one in the sanundwit derived for the entire sky. In
the latter case in fact, the solution is likely to i&eated by compensations due to spatial variations of
the foregrounds. Indeed, the values derived from the redjimmalysis are generally smaller than those
from the full-sky analysis, although somerica values are exceptions, due to the bad performance of
the code with a number of regions larger than three. Furtberras predicted, the regions closer to
the Galactic plane show the larger variance. The only exue the three regions analysis, since all
the patches include a fraction of the plane. In additiors plairtition of the sky highlights the existence
of an asymmetry between the northern and southern Hemisphtr respect to the Ecliptic plane: the
southern hemisphere indeed has a larger variance than ttleemoone. Finally, the ILC values are
generally lower than thexstica ones, as expected from the global values commented above.
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rasTicA Reg ILC Reg FSastica FS ILC
variance - 3 Regions
1 451857 445984 468666 457169
2 630800 628865 632976 633736
3 517159 512814 518750 516801
variance - 6 Regions
1 524985 496453 553566 542992
2 479453 464500 481195 474159
3 466969 436924 448533 443386
4 791221 786950 860550 890842
5 2596979 1748597 2220382 2405539
6 20572472 4664980 755956 7236007
variance - 9 Regions
1 444757 426494 531889 517001
2 439284 388438 416576 404350
3 829639 740610 778090 773263
4 478103 463458 480971 473933
5 464785 438768 449399 444238
6 781004 723790 799196 808857
7 844941 834266 862628 871638
8 858123 589120 783729 841588
9 5679798 3032454 3882614 3932783
variance - 10 Regions
1 444757 426494 531889 517001
2 446848 367416 400202 385858
3 831326 744632 778090 773263
4 545164 514544 580927 595528
5 478329 463338 480971 473933
6 464975 438951 449399 444238
7 781743 721536 799196 808857
8 744921 736539 924557 927425
9 858126 589338 783729 841588
10| 5764619 3088614 3882614 3932783

Table 6.4: Values inK? of the variance of the CMB maps derived from the regional ymislperformed with
rastica and ILC. We show the values for the single regions, compus@thuthe integrated CMB maps, as well as
the maps derived from the full-sky analysis.
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6.4.3 Local skewness and kurtosis

Together with the variance, we also studied the skewnesg&amasis of the CMB maps derived from
the regional analysis. We evaluated them locally, repgdkia procedure followed with the simulations
(Sectior&.3). For each CMB map, we computed the skewmekkatosis values over the ensemble
of points within each pixel of a map of resolutidlge = 32. The results are shown in Figlire 8.34.

When the ILC method is used, the values of both the statigtesiniformly distributed on the sky,
sign of the fact that on a small angular scale the presen¢edbteground residual does not impact the
properties of the CMB. This is particularly remarkable foe full-sky analysis, where the residuals are
certainly present and strong. In the caseasfica instead, both the skewness and kurtosis maps show
an enhancement in amplitude along the Galactic plane, lgxabere the residuals get stronger. This
is true in particular for the analysis with a number of regiequal or larger than six. Thus also for the
real data analysis it is true that the ILC applied on smalioeg) of the sky improves its performance
while it is not the case famstica, the CMB reconstruction of which is generally more contaatea by
foreground residuals. The latter analysis hené@&cés the statistics of the CMB signal even at small
angular scales.

It is also interesting to note that the same study with sitia showed that the ILC method was
more contaminated thanastica. Such discrepancy, again, must be connected to the inaceqtithe
simulated foreground sky compared to observation.

The dfect of the residuals is more evident when considering a loasslution Nsige = 8) for the
maps (see Figufle 6B5). The number of pixels with a largesvafiskewness and kurtosis is generally
lower for the ILC results than whemstica is used to derive the CMB emission. The only exception, as
noted before, is the analysis of the sky divided in threeamrgji this is the only case where thatica
result are better than the ILC one.

6.4.4 Further non-Gaussianity tests

Other measures of non-Gaussianity have been used for comgplifterent CMB estimations, in order
to better appreciate improvements achieved by the pertbmegional analysis witlastica and ILC.
Several anomalies have been claimedffea theW MARJata and they have been partially associated
with the presence of foreground residuals. Therefore, rgdigebetter results in cleaning CMB data
should be reflected in a smaller evidence of such anomalieghwotherwise could be considered
genuine features of the data, if statistically significant.

Following@ M), we focused our attention on large scale anomaledsaed by means of
different statistics. The T-statistic and the angular momerttigpersion (hereafter D-statistic) have
been used as measure of planarity of a given multipole, g®opeal b)"_d.e_O_LuLeILa_Qosla_eﬂ ELL_(ZbO4):
they are two measures of the maximal percentage of the poinergoven multipolef that can be
attributed tdm| = ¢. They are defined respectively as:

A2 A2
f= max'ag_f(n)l + |ag ()|

6.1
A S lam(f) 6.1
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Figure 6.34: Maps of the local skewness and kurtosis esométr all the cases of analysis (full-sky and using
regions) with both theastica and ILC codes. The maps have a resolutiomNgfie = 32.

and

(WA L) = > mPlagm(f)P (6.2)

where‘ST (A) = y(n) andL is the angular momentum.
Furthermore, the S-statistic is used as a measure of symof€lMB maps, as done mml

(@) and more recently l]nLdiO_LnLelLa-_C_osla}tl.a.L(.lng?):

2
26 - )] 63)

whereN,iy is the number of pixels in the map afg denotes the reflection d; in the plane whose
normal isf;, i.e.,

A = Aj - 20 - Ay (6.4)
S(N) is a measure of how much reflection symmetry there is in thieomplane perpendicular . The
more perfect the symmetry is, the smalgn) will be.
In addition, we also visually tested the Gaussianity of oaps) by using the color coded phase-
gradientD, = ¢ri1m — ¢rm (Whereg,, is the phase, assumirdy, = |a;mlexfie,m)) proposed and
adopted bm:ﬁ%): this is a visual techniquiehvallows us to look for correlations that

may or may not be quantifiable by the other three statistfaiel phases are randomly distributed the
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Figure 6.35: Maps of the local skewness and kurtosis esomé&tr all the cases of analysis (full-sky and using
regions) with both theastica and ILC codes. The maps have a resolutioiNgfie = 8.

plot should be filled uniformly. Deviation thereof gives aasare of Gaussianity.

All of them have been computed for the ILC and ICA CMB maps\aatifrom the regions analysis
and a simple full-sky analysis. The phase-gradient plots latso been generated.

We first evaluated the T-Statistic (i.e. planarity), and Er&tatistic (i.e. the angular momentum
dispersion), for each multipol& with a particular attention on the large scales (efg= 2 — 17).
Furthermore, we determined the direction in the sky wheeesthtistic reaches its maximum value,
as well as the degree of alignment with the preferred dweaatif the previous multipole. To quantify
the statistical significance of any anomaly, these resalis heen compared with those derived from a
set of Gaussian Random field simulations. In practice, whamthe real data analysis returns a value
larger than 95% of the simulations, it is considered an @#teng indication of non-Gaussianity. Note,
however that this non-Gaussianity reflects foregrounditeds in the case of simulations. It idfikult
however to assess the true non-Gaussianity in the real ohata i$ is not certain whether the source
of non-Gaussianity signals is residuals or otherwise. Agaeforeground model in the simulated data
would allow us to quantify the relevant residuals, althoitgdobviously hard to provide such a model.

We first analysed the results derived with the ILC methodnagigliferent partitions of the sky
(including a simple full-sky analysis): the returned maipsthis case, are expected to be closer to a
Gaussian random field, since they are less contaminateddyrtounds. Then, we compared the results
with those obtained using ICA.
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Figure 6.36: We show the symmetry statistic S-maps derivaah the CMB ICA (left) and ILC (right) maps
obtained partitioning the sky with 3 (top row) and 6 (bottoowy) regions. All the maps are shown in the initial
orientation of the input CMB map. The stronger foregrounsideal along the Galactic plane whiclffects
the rastica CMB estimation with 6 regions is likely to be the explanation the diferent patter on the S-map
compared to the other cases.

ILC MAPS RESULTS

Generally, particular attention has been given to thestiesi results obtained for the quadrupole and
the octopole, given the claims of alignment and planarif toncern them (see Sectignl1.3).

The analysis of the ILC maps shows that the quadrupole anolctiopole have always a quite large
value of the T-statistic, even though this is not significaina level of 95% with respect to Gaussian
simulations. For almost all the ILC maps, the maximum of plag occurs at the same direction of
b = 60° andl = 238. Exceptions are the full-sky case the direction of whichoigted of 3 degrees,
and the 3 regions case where the maximum occurs at sliglireint positionly = 60° andl = 229).

On the other hand, the T-statistic is larger than 95% of Ganssmulations foX = 6 and¢ = 17,
for all the ILC input maps. In the same way, the 13 multipole has a significant level of planarity for
all the partitions of the sky, but for the case where 10 andefjibns are used. The octopole is aligned
with the quadrupole for the 3, 6, 9, 10 and 12 regions analysislly, the multipolef = 6 is aligned
with £ = 5 when the 12 regions froMV MAP are adopted.

The D-statistic shows similar results. In particular, theection of the alignment between the
guadrupole and the octopole is the same than the one desueglthe T-statistic (the only exceptions
are the ILC maps derived using 6 and 12 regions).

The symmetry statistic S-maps derived from the CMB estiomatising ILC are presented in Figure
E.38: here, we show the maps derived from the 3 and 6 regiaigsas. The S-map has been used by
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M&elta;cgsla_et_ﬁl[_(zob@ as a figure of merit to evaltla¢ symmetry of the CMB pattern. They

showed that there is a dark spot in the supposed directionppiression of the original map, which is
the same preferred direction of the alignment between tlaelgpole and the octopole. All our ILC
maps seem to return very similar S-maps, which show the sankesgot than_de Oliveira-Costa ef al.
m), therefore confirming their observations.

Finally, Figure§6.37 arld6.B8 show the phase gradients pfahe ILC maps derived using all the
partitions. They are alwaysfacted by very large correlations between phases, excapithan the 12
and 400 regions are adopted. Strong stripes are in factevisilall the plots, particularly so for the ILC
maps derived using 6, 9 and 10 regions. The analysis ma@y ) with dfferent toy models
showed that these features are generally produced by maintes residuals along the Galactic plane.
In fact, the residuals whichfict our CMB maps along the Galactic plane look like point sesy
although slightly broadened. Moreover, the larger the nemalb regions, the lower the residual which
settles itself in this point source shape. Therefore, itassurprising to see such strong features in
the plots derived using the 6 regions ILC map, which in ppieshould be lessfiected by residuals,
based on the variance study (see Sedfian.4.2). In this s@skave a signature of non-Gaussianity
which is most likely induced by the specific morphology of tesidual, rather then the amount of it.

Finally, the ILC maps obtained from 12 and 400 regions, shemvarkably less correlations and
therefore, signature of non-Gaussianities due to foregtaasiduals: this is not surprising since they
are generally less contaminated by spurious emissions@ndtghow any point-source like structures.

ICA MAPS RESULTS

Although, the ICA CMB estimations show generally similasults in terms of high order statistics as
those derived with the ILC maps, soméfdrences have to be highlighted.

We know already that the CMB maps returned by ICA using 6, 9hctegions are actually more
contaminated by foregrounds than the ILC maps. Such a camésion shows its #ect in the S-maps
(see Figuré&6.36), which have some spurious features vafier to those derived from the ILC maps.
Furthermore, the phase gradient of these maps shows vengsitripes (see Figures 6139 4nd 6.40),
although they are weaker than those shown by the ILC anabjsise the residuals are more extended.

Looking at the T- and D-statistics, as a general trend, tiferg€3ults seems to be more consistent
with simulations than the ILC ones. As before, accordinghi® T-statistic, the octopole shows larger
planarity although the value of the maximum of the statistinever larger than 95% of the Gaussian
simulations. However, the preferred direction equal td)€60,248) is generally closer to the one
found bﬂ.d.eﬁlhﬂtaﬁ.oﬂa.etla]L(ZdM) (they found &(60,250)). The longitude is 10 degrees closer
than for the ILC case. Finally, the alignment with the quaadte is significant at the level of 95% only
for the 6 regions analysis.

NON-GAUSSIANITY ANALYSIS OF SIMULATED CMB MAPS

The statistical significance of all the results presentedha previous section has been tested by
processing the CMB maps derived from the simulations desdrin Sectiol_6l3 in the same way
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Figure 6.37: Color-coded phase gradients (following Chianal. (2003)) of the CMB maps derived with ILC,
from the full-sky analysis (top), the 3 regions analysisc¢® row), the 6 regions analysis (third row) and 9
regions analysis (bottom).
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Figure 6.38: Color-coded phase gradients (following Chianhal. (2003)) of the CMB maps derived with ILC

and diferent partitions of the sky. On the top row we show the redtdta the 10 regions analysis, in the middle
row the results from the 12 regions analysis, on the bottamthose from the 400 regions analysis. Dark blue
along the diagonal or the border represent modes for whiglyitken gradient is not defined.
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Figure 6.39: Color-coded phase gradients (following Cieral. (2003)) of the CMB maps derived wittsica.

On the top row we show the results from the full-sky analyisishe middle the results from the 3 regions analysis
and on the bottom row those from the 6 regions analysis. Diaik &#long the diagonal or the border represent
modes for which the given gradient is not defined.
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Figure 6.40: Color-coded phase gradients (followiing Chieral. (2003)) of the CMB maps derived wittsTica.
On the top row we show the results from the 9 regions analygisoa the bottom row those from the 10 regions
analysis. Dark blue along the diagonal or the border reptesedes for which the given gradient is not defined.
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we did for the CMB maps obtained from the real data analysise main point was to assess the
significance of the real data results using simulations witee CMB maps have undergone the ILC
or ICA analysis. Specifically, we have studied the distitoubf the maximum value of the T- and D-
statistics for = 3 and¢ = 6 derived from the output, noisy and bias corrected CMB mafik,respect

to the input ones (see Sectionl6.3 for the definition of theshaphese multipoles, indeed, are the most
interesting ones in terms of anomalies detected using e¢al ds an example, the results of the three
regions analysis with respect to the Ecliptic plane for botlitipoles are shown in Figurés6l41 and
B.42. The real data results (green lines) have also beenarechjo these distributions.

The noisy and bias corrected maps generally have statistioes which are consistent with those
derived from the input maps (i.e. CMB maps from Gaussiangantleld realisations). Besides, the
output maps have more spread distributions, due toftieeteof the residuals.

Furthermore, the T- and D- statistics values derived froaréal data analysis for the two multipoles
are always larger than the mean values of the simulationslianon the tail of the distribution,
remarkably so for = 6. This is in agreement with the results of the real data amalyhere the
multipoles¢ = 3 and¢ = 6 generally return a planarity larger than 95% of the Gaussiiaulations.
Moreover, it indicates that thastica and ILC regional processing of the simulated data does dotie
any spurious anomaly.

The dfect of the residuals is particularly visible when inspegtthe phase gradient plots: they
generally have marked stripes, which get significantly veeakhen the debiased maps are considered.
The plots derived from the input and noisy maps, as expedtedpt show any specific features.

Finally, simulations allow us to verify the hypothesis thia features of the phase gradients plots
were actually due to residuals with a point sources likecstme, rather thenfect of real point sources.
Indeed, by construction, the simulated data do not includetgources: therefore, the stripes visible
in the plots can actually be associated with the residualsgathe Galactic plane. Of course, this is
with the caveat that the templates used to generate theseiemission are not still contaminated by
sources - we are not sure to what extent this is true. Thefsasaanoise contribution induced by the
residuals, by means of the linear weights. In fact, we hamgechout a statistical analysis of pure noise
maps and we have tested that these maps give phase gradieotschby similar features, which are
partially washed out by the CMB signal, when it is added.

6.5 ILC: a deeper study of the dfect of partitioning the sky

Given the results concerningstica, we decided to concentrate on the ILC method to study fiezie
of the partition of the sky more in detail.

The simulations told us that the ILC performance improves wiregional approach. The real data
analysis has confirmed this results and has also pointedhetrportance of a subdivision of the sky
which takes into account variations of the physical prapsmf the foreground emissions.

To strengthen this conclusion about the impact of non-Gangg depending on the kind of
partition of the sky, we have carried out a systematic amalgsthe CMB maps derived using a
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Figure 6.41:rastica three regions analysis scatter plots of the maximum values of the T- and D-stassti
derived for the multipoleg = 3 (left) and¢ = 6 (right). The results are derived using the CMB maps obthine
from rasTica simulations. The values from the output, noisy and biasected maps are shown against the input
ones. The green lines show the results derived from the aetalahalysis.
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purely geometrical partition of the sky. We subdivided itr@gions, which are defined as the pixels
of an HEALPix map at the resolution ®&sige = 1, 2, 4 and 8. In other words, we have defined new
regions maps, with 12, 48, 192 and 768 regions respectittetynumber of pixels being defined as
Npix = 12N2 .

We applied the ILC analysis using the new partitions, and @raputed the global variance of the
merged CMB maps. In addition, we computed the variance dweptxels within each of the 768
regions defined with the map Bkjze = 8. The same computation has been repeated using the cross-
variance, to check again that the results were not actuellel by a poor estimation of the noise. As
usual, in this case, the data are the fictitious ones (seet€@)p

The values of the variance and cross-variance are showrbie[Gah:

variance cross-variance variance side A variance side B
FS 539041 536188 549443 546671
Nsige= 1 | 498233 497239 506551 503530
Nside= 2 | 484332 484139 491780 491448
Nsige= 4 | 492795 483683 493035 490885
Nsige = 8 | 510637 478360 503396 494969

Table 6.5: Values inK? of the variance (first column) and cross-variance (secomhshun) of the CMB maps
derived from the regional analysis performed with the IL@leasing the pixel based partitions of the sky.
The values of the variance for the data used in the crosanai computation are also included. Finally, for
comparison, we also show the values of the variance of the @B derived from the full-sky analysis.

Looking at the cross-variance values, we have the expewrd:tthe larger the number of regions,
the lower the cross-variance. However, this is not truetienariance itself. With 192 and 768 regions
the value starts again to increase. This is most likely thesequence of the fact that the regions are
very small and therefore, the noise becomes relatively iapb on small-scales. Indeed, the cross-
variance does not show any anomaly, while the single fictimaps used to compute it show the same
behavior as the real data.

The larger value of the variance for small regions is alstblgslooking at the CMB maps shown
in Figure[6.4B: the maps derived with 768 and 192 regions bawee excess in power at high and low
latitudes (the reader is warned that though visible, fFeceis small), suggesting that the ILC solution
is not optimal in those specific regions.

In Figure[6.4#, we show the maps of the variance and crosanae computed from the CMB
maps obtained from the full-sky analysis, as well as fromati@ysis with 12, 48 and 192 regions. The
variance (and cross-variance) is computed for each of tBeetfions, relatively to the value of the map
generated from the analysis with the 768 regions themséledast one in Figure 6. 13). Therefore,
for example, a red color reflects a larger value of the vagamith respect to the map computed using
the 768 regions. These pixels are generally concentratedy dhe Galactic plane, where the analysis
with a smaller subdivision of the sky leaves a more extendetamnination from the foregrounds. The
larger the number of the regions, the smaller the varianddlancross-variance, since the foreground
residual decreases. However, for each case of analysis,dheregions where the variance (and cross-
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Figure 6.43: Plot of the CMB maps derived from the regionallgsis performed with the ILC code, using 12,
48, 192, and 768 regions. For comparison we plotted also B fecovered from the full-sky analysis.

variance) is smaller than for the map derived with 768 regjidrinese are shown in the maps of the first
column of Figurd_6.44. They generally lie at high latitudesene the CMB pattern is normally well
defined. This suggests the fact that a partition of the skgines more important for the regions which
are closer to the Galactic plane. Indeed, this is whaWtiAP science team has proposed and what
our internal definition of the regions stands for.

The same results are shown in Figlire 5.45: it presents thespéots for the variance and cross
variance respectively. The values derived from the mapgpcoed with a lower number of regions are
plotted against the values derived from the map computetyu&8 regions. The spread of the points
decreases if the number of regions gets larger. Given acedhie of the variance for the map derived
using 768 patches of the sky, the correspondent value of #pes sherived with less regions is generally
higher. It is the same for the cross-variance, meaning Heanhbise does not play an important role,
while the variance seems to be properly derived.

In conclusion, this analysis confirms the importance of subtiohg the sky to improve the CMB
estimation. However, the comparison between the crosanee value derived using 768 regions, with
the one derived from the 400 regions analysis stressesc¢héhf a large partitioning of the sky also
necessary requires it to be physically motivated. Inddesl400 regions analysis returns a CMB map
which has a lower variance than the map derived with a simgbengtrical subdivision.

6.6 Bias correction of the CMB estimation

Simulations implemented with the PSM showed that there igrafscant discrepancy between the real
observations and the mock ones, supporting the idea th&SMNeis actually not optimal for describing
theWMAPdata. In fact, the direct comparison of the model with thé oéaervations of the satellite
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Figure 6.44: Plot of the maps of the variance and cross+vegidomputed from the maps obtained from the
full-sky analysis as well as from the analysis with 12, 48 48& regions (already shown in Figire 8.43). The
variance (and cross-variance) is computed for each of tBeetfions, relatively to the value of the map generated
from the analysis of the 768 regions themselves. Therefored color reflects a larger value of the variance with
respect to the map computed using the largest number ofnegieor each case of analysis, there are regions
where the variance (and cross-variance) is smaller thathéomap derived with 768 regions. These are shown

in the maps of the first column of the figure.
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Figure 6.45: Scatter plots of the variance (left) and cr@s$ance (right) of the maps derived from the full-sky
analysis (black points) as well as from the analysis withtdl@d), 48 (green) and 192 (red) regions. The (cross-
)variance is computed for each of the 768 regions, relatiieethe value of the map generated from the analysis
of the 768 regions themselves. The values derived from thesroamputed with a lower number of regions are
plotted against the values derived from the map computetyu&8 regions.

(shown in Chaptdil2), tells us that, although the PSM isatitisistent with th&vV MAPdata, the MEM
solutions and the foreground maps proposeh_byﬁ_h_osj:l J-;m;bme a better alternative as a tracer
of the Galactic emissions.

The direct consequence of such a discrepancy is that theebtamation derived with the PSM
simulations is likely to be unreliable. Therefore, it is ramlvisable to use it for correcting the CMB
maps returned either bwastica or ILC. It is better to adopt the bias correction computedrfrthe
simulations derived with the other two foreground models.

Ultimately, one faces the issue of whether it is better toosleca foreground model derived directly
from the data after an ILC-like subtraction (such as the MEM the GFM maps) and thereforgected
by the corresponding foreground residuals, or to utiliseaenindependent model (e.g. the PSM),
but risk that it is a poor representation of the true sky digma introduce larger errors through an
inadequate bias correction.

We practically demonstrate our statements applying the b@rection derived by means of
simulations. FigureE 616 afld 6147 compare the not code€MB maps derived from the regional
analysis withrastica and ILC respectively, with those corrected from the biasaspmuted using the
three foreground models available.

With rastica, the correction has been used for all the partitions of the Islt with nine and ten
regions: here, it was not possible to compute the bias dueetinstability of the code. On the other
hand, the six regions CMB map looks still quite contaminaghrdless of the correction itself and of
the model used. Again, the instability of the algorithm nelee bias estimation too poor to improve
the quality of the CMB estimation.

Besides, the maps obtained from the full-sky and three nsgamalysis look much better when
they are corrected for the bias, especially when it is coegbwith the MEM and GFM maps. The
foreground contamination along the Galactic plane pratiyiclisappears. This is not the case with the
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Figure 6.46: CMB maps derived witastica and several partitions of the sky, after the bias has beenwedn
The latter has been computed by means of simulations with&\é (second column), MEM maps (third column)
and the GFM (fourth column). The non-corrected CMB maps hosva for comparison in the first column.

PSM: the CMB maps look even more contaminated than the noéced ones, suggesting that the
correction is not consistent with the data and thereforeadwisable.

The discrepancy between the PSM and the other two modelstialfyaconfirmed by the ILC
results. Also in this case, indeed, the CMB maps correctethioMEM and GFM bias do not show
any contamination along the plane, while with the PSM cdioecit is still present. Unlike theastica
analysis, however, the residuals are visibly reduced f@istk, nine and ten regions analysis, although
the quality of the maps is still not optimal. This result iseiresting and can be read as a hint in favour
of the regional analysis.

6.6.1 Statistical properties of the bias corrected CMB maps

To give a more quantitative evaluation of the possible inapneent due to the bias cleaning, we
computed the variance of the corrected maps. Table 6.6 stimwsalues compared to those derived
from the CMB maps without correction.

The qualitative assessments are confirmed: the variandedOA and ILC maps decreases with
respect to the non-corrected maps when either the GFM or ekl Mias are used, while it increases
with the PSM bias correction. Th&stica SiX regions map is an exception: only the GFM bias
correction seems to work fine, although the variance valiggisificantly larger than those derived
with the other partitions. Furthermore, it is interestiognbte that the CMB maps derived from the
six, nine and ten regions ILC analysis and cleaned with thd BRs, have larger variance than the
non-corrected maps, which is in contrast with what we coulalitatively judge from FigurE6.47: the
former seemed apparently cleaner than the latter.

The dependence of the variance on the number of regions ngée ianalysis, follows the same
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Not Corrected PSM MEM GFM

Figure 6.47: CMB maps derived with ILC and several partsiofthe sky, after the bias has been removed. The
latter has been computed by means of simulations with the B&bbnd column), MEM maps (third column)
and the GFM (fourth column). The non-corrected CMB maps hosva for comparison in the first column.
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FASTICA
No Correction PSM MEM GFM
FS 543197 552034 495736 455014
3Reg 533531 541743 491887 454030
6Reg 689371 710139 834154 637029
9Reg 615447 - - -
10Reg 616000 - - -

ILC
No Correction PSM MEM GFM
FS 539041 625862 492448 456341

3Reg 529631 623233 492631 453768
6Reg 499035 501108 490686 452725
9Reg 500929 506670 493615 453185
10Reg 502144 507836 494817 455880

Table 6.6: Values of the variance (i ?) of the merged CMB maps derived from the regional analysifopaed
with rastica and the ILC code. The maps are now corrected for the bias dizeeground residuals, evaluated
according to the simulations. Berent foreground models have been used: the PSM, the madeddienerging

the MEM maps and the maps produced_by Ghoshlet al. (2010).

trend than for the non-corrected maps (commented in Se6ifR). Among all the cases of analysis,
the best estimation of the CMB is given by the six regions ILtlgsis, applying the GFM bias
correction. The last one seems to provide the best estimafidthe bias, and therefore, to be the
best model to be used.

Finally, as done in Sectidn 6.3.2, we computed the local skes® and kurtosis of the bias cleaned
ICA and ILC CMB estimations, depending on the correctionligpop This allows us to complete the
picture and to give us a direct way of judging the presencesifiuals. The statistics maps are shown
in Figured6.49,6.49 add 6]50. We present only the resutigetkewith a pixel resolution oNg;qe = 8,
although we checked that the residuals do not impact signifig the statistics maps with an higher
resolution {Nsige = 32).

As expected, when the PSM foreground model is used to e&tithatbias, both the skewness
and kurtosis maps arefacted by the residuals induced by the wrong bias estimatMoreover,
the skewness shows negative peaks along the Galactic piaftexting the over-subtraction of the
foreground residuals: the contamination still presenhéndleaned CMB maps indeed, have a negative
sign.

When the MEM maps are used as tracers of the Galactic comfmribe skewness maps look
uniform while the kurtosis ones show large value in the Galazenter. Only exception is the six
regionsrastica analysis: in this case, both the statistics have large sadleng the Galactic plane,
reflecting the properties of the map from which they are camnbhu

The situation improves remarkably when the GFM is used, destnating again the goodness of the
model for theW MAP observations. The skewness and kurtosis maps are indednaniOnly few
pixels randomly distributed show high statistic values.wideer, it is interesting to note that they do
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Figure 6.48:PSM bias correction Maps of the local skewness and kurtosis computed from the deaned
CMB maps, derived with both thesstica and ILC coded, and for the fiierent partitions of the sky. The bias
correction is evaluated with simulations generated withRISM. The maps have a resolutionNgfye = 8

not necessarily lie along the Galactic plane. Again, theaigonsrasticA map returns contaminated

statistics maps, as expected.

6.7 Discussion

In this chapter, we have presented a regional analysisnpeeftbon theNV MAP five-year data, using
both therastica and ILC codes. The work aimed at studying the improvementhefaerformance of
the algorithms depending on the partition of the sky, meatine number of patches used, as well as
the criterion to selected them. Moreoverféeient statistics have been proposed as a figure of merit to

evaluate the CMB estimation and the impact of possible nansSianities.

We adopted dferent sets of regions, defined following both a priori ci#end knowledge derived

from the full-sky analysis of th&V MAP data withacrrica.

We first studied the applicability of this kind of analysistvsimulations. This was specifically
required forrastica which has never been used on small regions of the sky. The dldé,dnstead, has
been originally implemented with a regional approach: efae, simulations were useful to test the
effect of diferent partitions of the sky with respect to the one proposeith&®W MAP science team,

as well as to compare the two methods.

For both the algorithm, the simulations were also necestagstimate the bias introduced by
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Figure 6.49:MEM bias correction. Maps of the local skewness and kurtosis computed from the dieaned
CMB maps, derived with both thesstica and ILC coded, and for the fiierent partitions of the sky. The bias
correction is evaluated with simulations generated withMEM maps. The maps have a resolutioNgfe = 8.



6.7 Discussion 195

'S

Skewness ICA
e

9Reg 10Reg

Kurtosis ICA

Skewness ILC
s

Kurtosis ILC

Figure 6.50:GFM bias correction. Maps of the local skewness and kurtosis computed from the dieaned
CMB maps, derived with both thesstica and ILC coded, and for the fiierent partitions of the sky. The bias
correction is evaluated with simulations generated wieh@tM. The maps have a resolutionMfge = 8.
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foreground residuals in the CMB reconstruction, not pélfesubtracted by the internal combination
of the data. The extent of this bias gives us an idea of theectbon which, should be applied to
the ILC or ICA CMB maps. However, this is just a rough estiroativhich does not necessarily
match the real one, due to the possible discrepancy betvea¢amd simulated data. For this reason,
we considered three fiierent foreground models, as described by the PSM, the MEMsrang the
maps produced d;LG.h_Qﬁh_eJ iL(ZblO). For all of them, thedma®ction turned out to be properly
computed and to improve the CMB estimation, when applietiésstmulations results. However, this
is not always the case for the CMB maps derived from the ret@ daalysis. Specifically, the PSM
gives a poor description of th& MAPdata and, therefore, a wrong estimation of the bias of the CMB
computed from real observations. Besides, we have showrthtbaMEM and GFM maps provide
a better description of the data and therefore of the actiaal ib the CMB estimation. This result
supports the idea of preferring a foreground model diredlgived from real observations, in order to
have a reliable assessment of residuals in the CMB. On the bind, there are some risks due to the
fact that the method used to produce the model requires fBesilbtraction from the data, which are
consequently biased.

The statistical properties of the recovered CMB maps seerbg in favor of a poor response of
rasTIcA tO the regional analysis, unlike the ILC one which improvEse lack of thesastica convergence
in some simulations, make this statement even strongetifgadly when a number of regions larger
than six is adopted. Though, some instabilities are alsmected to the geometrical extent of the
patches of the sky, itself.

The same analysis has been repeated usingtNBAP 5-year data and selected partitions of the
sky among those adopted for the simulations. The reconsttiu€MB maps are evaluated in terms
of statistical properties, such as the power spectrum atibm the variance, skewness and kurtosis
computation, as well as phases analysis. The local evatuafithe kurtosis and the phase analysis
of the CMB seem to be the best approaches to detect non-@aiies, such as residuals and artifacts
induced by the analysis itself. Furthermore, the phaselysiaaan shed light on the morphology of
the residuals.

All the results derived from simulations have been confirraed strengthened, in particular the
weak performance afastica compared to ILC. Therefore, the ICA approach is better adblesfor a
full-sky analysis, rather than on small patches of the skipave a good estimation of the CMB.

Given the diferent response of the codes to a regional analysis, we halieated particular
attention to the ILC method, in order to study in more detaldependence of the statistical properties
of the CMB estimation on the number of regions. A systematalysis shows that, as expected, the
larger the number of regions, the better the CMB estimafitwe latter is first qualitatively evaluated in
terms of residuals visible in the CMB maps: these decreas&tansion when increasing the number
of regions used for the analysis. In addition, a quantiéativaluation is made studying the statistical
properties of the same maps. Specifically, the varianceed£tB emission gets lower when enlarging
the number of subdivisions of the sky. Furthermore, a lostih®tion of the skewness and kurtosis
shows that, for angular scales larger than the lower the contaminants, the lower the deviations
from Gaussianity. These basically reflect the spurious €omsalong the Galactic plane, which is not
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significant and does noffact the CMB estimation on angular scales smaller tian 2

Comparing the values of the variance derived from this syate study with those derived from
the other set of regions, it is possible to note that the treitll respect to the number of regions is
not always respected. The ILC code is sensitive to the waghhés subdivided: a physical motivated
partition is better than a simple geometrical one.

All these results are interesting in order to find the besddans to apply both the component
separation methods, and derive the cleanest CMB maps. @iened analysis is a key improvement
to CMB data analysis, considering a possible applicatigmotarised data. Indeed, given the strongest
contamination from foregrounds and the lack of knowledgeceoning their properties in polarization,
a better performance in the component separation is matydato



198 Internal analysis of theW MAP five-year data on patches of the sky.




Chapter 7

Conclusions

The work of this thesis is a contribution to the problems @&acdling CMB observations of filuse
Galactic emission, and of shedding light on the nature awgegties of such contaminants. Any
advance in our knowledge of the physics of the foregroundssioms gives a chance of enhancing
our ability to cleaning CMB data. This is vital in order to ubese observations for cosmological
purposes.

The analysis has been carried out by means of two technigaesely rastica and ILC. Their
applicability and potential have also been investigatati@mpared in a systematic way, for the first
time. This study has also allowed us to find the conditions gluarantee the greatest improvement
in the estimation of the CMB emission, which is a significaefpsforward in understanding how to
properly select component separation methods accorditinge toontext.

Interesting aspects related to the nature of the foregremmssions have been studied in great detalil
in this thesis, also providing independent confirmatiorestitts already pointed out by previous works.

Nevertheless several questions remain open for furthegstigation, both in the direction of
discovering the existence and the nature of unknown compsn@s well as of improving the
techniques employed for such a study. In the following sective would like to guide the reader
through the main results of this thesis, highlighting thsues that are still unsolved, in the prospect of
future observations.

7.1 Unsolved issues and prospects

7.1.1 Isthe anomalous dust component actually due to spinmy dust?

The analysis described in ChaptEls 3 Bhd 4 has detected ifiernme of a dust correlated emission
component at frequencies lower than 60 GHz, the nature oftwisi still under debate. The most
widely accepted interpretation, also supported by ourlt®sadvocates that this emission is related
to PAH (Polycyclic aromatic hydrocarbon) spinning dustilgsatDLain.e_&_Laza.Liﬂnl_lQQha): these
grains undergo collisions with gas-phase species, théyretyming charged and acquiring a significant
permanent dipole moment. As a result of the frequent colisj the spinning PAHs will produce
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electric dipole emission from the decay of collisionallyci&d rotational levels.

However, there are other plausible scenarios that can rmoerdly be ruled out, such as the
hypothesis of emission from Very Large Grains (VLG) compubsé fullerenes (see the full dust
spectrum shown in FiguleT111 in Chagfér 1), or magneticldipmission from large grains subject
to spontaneous magnetisation. Furthermore, within th@draf emission by spinning dust grains,
recent studies have suggested that this anomalous emdssidch be produced byery Small Grains
(VSG). For this case, studying the emission from HIl regiaresdecisive: since very small grains are
not expected to be there, any detection of anomalous emifsim those regions would exclude the
hypothesis of VSGs and favour other interpretations. Aemsive study of the anomalous emission in
HIl regions has been undertaken[b;LDi_lensgn_lad_al_de_Oﬁj)ZWho first observed the LPH96 region
(G201.66-1.64) with the Cosmic Background Imager (CBI) at 31 GHz, aatérl the regions in the
southern hemisphere. More recerl];I;L_DLckinsg_n_latl 0@Ye also observed RCW175 at 31 GHz.
In all these cases, they measured an excess of flux densith\wbas been interpreted as the evidence
for electric dipole emission from small spinning dust geairather than VSGs.

To better characterise the frequency spectrum of the armusabmponent, and therefore to confirm
or otherwise the dierent scenarios, a large set of new observations wouldigrtze useful. If the
anomalous emission actually arises from spinning dushgrave expect it to be correlated with the
thermal emission from the same grains (although not péyfsitice a range of grain sizes contributes).
M&atd.el.ai.[(miO) recently found evidence of a correlabietween the anomalous dust and 100
IRAS observations, which becomes even stronger atmi2This result strongly supports the spinning
dust hypothesis: in fact, current models predict that therspg dust emission is dominated by small
dust grains (PAHSs) radiating at J#2n. The dificult removal of the zodiacal light that contaminates
this emission is the major challenge for this kind of studlyjala nevertheless seems to be a promising
approach for determining the nature of the anomalous cosrgonThe same correlation could be
further exploited using high- and low-frequency Planclad&xtending from 30 to 900 GHz, the maps
could be combined to better isolate the anomalous emissiaernoving thermal dust and free-free
radiation.

However, Planck data alone will not be enough. In fact, thet by to establish the possible
connection between the anomalous component and the sgidagt emission is to better characterise
the spectrum of the latter. According to the models propds)ehll:ain.e_&_Laza.Liﬁn |_(_’I.9_9_‘3a), the
spinning dust emission would have a peak roughly around 2@, @epending on the conditions in
the environment. Therefore, observations at frequenoigsr than 20 GHz would be useful to detect
the turn-over in the spectrum and the peak itself.

Thus, the C-BASS project will be a good complement to the ¢édasbservations: performing
measurements at 5 GHz, it will provide a map of the sky botmtarisity and polarisation, that will
be useful as a new template for the synchrotron emission.omjuaction with full-sky surveys at
other frequencies, it will then be possible to better digegle the synchrotron contamination from the
free-free and the anomalous dust emission. In additionQIHEIOTE (Q U | JOint TEnerife) CMB
experiment will provide one of the most sensitive-119 GHz measurements of both the synchrotron
and the anomalous emissions on degree angular scalesjgtitbaly on a limited region of the sky.




7.1 Unsolved issues and prospects 201

Such studies, however, will be challenging since they arapiicated by several issues of both
theoretical and practical natures. For example, to isdle@nomalous emission, we need to separate
the synchrotron and free-free components, whichfisadilt due to the limited amount of observations
currently available. Furthermore, the theoretical spigrdust models are not definitive: for example,
recent refinements to the theory favour a shift of the pealssimiiy by a factor between 2 and 4, and
an increase of the peak frequency by factors from 1.4 to Bgending on the component considered
dHQ.a.ng_eI_dl.l_ZQiO). Predictions depend on our knowledgeéeolSM and the dust grains that are
currently studied in more detail using the Hershel, Spitaet IRAS observations, complemented by a
wide range of ancillary data (such as HI and CO emissionglleariations of the dust spectrum need

to be related to the gas physical conditions. The work preodglLMMlLe;D_es.Qh.é.n.es_eﬂaL(ZdOD,
Abergel et al. |(2010) and Kirk et . (2010) goes in this ditat

On the practical side, in Chaptdis 3 didd 4, we have obsenadtsimple power law provides
the best-fit model for the spectrum of the anomalous dust coewt, derived from our cdigcients.
Therefore, the hypothesis that the detected emissivithesrésult of a mix of contributions from
spinning dust grains in ffierent environments is filicult to prove, since a single contribution is not
identifiable. A spectroscopic analysis over a continuungeaof frequencies would probably be the
best solution to detect the detailed features of the sp®ctru

7.1.2 Do we really understand the free-free emission and itgpectrum?

Although the free-free emission is the foreground that sstenbe better understood and characterised,
our analysis showed that some aspects of it remain unclear.

Why is the electron temperature derived from the free-free b Ha ratio lower than expected?

In Chapter§13 and 4, we noticed an inconsistency in the schétween the bl template and free-
free emission at K and Ka bands. A value of 8000 K is conveatlgradopted for the thermal
electron temperature (see Sectlon 1.4.2), but in fact, tharld Ka-band results for thi€p2,
KQ85 andKQ75 sky coverage are in better agreement with temperaturte irange of 5000-
6000 K. Also, the coféicients at higher frequencies are progressively consistghta higher
temperature value. The resultant spectrum, increasirtgtivit frequency, is quite fierent from
the theoretical expectations and we believe it might bepméted as due to the contribution of
another component spatially correlated with free-freession. We did not exclude the possibility
that it is an alternative signature of the bump claimed_b;dmm_aj. k20_0|9) in the free-free
spectrum, associated with spinning dust emission from taeWonised Medium (WIM). Since
other sources of emission could also be equally possibllaeaﬁonsl_G_QLd_et_&IL(ZQbQ) proposed
an analytic form for the spinning dust spectrum to be inatlidethe foreground model used to fit
theW MAPdata - this can actually represent a variety of physical@siof microwave emissions.
It will be interesting in the future to fit the same model to spectrum.

The coupling cofficients derived when K pO mask is applied are significantlyftérent, having
an amplitude that corresponds to an electron temperatloe d@00 K. This latter behaviour was
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also observed d;LDam.eﬁ_ei iL(ZbOG) for five regions spetlifiselected to be dominated by free-
free emission. This is why we interpreted this result as iptysselated to genuine temperature
variations of the ionized gas at medium latitudes, due to xure of regions with dterent
properties and therefore electron temperatures. Howetrerr explanations are equally possible,
such as problems with the emissivity conversion or with thetémplate.

Does the bump in the free-free emission truly exist?

The anomalous spectral behaviour of the Ebrrelation cofficients, has prompted us to pay
particular attention to this question. Further motivataose from the fact thm. al.

) claimed to have detected a bump in the free-free sprcisuggesting that it could be
associated with correlated emission produced by spinnisggtains in the WIM.

We investigated that claim by repeating the foregroundyamalpresented in Chaptdis 3 did 4,
following the approach suggested t 009%: MM AP data have been cleaned
from the CMB emission, before applyimgstica (see Chaptdd5).

Our simulation analysis seems to favour the presence dfighiare in the free-free spectrum and,
therefore, the existence of thextorrelated WIM emission. Moreover, it ruled out the hypestis

of the bump being a spurious feature induced by the ILC saotitra(as seen in Chapf@r 2, the ILC
estimation is alwaysftected by residuals due to the cross-correlation betweeod$mological
signal and the foreground components).

The same analysis applied to WBVIAPobservations yielded quiteftierent results, together with

a significant instability ofastica in recovering the foreground components. Such a discrgpanc
between the real and simulated data analysis is partiaffaaed by the adopted foreground
model, which does not realistically trace the observedcsiires of the sky. A more complex
picture of the Galactic emission, due to a strong mix amoegcimponents, possibly increases
the dificulty in disentangling the components. It may produce aelabgas in the ICA and ILC
CMB estimations, which therefordfacts the computation of the coupling ¢beents and the
spectra of the single foregrounds.

These results highlight the necessity of new observatibtiseolnterstellar Medium, to develop a
clearer picture of the spinning dust emission and to méieiently separate the fierent components
at low frequencies. Thanks to the multi-frequency Planckeotations the free-free emission will be
more easily separated from otheffdse Galactic emission components (synchrotron and anomhalo
dust emission). In addition, the new generation of suirveys (e.g. WHAM Soutfm.,

)), will provide important new data relating to the a1l gas in the Galaxy. When compared to
the dust distribution, they will allow us to estimate the thissorption correction for theddemission,
and therefore, the electron temperature of the ionisedrgaarious environments. This is necessary
to derive the corresponding free-free brightness temperafAlong the Galactic plane, where the dust
absorption makes it impossible to use the emission, the electron temperature will be obtained by
means of the RRLs from HII regions. Resulting from electrand ions recombining in an ionised
gas with subsequent cascade transitions to a ground dtatdéine emission can be used to derive
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the electron temperature of the ISM and the correspondeatffee brightness temperature. This is
very interesting in the context of future radio observagipnovided by experiments such as SKA and
LOFAR.

New hints about the physical properties of the microwave wKlyalso come from the already
quoted QUIJOTE experiment as well as QUIET/Qmaging ExperimenT): focusing on specific
regions of the sky, the spatial variation of the foregrounagpprties will be possibly investigated in
more detail.

7.1.3 What is the nature of theW MAPHaze?

In Chapterd3 an@l4, we have usedrica to internally analyse th&/MAP data, cleaned of the
foreground emissions according to the couplingfioents derived from a template fit with the same
algorithm. This iterative analysis has shown the existasfca radiation component concentrated
around the Galactic center and that is not correlated wigtoathe templates used to trace the Galactic
components. A comparison between the analysis implemersied the Haslam map as synchrotron
template, and that carried out using the K-Ka map has dematedtthat this emission is mainly
connected to low frequencies observations: when usinggbensl synchrotron template, the residual
radiation appears to be lower in amplitude, a consequenitdeiing ended in the map itself.

Our results confirm those already found lb;LE'Lanb_éillleLdQOAlbo first detected this emission
and named it a8V MAPHaze. While further studies seem to have established thehsytnon nature
of this emission, its origin is still under debate. Sevecararios have been suggested, including the
hypothesis that it might be synchrotron emission from thgtmducts of dark matter annihilation.

The idea of dealing with new physics is certainly intriguangd has driven a deeper investigation of
the process of dark matter annihilation. This has involhedstudy of other experiments. A preliminary
analysis l(.D_o.b.I.er_et_JiIL_ZQb9) of the data produced by thenF&pace Telescope has shown the
existence of ay-ray “haze” with a similar spatial morphology of tt® MAP Haze. This would be
generated by the same hard population of electrons redperisr the microwave signal, by means of
inverse Compton interaction with the starlight. Like WWBVIAP Haze, they-ray haze could also be
explained in terms of dark matter annihilati )_n_(_C_hQ_LEAﬂzD_O_b)

On the other hand, the reliability of the models used to tthealiferent components of the sky is
a crucial point for the detection of the haze. This apparens&on might be simply due to the lack
of a reliable template for the synchrotron emission. Indelee Haslam map at 408 MHz, although
widely used in the literature, is not representative of ttte@ contribution of synchrotron emission at
the observing frequencies W MAP, due to the frequency variations of the spectral index:gisurch
a crude extrapolation of the morphology of synchrotron sioisto frequencies larger than 20 GHz,
can potentially introduce unphysical residuﬁLs_(.M.e.Us.Qﬁ.&kerZQJ]O). Indeeh.&.umb.etbamh_ét al.

) have noted that the significance of tHi& APHaze is substantially reduced by allowing spatial
variations in the frequency dependence of the synchrotmisaseon in the inner and outer parts of the
Galaxy. In this sense, the K-Ka map is a better choice for glat®: indeed, using this template, we
have noticed a significant decrement in the amplitude ofrésgdual, although some signatures of it
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still remain.

A more recent study of the Fermi data proposemmm demonstrated the existence
of two large gamma-ray bubbles, extending 50 degrees abm/delow the Galactic center, with a
width of about 40 degrees in longitude. The hard spectrunssion associated with these bubbles
seems to be spatially correlated with iIMM APHaze, and more importantly, to correspond to features
in the ROSAT X-ray maps at 1.5-2 keV. This result would adyuebnfirm the Haze as a new emission
and would associate it with a major episode of energy irgectn the Galactic center, such as past
accretion events onto the central massive black hole, ockaustarburst in the last 10 Myr. The
hypothesis of dark matter annihilation or decay would cqasatly be ruled out.

As in the case of the free-free bump, further investigatioite new observations are necessary to
shed light on the problem. Fermi will continue to providedamental data enriching our knowledge
of the ISM. C-BASS will complement the new Planck data as \&slilready existing observations,
and help to fully define the spatial and frequency propedfdke synchrotron emission.

7.1.4 Will observations in polarisation help us to improve he component separation ?

Not all foreground components are expected to be polarisddhat all at the same level. The two
dominant components offilise polarised foreground emission in the 23-94 GHz rangsyaiehrotron
emission and thermal dust emission (ls_e_e_Ea.g_e_leLalJ(ZO(Dl?Deéerences therein). The free-free
emission is unpolarised (unless it is scattered), and thens dust grains are expected to have
polarisation fractions of 1% 2% {.I_aza.tia.n_&_D_LaidGJ.._Zld)O).

The diferent response to the magnetic field of our Galaxy impli¢kedint properties of the
polarised foreground emissions. These are useful siggmfar disentangling the fierent components
in the sky. In fact, the relative contamination of the paad CMB by polarised foregrounds is much
stronger than in total intensity. Therefore, it becomes dasory to characterize the properties of the
Galactic emission components, before using CMB polaongsaibservations for cosmological purposes.

Observations in polarisation provide significant addiglinformation to that obtained by studying
total intensity alone. Several ground-based observatare planning surveys to study polarised
emission in our Galaxy (e.g. LOFAR and SKA). Planck will egnty improve the situation, regarding
full-sky polarisation observations. Furthermore, tham several planned future experiments, which
are custom designed to measure polarization. Apart frorsetlatready mentioned above, PILOT has
particular relevance since it will provide critical infoation about the polarised dust emission: it will
constrain the large scale geometry of the magnetic field irGaliaxy and allow us to study in detail the
alignment properties of dust grains with respect to the raaigfield. In this field, the measurements of
PILOT will be complementary to those of Planck at longer werigths and lower angular resolution.

7.1.5 What is the optimal use ofastica and ILC, and how could they be improved?

The region-based analysis implemented in Chdpter 6 gaveeuspportunity to compare and improve
two different methods of component separation, namslyica and ILC. Such a comparison has been
carried out in a systematic way for the first time. In that gsial, we performed a component separation
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of theW MAP5yr-data by treating regions of the sky separately, takibgaccount the spatial variation
of the properties of the Galactic radiation. While the firgthod turned out to be quite unstable if used
on small patches of the sky, the second one improves withianaigapproach, particularly in the case
where the regions are defined according to the real varmatibthe sky.

Both of them, however, return CMB estimations biased bydorand residuals whose presence is
due to the chance cross-correlation between the CMB andtkgrbund contaminants. Simulations,
allowed us to estimate the size of such a bias, with the remént of using a foreground model that
is consistent with the real data. Among those availableME®& maps as well as those proposed by
|G_hgsh_el_a{l.|_(2QiO) seem to be good tracers of the foregraurgsions in th&V MAPdata. The Planck
Sky Model, on the contrary, is quiteftirent from the real sky as seen WMAP. The new Planck
observations will allow a direct comparison with such a mpgeviding hints for future refinements.

One of the main issues of our regional analysis is how to destse the partitioning of the sky in
order to trace the actual spatial variations of the foregdsu Apart from a simple geometrical approach
to the problem (e.g. a simple parallel cut along the Galgitioe, see ChaptEl 6 for more details), we
have suggested a new patrtition of the sky, the interestidgé&ginal aspect of it being that it is defined
based on theastica foreground separation itself.

This result is not completely clearly related to the phyisigeocesses in the ISM, possibly
reducing the fficiency of the regional analysis. In future, this subdiuis@an be refined if a better
characterisation of the foreground mechanisms is achielredddition to studying the properties of
the free-free emission as already mentioned, we also neéeétter characterise both the dust and
synchrotron emissions. The Hershel experiment has alrpealyided a large data set, suitable for
defining the temperature and spectral index relation of il émission, although constrained to
specific regions of the sky (see for exan{p.l_&lsitk_étlal_ddMﬁLg.eJ_eLdl.[(ZQiO) arid Anderson et al,

)). The spatial variation of the spectral index of thechrotron emission is another fundamental
criterion to be explored when determining how to partitibe sky. It might be achieved by using
polarised observations such as those produced by PlandR-8#E5S.

The versatility ofrastica also makes it suitable for foreground analysis by means roplates.
However, the work performed in Chaptéis 3 &hd 4 has demadedtitaat the best use of this algorithm
is its application for the internal analysis of data preadked of foreground contamination. Indeed, such
a combination, which is unique in the field of the componepisation methods, provides us with a
strong tool to discover potentially new foreground compaseAlthough in our case we implemented
both steps with the same method, the estimation of the fouegl contamination could actually be
better performed by using other component separation igees. This combination is an interesting
aspect to be investigated in future work, to achieve a be#tigmation of both the CMB and foreground
emission.

A natural continuation of the regional study would be theeagion of this kind of approach to the
foreground analysis performed witkstica. As in the case of the internal analysis, however, we have
shown that this is not possible due to the instability of tlgmathm when applied on a small sample
of pixels. In this case, the instability becomes even steortfyie to the mix among the foreground
components.
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A solution to overcome the limitations of the algorithm abble found by developing the approach
we have adopted for studying tiéeMAPHaze. Although the Haze is synchrotron emission and should
be included in the correspondent template, we describeithtam independent map that has been fitted
to the data together with the other templates. Thus we haxeedethe relative ca@cients, whose
frequency behaviour compared to that computed for the ggtrcin emission, describes the spatial
variation of the synchrotron radiation around the Galamiatre. In a similar way, we can describe each
foreground component with a set of maps, each of them focosedspecific feature of the emission
component considered. New multi-frequency observatioreddition to providing the necessary data
set, might provide new hints on how to separate the featdrbedoreground components.



Appendix A

Monte Carlo simulations

Note: the work presented in this appendix was done in cottaiom with A.J. Banday and D.Maino
and was published as part bf Bottino ef iL(ZbO8). All the patations have been performed by M.
Bottino.

We have performed 1000 simulations of the microwave sky et edthe 5SW MAPfrequencies, each
containing a realisation of the CMB signal, the Galactiefpound emission, and instrumental noise
appropriate to the specific channel. The study was undertakan €ective resolution of 1 Each
CMB component corresponds to a Gaussian realisation ohgw étical best fit CMB angular power
spectrum with no running spectral index as determined by\Mh&APfirst-year analys& As verified
bylM.ain.o.eLa'. l(ZO.d?) up té ~ 400 — the scales of interest for 4moothed data — the ftéierences
between the 3 year and 1 year best-fit models are less thandn8%herefore not expected to bias
the results significantly. The white noise component is &itea for each of the 10 DAs in the usual
manner. That is, for a given pixel a Gaussian random numlseiésted with zero mean and a variance
corresponding to the ratio of the noise variance per observéor that channel and the number of
observations for the pixel in question. The CMB componeutmise realisations are then combined,
and the maps smoothed. For those frequencies with multgslecéated DAs, the band averaged sky
maps are formed using simple averaging. For the foregroumdsgon, we added to each simulated
frequency map three Galactic templates as described ilwsBEB of chaptdrll, appropriately scaled to
the frequency in question. These maps were then used asdag@utorrastica.

As a convenient point of reference for austica results, we have also included a simple template
fitting analysis. In general, the correlation method canxiergled to include various constraints on
the data, e.g. fixed dust or free-free spectral indices. iEhike case described ll)_)LI:I.I.D.S.h.aMLeIt al.

) in the analysis of the 3 year data/dM AP but we impose no such constraints here. The best-fit
monopole is removed from each of the sky maps before compthia codicients, to be consistent
with therastica approach.

Using these simulations, we can determine the suitabifiti@non-quadratic functions adopted in
the rastica analysis for template fitting. Figufe“A.1 summarises theasibn when using the Haslam

httpy/lambda.gsfc.nasa.gmatamagpowspegvmap lcdm.pl_modelyrl_vi.txt
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Figure A.1: Coupling cocients distribution determined from simulationsWwiM APK-band data with the p-,
g- and t-functions. The mean (long-dashes and dashed fiveejnode (dash-dot and dash-dot-dot line) and the
input values (dotted line) are also shown, together withos-fit Gaussian profiles.

408 MHz sky map as a tracer of the synchrotron emission. Thpledes were scaled using the weights
from Table 3 of Bennett et al. (2003), where for the Q-, V- anddahds we have considered the average
values.

The distribution of cofficients determined byastica when utilising thet function is clearly
unsatisfactory — the distribution is not Gaussian and headasymmetric tails, and is strongly biased
away from the input values. In the case of the KpO mask, theiloligion also shows evidence of
bimodality, and for many simulations thestica analysis does not even converge. We conclude that,
when using the function rastica is unable to distinguish Galactic emission in tABM AP data as
described by template maps, and we do not include resulégllmasthis non-quadratic function for the
analysis of the real data.

In contrast, the behaviour of theandg functions for determining the coupling déieients seems
to be suitable for our purposes. Although we show resultg forl the K-band simulations, we find
that at all frequencies the scaling factors are very weltdeed by Gaussian distributions — in fact the
corresponding measures of the skewness and kurtosis \ai@esnall in all cases. The mean values
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for the simulated distributions of cfiients are very similar to the inputs, and there is no evidaric
significant bias. This is true also for the mode if we consjldyut with g the mode is slightly smaller
than the input value for the dust and free-free emissioreaddit could explain partially the fiierence
between the cdicients obtained in the real analysis. However, the mdiieidince between the two
functions is that the distribution determined wghs broader than with the function: corresponding
to a larger statistical uncertainty for analyses made vighformer.

It is likely that some of the performance features of théedent non-linear functions are related to
the statistical features of the physical emission as trégetthe template sky maps. Not surprisingly,
the results indicate that the template fits usingrica are sensitive to the extent of the mask applied
to the data. For a narrower Galactic exclusion region, theptate fits have smaller errors. This is
certainly in part due to simple ‘sample variance’ type argais, but may also be connected with the
degree to which bright foreground emission near to the agmdut can stabilise the fits. Variations in
the fitted amplitudes of the foreground components agdiestibserved data as a function of mask may
also reveal genuine changes in the physical properties@atral behaviour of the foregrounds with
latitude.

In Figure[A2 we have plotted the fitted Q-band amplitudesoioe template against another for
the various template permutations in order to study theifsignce of cross-talk between the maps.
There is an apparent anti-correlation between the synamaind the dust cdigcients (as specified by
the linear correlation cdicientr), but no clear evidence for such behaviour between synameind
free-free or free-free and dust. This behaviour is esdgnitigentical for all of theW MAPfrequencies.
Some care should then be exercised in interpreting thiicieats for the former two components.

We have repeated the simulations and analysis usinfMMAP K-Ka map as the synchrotron
template, in this case only for the Q-, V- and W-bands. Theptates were scaled using the @o@ents
from ll:[mshamedll(ﬂ)jb?), but adopting the mean of thetaments over the dierencing assemblies.
The distributions of the cdicients are again symmetric and well fitted by Gaussians dseirtése
of the Haslam template. Furthermore, the results are demsiwith the previous ones concerning the
dependence of the cfigients on theastica functions. The analogous scatter plots between pairs of
codficients are shown in Figuie"A.3. This time,the synchrotrogffiments are anti-correlated with
the free-free results. Indeed, this should be expecte@ shrectemplate must contain both synchrotron
and free-free emission. However, the synchrotronffa@ments are more strongly anti-correlated with
the dust values, which is easily interpreted as being duke@tesence of anomalous dust correlated
emission in the K-Ka template. This factor is not taken intocunt b)LI:I.i.DS.hﬁMLEL’ilL(EbU in their
constrained template analysis.

Finally, we performed the same statistical study with th@pde y?> minimisation in order to
compare the performances of the two methods. The resulendepn the template considered. For
the synchrotron and free-free emission, the uncertaimiedarger than theastica values obtained
with either thep- or g-function, substantially so in the former case. For the @msission they are
essentially equivalent. It is therefore clear thatrica is a reliable method to perform template fitting,
in some cases outperforming the conventigefaininimisation. This is particularly true fqs, and we
could conclude that it is the most stable non-linear fumgtadthough this is not a definitive argument.
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Figure A.2: Scatter plots of the coupling ¢beients obtained byastica with the p-function using the simulations
performed using the Haslam map as synchrotron template. hdlg as an example the results in the Q-band.
There is very little change in the correlation properties &snction of frequency.
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Figure A.3: Scatter plots of the coupling ¢beients obtained byastica with the p-function using the simulations

performed with the K-Ka map as synchrotron template. We sh®an example the results in the Q-band. There
is very little change in the correlation properties as a fiamcof frequency.
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Figure A.4: Scatter plots of the scaling factors obtainea thie simpley? method onK p2 sky coverage with
simulations performed using either the Haslam map (lefurool) or the K-Ka map (right column) as the

synchrotron template. We show as an example the resultsiQthand. There is very little change in the
correlation properties as a function of frequency.
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Figure[A:4 shows scatter plots between pairs of recoverédiigt coéiicients when using either the
Haslam or K-Ka maps as synchrotron templates. It is interg$b note that there is a hint of anti-
correlation between the synchrotron and free-fredfments using the Haslam template, but that this
becomes significant when the K-Ka template is employed. Blage a significant correlation between
free-free and dust is seen in the latter case. The sigfpheethod appears to demonstrate more cross-
talk between the cdicients of the diferent components than seen for therica analysis. This may
help to understand some of theéfdrences seen in the results obtained with the observed data.
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