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ABSTRACT

Context. The R.anck satellite will map the full sky at nine frequencies from 3@B&7 GHz. The CMB intensity and polarization that
are its prime targets are contaminated by foreground eomissi

Aims. The goal of this paper is to compare proposed methods foraimpa CMB from foregrounds based on theiffdrent spectral
and spatial characteristics, and to separate the foredsaato ‘components’ of dierent physical origin (Galactic synchrotron, free-
free and dust emissions; extra-galactic and far-IR poiatees; Sunyaev-Zeldovictfect, etc).

Methods. A component separation challenge has been organized, baseset of realistically complex simulations of sky emiasio
Several methods including those based on internal temglddgaction, maximum entropy method, parametric methpatia and
harmonic cross correlation methods, and independent coemp@nalysis have been tested.

Results. Different methods proved to bffective in cleaning the CMB maps from foreground contamamgtin reconstructing maps
of diffuse Galactic emissions, and in detecting point sources larthal Sunyaev-Zeldovich signals. The power spectrum @f th
residuals is, on the largest scales, four orders of magmikoer than that of the input Galaxy power spectrum at thedgimund
minimum. The CMB power spectrum was accurately recovere tige sixth acoustic peak. The point source detection ligaithes
100 mJy, and about 2300 clusters are detected via the th&Zrdlect on two thirds of the sky. We have found that no single natho
performs best for all scientific objectives.

Conclusions. We foresee that the final component separation pipelinecfordR will involve a combination of methods and iterations
between processing steps targeted fiédint objectives such adiilise component separation, spectral estimation and cospace
extraction.
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1. Introduction development into data processing methods that are capéble o
addressing an ambitious science programme enabled by these

PLanck is a European Space Agency space mission whoseilti-frequency observations. It is expected thatNex will

main objective is to measure the cosmic microwave backgtoulbreak new ground in studies of the CMB, of the interstellar

(CMB) temperature and polarization anisotropies with lagh medium and Galactic emission mechanisms on scales down to

curacy, high angular resolution and with unprecedented fr& few arcminutes, as well as of the emission from many extra-

quency coverage (The Planck Collaboration 2005). In grdici galactic objects.

tion of the launch, Panck is stimulating much research and
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The processing of such multi-frequency data depends orokelvin per square degree). Numbers to keep in mind are the
both the science goals, as well as on the signal to noise eegiRMS of CMB smoothed with a beam of 46BWHM, which is
and on the overall level and complexity of foreground conrtanaround 7@K, while white noise RMS at the same scale is around
ination. This observation is borne out by a brief historigaf- 0.7uK. This level of sensitivity sets the ultimate goals for data
spective on CMB data processing. processing —and component separation in particular— if the
An example of the low foreground level and complexityull scientific potential of Banck is to be realised. However, less
regime is provided by the observations made by the Boomerasigngent requirements may be acceptable for statisticalyaes
at 145, 245 and 345 GHz (Masi etlal. 2006), which targeted a mich as power spectrum estimation, in particular on largkesc
gion of sky with low emission from a single dust foregroundvhere cosmic variance dominates the error of total intg mdit
Here the two higher frequency channels acted as foregrowsaivations.
monitors for the 145 GHz CMB deep survey, and were used
to estimate that the foreground contamination at 145 GHz W?% WG2
at an RMS level of less than AR on 115 scales (Table 10, ~— <
Masi et al. (2006)). The 145 GHz CMB maps were then usgglanck is designed to surpass previous CMB experiments in al-
for the purpose of power spectrum estimation in both tempef@ost every aspect. Therefore, a complete and timely expioit
ture and polarization, after masking away a handful of cashpaf the data will require methods that improve upon foregobun
sources|(Jones etlal. 2006). Masi etlal. (2006) estimatethibat removal via template subtraction and masking. The develop-
cleanest 40% of the sky have a level of dust brightness flucident and assessment of such methods is coordinated within
ations similar to those of the Boomerang observations, bat tthe Ranck ‘Component Separation Working Group’ (WG2).
the cleanest 75% of the sky have brightness fluctuation#less Another working group in theiRnck collaboration, the, tem-
three times larger. perature and polarization working group (WG3 or “CTP”), in-
An example of the high foreground level and complexestigates other critical data analysis steps, in pagicmhap-
ity regime is available with the all-sky observations of theénaking (Poutanen et al. 2006; Ashdown ef al. 2007) and power
WMAP mission in five frequency channels from 23 to 94 GHgpectrum estimation.
(Bennett et all 2003a; Hinshaw et al. 2008). In this freqgyenc The present paper reports the results of the WG2 activity
range, the emission from at least three Galactic componepishe framework of acomponent separation challenge using a
(synchrotron, free-free and dust), as well as contaminadip common set of simulated Rck datd] In turn, this exercise pro-
unresolved point sources must be contended with. WMAP algigles valuable feedback and validation during the devetapm
gives a clear example of science goal dependent data processhe Ranck Sky Model.
ing: CMB maps for use in non-Gaussianity tests are obtained This is the first time, within the Rnck collaboration, that
from a noise-weighted sum of frequency maps &eding angu- an extensive comparison of component separation methods is
lar resolution, for which the regions most contaminatedde{ attempted on simulated data based on models of sky emissions
grounds are masked (Komatsu et al. 2003); The analysis leagirepresentative complexity. As will be seen and emphésise
ing to the WMAP cosmological parameter estimation involvagroughout this paper, this aspect is critical for a meafting
foreground cleaning by template subtraction; masking @f tlvaluation of the performance of any separation methodhisn t
most contaminated 15% of sky; and subtracting a model of théspect, the present work significantly improves on the semi
contribution of ur]resolved point sources from the_ CMB crosgnalytical estimates of foreground contamination obtihg
power spectré (Hinshaw etlal. 2003, 2007); For an improved (Bouchet & Gispert (1999) for thetRnck phase A study, as well
derstanding of galactic emission, the WMAP team have use&on previous work by Tegmark ef al. (2000) .
number of methods including template fits, the maximum en- The paper is organized as follows: In Seciidn 2 we describe
tropy method, and the direct pixel-by-pixel fitting of an @sion  the sky emission model and simulations that were used, and de
model (Gold et al. 2008; Dunkley et/al. 2008). scribe the methodology of the Challenge. In Sedfion 3 weaive
overview of the methods that have been implemented and took
part in the analysis. In Sectiéh 4 we describe the resultsindd
for CMB component separation and power spectrum estimation
Component separation is a catch-all term encompassingsday drhe results for point sources, SZ and Galactic components ar
processing that exploits correlations in observationsadep- described in Sectionl 5 and in Sectioh 6 we present our sum-
arate frequencies, as well as external constraints andgahysmary and conclusions. In AppendiX A we provide a more de-
modeling, as a means of discriminating betwedtedént phys- tailed description of the methods, their implementatiotaiie
ical sources of emission. and strengths and weaknesses.
Pranck has a humber of flierent scientific objectives: the
primary goal is a cosmological analysis of the CMB, but im-
portant secondary goals include obtaining a better uratedst 2. The challenge

ing of the interstellar medium and Galactic emission, MEBSU T objective of the component separation challenge disclis
ment of extragalactic sources of emission and the generefio ;. «in is to assess the readiness of thevé collaboration to

a Stynyaem-IZeIg(?[wch (?Z% (cj:lutster cgta[[ogur(]a_. Efgﬁs:eplanbed tackle component separation, based on the analysis oftieali
jectives will 1ead to a Set ol data products which tR@nek CoN- .o,y complex simulations. Itfbers an opportunity for compar-
sortium is committed to delivering to the wider communityrso ing the results from dierent methods and groups, as well as

time after the completion of the survey. These data produoets to develop the expertise, codes, organisation and infretsire
clude maps of the main fluse emissions and catalogues of e)ﬁecessary for this task ' '

tragalactic sources, such as galaxies and clusters ofigalax

~ In this context, it is worth remembering thatdRck is de- 1 A similar data challenge has been undertaken in the pastein th
signed to recover the CMB signal at the level of a few miontext of simulated WMAP and sub-orbital CMB data (the WOMB
crokelvin per resolution element of $and less than one mi- challengel Gawiser etlal. 1998).

1.1. Component Separation
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This component separation challenge is designed so as
test on realistic simulated data sets, component separatoh-
ods and algorithms in a situation as close as possible to w
is expected when actual.Rick data will be analysed. Hence,
we assume the availability of a number of ancillary data.se
In particular, we assumed that six-year WMAP observatiol
will be available as additional data sets. Although WMAP i
significantly less sensitive than.&ck, it provides very useful _
complementary information for the separation of low-fregoy k i b
Galactic components. This section describes our simulgtibe
challenge setup, and the evaluation methodology.

LT IO o T P

2.1. Sky emission ) e 20

Sky simulations are based on an early development version
the Ranck Sky Model (PSM, in preparation), a flexible soft-
ware package developed byaRck WG2 for making predic-
tions, simulations and constrained realisations of theoaiave
sky. . ¥

The CMB sky is based on the observed WMAP multipole’ o ",

up to¢ = 70, and on a Gaussian realisation assuming the WMA «'f?' : o e 1Y
best-fitC, at higher multipoles. It is the same CMB map used b%
Ashdown et al.|(2007).

The Galactic interstellar emission is described by a thri
component model of the interstellar medium comprising-fre
free, synchrotron and dust emissions. The predictionsased
on a number of sky templates which havé&elient angular res-

olution. In order to simulate the sky aiA&ck resolution we . : -
have added small scale fluctuations to some of the templal%%.' i'e%g?ucgtreoérggwavggndggtaﬁrﬁcxec;?ﬂozw erﬁwl) 453p§r?g?1|$ GHz
The procedure used to add small scales is the one presenies ectively (inuKry). A spatially varying spectral index corre-

in Miville-Deschénes et all (2007) which allows to incredlke : ;
fluctuation level as a function of the local brightness arateh sponds to a foreground morphology that varies with frequenc

fore reproduce the non-Gaussian properties of the intknste
emission. grey-body spectrum, so that the total dust emission is nhediel
Free-free emission is based on the model of Dickinson/et ak
(2003) assuming an electronic temperature of 7000 K. The spa
tial structure of the emission is estimated usingatemplate Lo S BT 1)
corrected for dust extinction. TheaHmap is a combination of ™~ — £ """ !
the Southern H-Alpha Sky Survey Atlas (SHASSA) and the =1
Wisconsin H-Alpha Mapper (WHAM). The combined map wasvhereB,(T;) is the Planck function at temperatufFe In model
smoothed to obtain a uniform angular resolution &f Bor the 7 the emissivity indices ag, = 1.5, 8, = 2.6, andf; = 0.0309
extinction map we use thg(B—V) all-sky map of Schlegel et al. and f, = 0.9691. Once these values are fixed, the dust temper-
(1998) which is a combination of a smoothed IRAS 109(res- ature of the two components is determined using only the rati
olution of 6.1’) and a map at a few degrees resolution made froof the observations at two wavelengths, 0@ and 240um.
DIRBE data to estimate dust temperature and transform the or this purpose, we use the 280 um map ratio published
frared emission in extinction. As mentioned earlier, smedlles by|Finkbeiner et all (1999b). Knowing the temperature Ad
were added in both templates to match thexex resolution. each dust component at a given position on the sky, we use the
Synchrotron emission is based on an extrapolation of tA@0um brightness at that position to scale the emission at any
408 MHz map of Haslam et al. (1982) from which an estimate fifequency using Edq.]1. We emphasise that the emission laws of
the free-free emission was removed. In any direction in Kye sthe latter two components, synchrotron and dust, vary aches
the spectral emission law of the synchrotron is assumedlto feky, as shown in Figuid 1. The spectral index of free-freakien
low a power Iaw,'l'bwnc o« V2. We use a pixel-dependent spectrads uniform on the sky as it only depends on the electronic tem-
indexB derived from the ratio of the 408 MHz map and the estperature, taken as a constant here.
mate of the synchrotron emission at 23 GHz in the WMAP data Point sources are modeled with two main categories: radio
obtained by Bennett etal. (2003b) using a Maximum Entro@and infra-red. Simulated radio sources are based on the NVSS
Method technique. A limitation of this approach is that #ys- or SUMSS and GB6 or PMN catalogues. Measured fluxes at 1
chrotron model also contains any ‘anomalous’ dust comdlatandor 4.85 GHz are extrapolated tedrck frequencies assum-
emission seen by WMAP at 23 GHz. ing a distribution in flat and steep populations. For eaclhesé
The thermal emission from interstellar dust is estimated usvo populations, the spectral index is randomly drawn witdi
ing model 7 of Finkbeiner et al. (1999a). This model, fittethi® set of values compatible with the typical average and dsper
FIRAS data (7 resolution), makes the hypothesis that each lirlefrared sources are based on the IRAS catalogue, and raddell
of sight can be modeled by the sum of the emission from tvas dusty galaxies (Serjeant & Harrison 2005). IRAS coverage
dust populations, one cold and one hot. Each grain populatigaps were filled randomly adding sources with a flux distribu-
is in thermal equilibrium with the radiation field and thusstea tion consistent with the mean counts. Fainter sources were a

» -




4 PLanck WG2: Component separation methods for theNek mission

2.2. Challenge setup

The simulated data sets were complemented by a set of ancil-
lary data including hitmaps and noise levels, IRAS, 408 MHz,
and Hy templates, as well as catalogues of known clusters from
ROSAT and of known point sources from NVSS, SUMSS, GB6,
PMN and IRAS.

The Challenge then proceeded first with a blind phase last-
ing around four months between August and November 2006,
when neither the exact prescription used to simulate skg-emi
sion from these ancillary data sets, nor maps of the inputcom
ponents alone, were communicated to challenge partigpant

After this phase and an initial review of the results at the
WG2 meeting in Catania in January 2007, the Challenge moved
to an open phase lasting from January to June 2007. In thsepha
the input data—CMB maps and power spectrum, Galactic emis-
sion maps, SZ Compton parameter map, point source cata-
logues and maps, noise realisations—were made availathle to
participating groups.

All of the results presented here have been obtained after
several iterations and improvements of the methods, bath du
ing the comparison of the results obtained independentthéy

e

‘ ES AR, various teams, and after the input data was disclosed. Hence
«\\\g\ : the challenge has permitted significant improvement of rabst
= the methods and algorithms developed within thexPx col-

laboration. The analysis of the Challenge results was lethéy

Fig. 2. Upper panel: Hit counts for the 143 GHz channel. The insimulations team, with involvement and discussion fronpalt
homogeneities at the ecliptic poles are characteristic.ofdR’s ticipating groups.

cycloidal scanning strategy. Lower panel: The masking sehe
separating the sky in three regions offdient foreground con-
tamination. The grey region at high Galactic latitudes in€@, Deliverables

ingfsky = 74%. The dark ion at | Galactic lati- _ , ,
ﬁj)c\j/gsn?sgzsgyne 2 an(;j cosefaa; Sr ég%g?r}ﬂe ?;Vrre];ini?]gcrelgic?nlp‘ set of standard deliverables were defined. These inclualed:

(green) along the Galactic ridge is Zone 3. The point sourCMB map Wit.h 17 pixels (H_ealpistidez 2_048) t_ogetherwith
mask (red) covers 4% of Zone 1. The SZ mask (yellow) cu corresponding map of estimated errors; thieaive beant,,

detected SZ clusters at Galactic latitudes above 20 degrees Which describes the total smoothing of the recovered CMB map
ering 14% of sky. due to a combination of instrumental beams and the filtering

induced by the component separation process; a set of binned
CMB power spectrum estimates (band averageq©# 1)C;)
and error bars; maps of all thefilise components identified in
sumed to be mostly sub-millimeter bright galaxies, sucthasa the data; catalogues of the infrared and radio sources, Znd S
detected by SCUBA surveys. These were modelled followirfgUsters; a map of the SZ Comptgiparameter.
Granato et all (2004) and assumed to be strongly clusteitd, w
a comoving clustering radiug ~ 8 h™ Mpc. Since such sources, . o1.c
have a very high areal density, they are not simulated iddivi
ally but make up the sub-mm background. Different separation methods are likely to perfortiiediently in
We also include in the model a map of thermal SZ spectraither foreground-dominated or noise-dominated obsemnst
distortion from galaxy clusters, based on a cluster catsaogn- Also, they may be more or less sensitive t@felient types of
domly drawn using a mass-function compatible with preskyt- foregrounds. Since the level of foreground contaminatianes
observations and withCDM parameter€), = 0.3,h = 0.7 and strongly across the sky, we use a set of standard masks tiroug
og = 0.9 (Colafrancesco et al. 1997; de Zotti et al. 2005). out this work, and they are shown in the lower panel of Figlire 2
Component maps are produced at alkl®x and WMAP The sky is split into three distinct Galactic ‘Zones’: Zone 1
central frequencies. They are then co-added and smoottied w8 at high Galactic latitudes and covers 74% of sky, simdahe
Gaussian beams as indicated in Table 1. A total of fourte®iMAP KpO mask with smoother edges and small extensions.
monochromatic maps have been simulated. Zone 2 is at lower Galactic latitudes and covers 22% of skg. Th
Finally, inhomogeneous noise is obtained by simulating tiemaining 4% of sky covered by Zone 3, which is similar to the
hit counts corresponding to one year of continuous obsenst WMAP Kp12 mask.
by PLanck, using the Level-S simulations tool (Reinecke et al. The point source mask is the product of nine masks, one for
2006). An example of a hit count map is shown in the uppeach channel, each constructed by excluding a two FWHM re-
panel of Figurd 2. WMAP six year hit counts, obtained frorgion around every source with a flux greater than 200 mJy st thi
scaling up the observed WMAP three year hit count patteres, drequency. This point source mask covers 4% of sky in Zone 1.
used to generate inhomogeneous noise in the simulated WMPB®& comparison, the WMAP point source masks of Bennettlet al.
observations. The RMS noise level per hit for both experimer(2003b) excludes a radius of 0.around almost 700 sources
is given in Tablé1L. with fluxes greater than 500 mJy, covering a total of 2% of sky.
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Table 1. Characteristics ofPLanck one year simulations (upper

5

) andWMAP six year simulations (lower) P.anck and WMAP

hit counts correspond to.Z (Healpix nsige=2048) and 8’ (nsige=512) pixels respectivelyN, is the white noise level calculated

from the inhomogeneous distribution of hits.

Channel 30GHz 44GHz 70GHz 100GHz 143 GHz 217 GHz 353 GHz 545 GHz 857 GHz
FWHM [arcmin] 33 24 14 10 7.1 5 5 5 5
ot [uKRr3 1030 1430. 2380 1250 754 610 425 155 72
it [uKcms] 1050 1510 2700 1600 1250 1820 5470 24700 1130000
Mean; Median hits per pixe| 82;64 170;134 579;455 1010;790 2260;1790 2010;1580 2@®8&01 503;396 503; 396
N2 [uK cmel 0.066 0.065 0.063 0.028 0.015 0.023 0.068 0.62 28.4
Channel 23GHz (K) 33GHz (Ka) 41GHz(Q) 61GHz (V) 94 GHz (W)
FWHM [arcmin] 52.8 39.6 30.6 21 13.2
ohit [uKRr]] 1420 1420 2100 2840 5210
it [uK eme] 1440 1460 2190 3120 6500
Mean; Median hits per pixe| 878; 792 878; 790 2198; 1889 2956; 2577 8873; 7714
N;? [uK cme] 0.10 0.10 0.10 0.12 0.14

The SZ mask is constructed by blanking out small circuldects, and assume that the noise is uncorrelated from pixel t
regions centered on 1625 SZ clusters detected with the eteedbixel and from channel to channel. Also, thiéeet of the finite

ILC + matched filter method (see Section|5.2). For each of the
the diameter of the cut is equal to the virial radius of theeor
sponding cluster.

2.3. Comments about the sky emission simulations

A note of caution about these simulations of sky emission is
order. Although the PSM, as described above, has a consi

bandpass of the frequency channels is not taken into accoht
we assume that the calibration and zero levels of each chsnne
perfectly known.

In spite of these simplifications, component separation re-
mains a dificult task with our simulated data because of pixel-
dependent spectral emission laws of dust and synchrotrah, a
pf the presence of more than a million point sources with dif-

derent emission laws, of hundreds of thousands of unredave

able amount of sophistication, it still makes some simpiiy €xtended SZ clusters, and of significant emission from a com-
assumptions — and cannot be expected to describe the full cdigX IR background. Itis fair to say that this simulated skfair

plexity of the real sky. This is a critical issue, as compdrsep-

aration methods are very sensitive to these details. Weioment

four of them.

more complex than anything ever used in similar investigyeti
In closing this Section, we show in Figué 3 the angular
power spectra of the basic components for the 70 and 100 GHz

First, Galactic emission is modeled with three componerfi§annels, close to the foreground emission minimum. The-spe
only, with no anomalous emission at low frequencies. This dfa of CMB, noise and thermal SZ are compared to the total
fects the spectral behavior of components in the lower frE:alactic emission spectra evaluated at high and low Galkatti
quency bands below 60 GHz where the anomalous emissiorfiles, on Zone 1 and 2 respectively. The point source spamr
thought to be dominant (Davies eilal. 2006; Bonaldi &t al.7200eVvaluated in Zone 1, both with and without the brightest sesir

Miville-Deschenes et al. 2008).

Second, even though variable spectral emission laws ade uSM

for synchrotron and dust emission, this is still an idedlisa for
the synchrotron, the emission law in each pixel is descrilyeal
single spectral index without any steepening. For dustssiom
is modeled as a superposition of two populations, with iisti
but fixed temperature and emissivity. These approximafions
pact component separation, since almost perfect estimafio

above 200 mJy masked. Figulire 3 shows the obvious impact on
B studies of masking the most foreground-contaminated re
gions. It also indicates that there is a significant regiosiof,
Zone 2, for which Galactic emission and CMB power are com-
parable. In the following sections, results are evaluatddpen-
dently in both Zones 1 and 2.

the relevant parameters of a given foreground emissionss p8. Outline of the methods

sible at frequencies where this foreground dominatesether
allowing perfect subtraction in the cosmological channels
Third, it is worth mentioning that only low resolutior (1°)
templates are available for synchrotron and free-free sioms.
Hence, addition of small scale power is critical: if suchlssa
were absent from the simulations, but actually significarthe

In this section we present a brief overview of the methods tha
have been used in this challenge. The section is divided-éeth
parts, one for dfuse component separation methods, one for
point source extraction, and one for SZ cluster extraction.

real sky, one might get a false impression that no componep{. pjffuse component separation

separation is needed on small scales. Also, the detectiooiof
sources as well as of galaxy clusters would be significarty e
ier, hence not representative of the actual problem. Heiss-m
ing small scale features are simulated using a non-station
coloured Gaussian random field. Although quite sophistitat
this process can not generate for instance, filamentarytohpa
structures known to exist in the real sky.

The spirit of each method tested on the challenge data is out-
lined here. A more detailed description, including someitiet
af their implementations and a discussion of their stresgtid
weaknesses is presented in Apperidix A.

First we define some relevant terminology. The data model
for a given channet is

Fourth, our simulations are somewhat idealised in the sense

that we use perfect Gaussian beams, assume no systematidef b, = x, + n,

)
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Table 2. Some characteristics of the dfuse component separation methods used in the challenge

Channels used Components modeled Resources and runtime
COMMANDER | WMAP, PLanck 30—-353 GHz, CMB, dust, sync, FF, mono-,dipoles 1000 CPU day2
CCA PLanck, Haslam 408 MHz CMB, dust, sync, FF 70 CPU hr, 1.5 day
GMCA PLaNcK CMB, SZ, sync., FF 1200 CPU hr, 6 day
FastICA 143-353 GHz 2 components (CMB and dust) 21 CPU min, 20 sec
FastMEM PLanck CMB, SZ, dust, sync, FF 256 CPU hr, 8 hr
SEVEM PLaNCK CMB 30 CPU hr, 30 hr
SMICA PLanck, WMAP CMB, SZ, dust, total galaxy 8 CPU hr, 4 hr
WI-FIT 70-217 GHz CMB 400 CPU hr, 8 hr
0" T T T .
. mixture

- Xy = Z Avcs (3)

. where the sum runs over the components. In matrix-vecter for
mat, this readx = As whereA is referred to as the ‘mixing
matrix’. Vectors is the vector of components. Vectalsandn

are defined similarly. When this model holds, Eq. (2) becomes

| dv = bv * (Z Avc&:] +n, (4)

In simple models, matri¥A is constant over the sky; in more
complex models, it varies over patches or even from pixel to
pixel.

We now briefly describe each of the methods that performed
component separation of the CMB (and possibly othéiugée
components), and also mention how the CMB angular power
. spectrum is estimated.

r L5

— Gibbs sampling(Commander; Eriksen etlal. 2008). The ap-
proach of Commander is to fit directly an explicit parametric
model of CMB, foregrounds and noise to the antenna tem-

. perature of low-resolution map pixels. For the Challenge,

Commander was used to analyse the data smootheél to 3

4 resolution at each channel with a pixel size of B4ealpix
Nsige=64). For a given foreground model, Commander pro-
vides an exact foreground-marginalised CMB distribu-
tions using the Gibbs (conditional) sampling approach.

— Correlated component analysigCCA;Bedini et al. 2005).

—_— The CCA approach starts with an estimation of the mixing

e E o matrix on patches of sky by exploiting spatial correlations
in the data, supplemented by constraints from external tem-

Fig. 3. Spectra of the simulated microwave sky components near plates and foreground scaling modeling. Estimated parame-

4% ]

the foreground minimum. CMB, noise with théfect of beam ters are then used to reconstruct the components by Wiener
deconvolution, and the thermal SZect are evaluated on the filtering in the harmonic domain. THe, are estimated from
full sky; point source power is evaluated on Zong?l and on the recovered CMB map.

Zone 12+PS; the galaxy power spectra are evaluated on Zone-1 Independent component analysigFastICA;[Maino et dl.

and on Zone 2. The well-known importance of masking is evi- [2002). The FastICA method is a popular approach to blind

dent, as is the fact that there is a significant proportionkgf S component separation. No assumptions are made about the

(Zone 2,15y = 22%) for which Galactic emission is comparable  frequency scaling or mixing matrix. Instead, assumingsstat

to CMB power. tical independence between CMB and foregrounds, the mix-
ing matrix is estimated by maximizing the non-gaussianity
of the 1-point distribution function of linear combinat®af
input data. The inferred mixing matrix is used to invert the
linear system of Eq.]4. Th€,'s are estimated from the re-

whered,, x,, n, are respectively the observation map, the sky covered CMB map.

emission map and the noise map at frequenahile b, is the — Harmonic-space maximum entropy method(FastMEM;

instrumental beam of channel assumed to be Gaussian sym- |Hobson et all 1998; Stolyarov et al. 2002). The FastMEM

metric, and« denotes convolution on the sphere. The sky emis- method estimates component maps given frequency scaling

sion itself, x,, is a superposition of components. Most methods models and external foreground power spectra (and cross-

assume (implicitly or explicitly), that it can be written atinear power spectra) with adjustable prior weight. It is a non-
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blind, non-linear approach to inverting Eq. 4, which asssime  This corresponds to a first step fdfective point source de-
a maximum-entropy prior probability distribution for the-u tection. It does not exploit any prior information on the ios
derlying components. THg,'s are estimated from the recov-of candidate sources. Such information can be obtainedésom
ered CMB component. ternal catalogues aslin Lopez-Caniego et al. (2007), on fie-

— Generalised morphological component analysi€6GMCA; tections in other Panck channels. Neither does this approach
Bobin et al| 2007). Generalized Morphological Componeuixploit the coherence of the contaminants throughautd
Analysis is a semi-blind source separation method whidrequencies, nor try to detect point sourgeisitly in more than
GMCA disentangles the components by assuming that eamfe channel. Hence, there is margin for improvement.
of them is sparse in a fixed appropriate waveform dictionary
such as wavelets. For the Challenge two variants of GMCA- Matched Filter (MF): The high spatial variability of noise
were applied, GMCA-blind optimised for separation of the and foreground emission suggests using local filters (for in
CMB component, and GMCA-model optimised for separa- stance on small patches). The sky is divided into 496 over-
tion of galactic components. Ti&'s are estimated fromthe  lapping circular regions 12 degrees in diameter. Matched fil
recovered CMB map from the GMCA-blind method. tering is independently applied on each patch. A local esti-

— Spectral estimation via expectation maximisation mate of the power spectrum of the background is obtained
(SEVEM,; [Martinez-Gonzalez etlal. 2003). SEVEM per- from the data themselves by averaging the power in circular
forms component separation in three steps. In afirst step, anfrequency bins. A first pass is performed to detect and re-
internal template subtraction is performed in order to mbta  move the brightest sources (above®)) to reduce the bias
foreground-reduced CMB maps in three centre channels in background power estimation and to reduce possible arti-
(100-217 GHz). Then the CMB power spectrum is estimated facts in the filtered maps. Thesblevel catalogue is obtained
from these maps, via the EM algorithm, assuming a signal by a second application of the whole procedure after removal
plus (correlated) noise model. A final CMB map is obtained of the brightest sources.
using a harmonic Wiener filter on the foreground-reduced Mexican Hat Wavelet (MHW2): In a similar way, the sky
maps. is divided into 371 square patches. The size of each patch is

— Spectral matching independent component analysis  14.65x 14.65 degrees, with a 3 degrees overlapping among
(SMICA,; Delabrouille et al. 2003; Cardoso etlal. 2008). The patches. Each patch is then individually filtered with the
SMICA method estimates model parameters using observa- MHW2. For each patch, the optimal scale of the wavelet is
tion correlations in the harmonic domain (auto- and cross- obtained by means of a fast maximization of the wavelet gain
spectra). The estimated parameters typically are some mix- factor. This step requires only a straightforward estiovatif
ing codficients and the power spectra of independent com- the variance of the patch, excluding the border of the patch.
ponents. For the challenge, the correlations between Galac A 5 ¢ level catalogue is obtained by simple thresholding in
components are taken into account. The estimated parame-a single step.
ters are then used to Wiener-filter the observations to wbtai
component maps. At small scales Bgs are one of the es- .
timated parameters. At large scales 100 theC,’s are es- 3-3 SZ cluster extraction

timated from the CMB map. In the present data challenge, we address both the quesfions

— Wavelet based high resolution fitting of internal tem- building an SZ catalogue, and of making a map of thermal SZ
plates (WI-FIT; Hansen et &l. 2006). The WI-FIT methodsmission.

computes CMB-free foregrounenoise templates from dif- .
ferences of the observations infiérent channels, and use>Z Map: Three methods successfully produce SZ maps: ILC in

those to fit and subtract foregrounds from the CMB domf{t2menic space, ILC on a needlet frame, and SMICA. For ILC

nated channels in wavelet space. This are estimated from Methods, the data are modelledds- as + n whered is the
the recovered CMB map. vector of observations (nine maps here, usingvBx data only),

a is the SZ spectral signature at all frequencies (a vectdr wit
nine entries) andh is the noise. The ILC provides an estimator
Some characteristics of these methods are summarisedsjg of susing
Table[2, which shows the data used, the components modeled
and an indication of the computational resources required. aR1!
Note that many dferent approaches toftlise component Sie = aR-la
separation are represented here: blind, non-blind, sénd:b
methods based on linear combinations for foreground eddr&c \hereR is the empirical correlation of the observations, i.exa 9
likelihood based methods which estimate parameters of @mog matrix, with entrieR,,.. In practice, the filter is implemented
of the foregrounds and the CMB; a maximum entropy methogh hands of¢ (ILC in harmonic space) or on subsets of needlet
methods based on cross correlations; a method based ofyspageficients (ILC in needlet space). The needlet ILC adapts to

d )

Also they rely on very diverse assumptions and models. the local background to recover the SZ sky.

SZ catalogue:Three main methods are used to obtain the cluster
3.2. Point source extraction catalogue:
In the present challenge, point sources are detected inalt® — The first one uses a single frequency matched filter

channels independently. Two methods are used, the firstbase (Melin et al.[2006) to extract clusters for the ILC needlet
on a new implementation of matched filtering, and the second map.

using the second member of the Mexican Hat Wavelet Family of The second one uses SExtractor (Bertin & Arnouts 1996) to
filters (Gonzalez-Nuevo et al. 2006). Point sources areatied extract clusters for the ILC needlet map. Then, a single fre-
by thresholding on the filtered maps. quency matched filter is used to estimate cluster fluxes.
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— The third is a Matched MultiFilter (Herranz etlal. 2002)_ - - o
which implements cluster detections using the full set ef ir2 |
put observations rather than an intermediate SZ map. : [ ]

— This third method is implemented independently in Sacle= . [ 3
and in Santander. = F

The performances of these four methods are given in Tdble=
The comparison is done at the same contamination lev= |
(~ 10%), which corresponds /N > 4.7 for the ILC needlet &
+ MF catalogueS/N > 3.8 for the ILC needlet- SExtractor . |————————»""" "\ -
catalogueS/N > 4.3 for the Matched Multifilter (MMF) Saclay @ [———— i e
catalogue an&/N > 4.6 for the MMF Santander catalogue.  © ..f
This comparison is being extended to other cluster extrez [ c»
tion methods in collaboration with theLkck working group = [~
‘Clusters and Secondary Anisotropies’ (WG5). Some improvz | SEWEN NICH
ments are obtained using SExtractor as the extraction femla -———o - 1+ . . . . 1 . . . . |
the component separation step. There is still some placgiier e salnctic latiude [deg -
improvements in increasing the studied area to lower Galac 1 T
latitude and in combining the SZ extraction methods with CM— ="~ ——— cca 54 cont
and Galactic extraction methods more intimately. 3 :

4. Results for CMB 3 _E.jf'i_ﬁ o

We now turn to the presentation and discussion of the resfilts:
the challenge, starting with the CMB component. We evaluz:
performance based on residual errors at the map and spec:
level, and on residual errors at the power spectrum estmati:
level. 5
The first point to be made is that all methods have pri:
duced CMB maps in Zones 1 and 2. Foreground contaminati..
is barely visible. A small patch representative of CMB recor:
struction at intermediate Galactic latitude, is shown igure[9.
In the following, we focus on the analysis of the reconsinrct = - ) -
error (or residual). ) alactic latitude [deg] )

Since the various methods produce CMB maps fiedint .
resolutions, the recovered CMB maps are compared bothsigaffi9- 4 (Upper) RMS of the residual error of the CMB map, cal-
the input CMB sky smoothed only by the71pixels, and against culated for each of 18 bands of 10 degrees wide in Galactic

a 438 smoothed version of it to emphasize errors at large scaldtitude. For comparisongews = 1045uK and onoise =
29.3uK, for the 143 GHz channel (T’ pixels). (Lower) RMS

. of this residual map calculated at’4&solution. For compari-
4.1. Map-level residual errors son,ocme(45) = 69.8uK and oneisd45) = 0.7uK for the 143

Maps of the CMB reconstruction error, with all maps smoothedHiZ channel. The corresponding residual maps are shown in
to a common 45resolution, are shown in Figufé 5 for all of igure[.
the methods (excluding Commander, which produced mags at 3
resolution). The remaining Galactic contamination is nadsi-v
ble at various levels for most methods, in particular cleseet the sum of the errors due to residual foreground contanuinati
gions with the strongest levels of free-free emission. &hisr noise, as well as from residual CMB (due to non unit response o
also evidence of contamination by SZ cluster decrementishwhsmall scales, for instance). For orientation, we can setthiea
are visible as distinct negative sources away from the @alacensemble of methods span the ranggaKl3 oacvs < 35uK,
plane. As can be seen, significanffdiences between methodgvhich can be compared withcmg = 104.5uK and onoise =
exist. 29.3ukK, for the 143 GHz channel.
. . . . Similarly, the lower panel of Figurel 4 shows the RMS of
— At high Galactic latitudes, at this 4%cale, the lowest e smoothed residual errors shown in Figire 5. Depending on
contamination is achieved by SMICA, GMCA-BLIND and,e method, the typical level of foreground contaminatioiog

FastiCA. noise) has an RMS from 2 tq& on this smoothing scale. For
— In Zone 2, CCA, GMCA-MODEL, and FastMEM seem tocomparisona-CMB(45’) = 69.8uK and onoisd(45) = 0.7uK for

filter out Galactic emission best while FastiCA and WI-FI'k,e 143 GHz channel.
are strongly contaminated.

A quantitative measure of the raw residual of the CMB map , Spectral residual errors
(reconstructed CMB minus unsmoothed input CMB) is provided
by its RMS, calculated for 18 zonal bands, each 10 degrdéext we calculate the spectra of the CMB raw residual maps,
wide in Galactic latitude, excluding pixels in Zone 3 and thboth on Zone 1 and Zone 2 (high and low Galactic latitudes),
point source mask. The results are shown in the upper pamasked for the brightest point sources. Results are shown in

of Figure[4. This quantity, denotegcvs, gives a measure of Figure[®.
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CMB(out) — CMB(in) (45 arcmin smoothing) using SMICA CMB(out) — CMB(in) (45 aremin smoothing) using SEVEM

—30.0 30.0 K —30.0 30.0 puk
CMB(out) — CMB(in} {45 arcmin smoothing) using CCA CMB(oul} — CMB(in) {45 arcmin smoothing) using GMCA—BLIND

—30.0 30.0 kK —30.0 30.0 kK
CMB(out) — CMB(in) {45 arcmin smoothing) using FASTICA CMB{out) — CMB(in) (45 arcmin smoothing) using WIFIT

—30.0 30.0 puk —30.0 30.0 puk
CMB(out) — CMB{in) {45 arcmin smoolhing) using GMCA-MODEL CMB(out) — CMB(in} (45 aremin smoothing) using FASTMEM

—30.0 30.0 kK —30.0 30.0 kK

Fig. 5. CMB reconstruction error smoothed at45 resolution. These maps are described in Sedfioh 4.1, and their RMS acéal
latitude strips of 10are shown in Figuril4.

Comparing the spectra of the residuals with the originadllev  Its overall shape is not white: at high Galactic latitudes th
of diffuse foreground contamination shown in Figlre 3, we seesidual spectra bottom out at very roughly: 0.015x£%7uK?,
that a considerable degree offdse foreground cleaning haswhile a low Galactic latitudes the spectra bottom outAat
been attained. There seems however to be a ‘floor’ approacle® x £-%°uK2. This limit to the level of residuals is consider-
by the ensemble of methods, with a spread of about a factoradfly higher than the ‘foreground-free’ noise limit disptalyas a
ten indicating diferences in performance. This floor appears washed line.

be mostly free of residual CMB signal which would be visible |; is however. also significantly lower than the CMB cos-

as acoustic oscillations. mic variance, even with 10% binning ii This comforts us
in the impression that component separatiorfieative enough
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Fig. 6. Spectra of the CMB residual maps, evaluated on Zone L
(high Galactic latitudes) and Zone 2 (low Galactic latitsde =

both regions with point sources masked. Comparison wi: |
Figure[3 shows the extent to which the Galactic contaminati-:
has been removed from the CMB on large angular scales. :

for CMB power spectrum estimation (discussed next in this p==
per), although it may remain a limiting issue for other tyge ¢
CMB science. In particular, it suggests that the componemt s
aration residuals, with these channels and the presenbagth
will dominate the error in Panxck CMB maps.

Recently Hdfenberger et al! (2007) performed a reanalys
of the impact of unresolved point source power in the WMA
three-year data. They found that cosmological parameter cu
straints are sensitive to the treatment of the unresolvedt porig. 7. (Upper) Power spectrum estimates (PSE) using
source power spectrum beyofi¢: 200 characterised by a whittCommander on large angular scales. The diamonds sho@the
noise level ofA = 0.015+ 0.005:K?. By comparison, the resid- of the input CMB realisation. (Middle) PSE of the recovered
ual foreground contamination obtained in our simulatianas CMB map using the SMICA method. (Lower) PSE compared
low as 4x 10uK? at£ = 200. with the estimates derived from the input CMB, and with
the expected RRnck sensitivity, assumingsx, = 0.8. Beyond
¢ = 500 biases in the PSE set in in some of the methods.

4.3. Power spectrum estimation errors

Although not the main focus offfert for the Challenge, each

group provided their own bandpower estimates of the CMB

power spectrum, which in many cases showed obvious acoustic To make a quantitative estimate of the accuracy of the power
structure out to the sixth or seventh acoustic peakat2000. spectrum estimates, of £(¢ + 1)C,, we calculate the quantity

As an illustration of this result, we show in the upper and-mid

dle panels of Figurgl7 the power spectrum estimates from the AD;/D,

Commander and SMICA methods respectively. oM = AC,/C, (6)
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Table 3. Results of point source detection on the present dathallenge.

Channel 30GHz 44GHz 70GHz 100GHz 143GHz 217GHz 353GHz 545GHz 857 GHz
method MF MF MF MF MF MF MF MHW MHW
flux limit (mJy, 5% cont.)| 420 430 360 220 130 100 190 500 880
# detections 655 591 623 1103 2264 2597 1994 1233 2156

whereAD; is the bias in the PSE compared to the PSE derived The detection of point sources is both an objectiveiaivex

from the input CMB sky, and wher&C,/C; is the expected ac- component separation (for the production of theNex early re-

curacy of Ranck, obtained from Eq.[{7) below. This figure oflease compact source catalogue (ERCSC) and of the final point

merit penalises biases in the power spectrum estimatesuwtithsource catalogue), and also a necessity for CMB scienceato e

taking into account the error bars claimed by each group. uate and subtract the contamination of CMB maps and power
In the absence of foregrounds, an approximate lower bousgpictra by this population of astrophysical objects (Wregtal.

on the relative standard deviation in estimating the powers 2008; Gonzalez-Nuevo etlal. 2008).

trum is: The two methods have advantages and drawbacks. In prin-
— ciple, the matched filter is the optimal linear filter. Howg\ie
AC, [ 2 14+ Ne @) often suters from inaccurate estimation of the required correla-
C; VY Nmodes C.)’ tion matrix of the contaminants, and from thefdiulty to adapt

the filter to the local contamination conditions. On the deden
where the numbeNmoqesOf available modes is: the present challenge, this resulted in excessive contdinin
of the point source catalogue by small scale dust emissioa. T
Mexican hat wavelet is not optimal, and has proved to be less
Nmodes= fsky Z (20+1) (8)  effective than the matched filter in most of the channels, but is
{=Liin less vulnerable to dust.
where fyy denoles the fraction of sky coverage. The average, o0 ue (R 178 U S8 B0 S8 SC G and with the
Qszascirg%\?fr: esd%gféﬁny]gnﬁ e(l)sbtalned from the noise powerM HW at 545 and 857 GHz. Tablé 3 summarises the PS detection
achieved by these methods.
(Nmn B2 ]—1 It should be noted that the five sigma detection limit, for all
Nl vl

Umax

N, = 9) channels, is somewhat above what would be expected from (un-
Ny filtered) noise alone (by a factor 1.33 for the best case, 44,GH
Ao to 4.8 for the worst case, 857 GHz). This is essentially dukeo
N, = M hit 1 i (10) impact of other foregrounds and of the CMB, as well as with the
ngix 5 Nhit(P) confusion with other sources. In particular, thieet is more

evident at 545 and 857 GHz, due to high dust contamination
whereB,, is the beam window function for channgland using but also to the confusion with the highly correlated pogalat
the calculated values df,, given in Table[1l. This theoretical of SCUBA sources (Granato et/ al. 2004; Negrello et al. 2004),
limit Eqg. (7) is used below to assess the impact of foregreun@hich constitute a contaminant whose impact on point source
on power spectrum estimation, taking the 70 to 217GHz chastetection was until now somewhat underestimated.
nels and assuming the noise levels from Table 1 togetheramith  The number of detections for each frequency channel
fsky = 0.8, and is displayed in the lower panel of Figlfe 7. in Table[3 has been compared to the predictions made by

Ideally, the figure of merit given by Ed.]1(6) should be muchopez-Caniego et al. (2006), properly rescaled for ourcy-
less than one in the cosmic-variance limited regime (i.e. ferage. In general, there is a good agreement betwen thepredi
¢ < 500 according to Figufg 6). Significant deviations from zerions and the results of this exercise, except for the 857 GHz
at low ¢ and over+1 at high¢ are indications of significant de- channel, where the number of detections is roughly half tke p
partures from optimality. dicted one. Again, the ffierence may be due to the confusion of
Focusing first on the range < 20 we can discern the bestcorrelated infrared sources, that are now present in the BR8M

performance from Commander, which models the spatial variere not considered by Lopez-Caniego et al. (2006).
tion of the foreground spectral indices, thus improvingghb-
traction of foregrounds on large scales. On the range 20< 2 S7 effect
500, SEVEM, specifically designed for an estimate of the CMg' '
power spectrum, performs best among the methods testedon tthe recovery of an SZ map from the challenge data is illustrat
challenge. Beyond = 500 we see the best performance frorh Figure[8. The recovered full sky SZ is obtained by Wiener-
SEVEM and SMICA. filtering in harmonic space the needlet ILC map of they§za-

rameter. Wiener filtering enhances the visibility of SZ téus.

We clearly identify by eye the brightest clusters in the map.
5. Results for other components One of the main results of this study is the recovery of
around 2300 clusters. This is significantly lower than thdqye
mance one could expect if the main limitation was the nominal
Additional eforts have been directed towards producing a ca&anck noise, and if most detectable clusters were unresolved.
alogue of unresolved galaxies, a catalogue of SZ clustats avlany of the recovered clusters are in fact resolved, and thus
maps of thermal SZféect and of Galactic components. emit on scales where the contamination from CMB is not neg-

5.1. Point sources
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ILC needlet SZ Input 37 map

-5.0e-06 m—— 6.0e-06 y -5.0e-06 =———— 8.0e-08 y
(113,86, -36.1) Galactic (113,86, -36.1) Galactic

Fig. 8. Patch of the recovered ILC needlet SZ map and input SZ rap. For easier comparison of the two maps (12.5 geg
12.5 deg), the input SZ map has been filtered to the same tiesoéis the output.

Table 4. Performance of the SZ cluster detection methods 5.3. Galactic components

The table gives the absolute number of detectiorlfor 20°.

The ILC + SExtractor method gives the highest completeneézs.o.r the Chall'enge, a number of methpds are applied fpr Sépa-
at 91% reliability. The ILC needlet Matched Filter (MF) per- rating Galactic components. Taljle 2 lists which Galactimeo

forms as well as the Matched Multifilter (MMF). Somefidrent POnents were separated by théefient methods. Five groups

implementation of the MMF leads to slightlyftgrent results but haV(ta Ia:Ittempted tohsepargte a th'gh frequte;ncy deSt'I'lh(e tc;gmpo
performances are comparable. nent. Four groups have attempted separation of synchratrdn

free-free at low frequencies.
We compared the reconstructed component maps with their
counterpart input maps, both in terms of the absolute resid-

Method Detections| False| Reliability - .

ILC needler SEXL. 5564 555 919% ual error and in terms of the relative error. Both these mea-
ILC needlet+ MF 1804 179 90% sures are computed after removing the best fit monopole and
MMF Saclay 1803 178 90% dipole from the residual error map (fitted when excluding-a re
MMF IFCA 1535 144 91% gion +30° in Galactic latitude). We then defined a figure of

merit 200, Which corresponds to the fraction of sky where the
foreground amplitude is reconstructed with a relative reafo
less than 20%. The main results can be summarised as follows:
ligible. Small scale Galactic emissions and the backgraeind The dust component was the best reconstructed componént wit
extragalactic sources, now included in the simulationghir  f,00, = 0.7 for all methods. The relative error typically becomes
complicate the detection. Further study is necessary totfiad largest at the higher galactic latitudes where the dustsams
exact origin of the lack of performance, and improve detecti is faintest. Synchrotron is reconstructed witlao, ~ 0.3-05.
methods accordingly. Here Commander achieved the best results aeSolution, but
Actual detection performances, limited to 67% of the sky atith noticeable errors along the galactic ridge where, insim-
Galactic latitudes above 20 degrees, are shown in Table&. Thations, the synchrotron spectral index flattetis Bree-free
ILC + SExtractor method gives the best result. The-HMF ap- emission is detected and identified in regions such as the Gum
proach performs as well as the matched multifilter here. Woe t Nebula, Orion A and B, and the Ophiucus. However, the recon-
implementations of the MMF perform similarly. Thefidirence struction of the free-free emission at low Galactic latéadieeds
in the number of detection achieved (about 13.5%), howevanproving. On the other hand, thetal Galactic emission (free-
suggests that implementation details are important fertdgk. free plus synchrotron) at low-frequencies is better retanted,
Using the detected cluster catalogue obtained with MMF, weth foq, ~ 0.5-0.8, with the best results from Commander.
have produced a mask of the detected SZ clusters. For each ofin Figure[®, we show for illustration the recovered total
the 1625 clusters we mask a region of radius given by the c@alactic emission at 23GHz from Commander, the dust emis-
responding input cluster size given by the virial radius, ien sion at 143GHz from FastICA and, for comparison, the recov-
times the core radius here. ered CMB from SMICA on the same patch.
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Input galaxy at 23 GHz Commander galaxy at 23GHz
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6. Summary and conclusions fainter. We have defined a figure of mefigy, Which corre-
_ _ sponds to the fraction of sky where the dust amplitude has bee

In this paper we have described a CMB component separatigRonstructed with a relative error of less than 20%. Fortmos
Qhallt_ange based on realistic simulations of thaNex satel- methods, f0s ~ 70% in the case of dust, while for the radio
lite mission. The simulated data were based on a developmgmissionfzo% ~ 50%, increasing to 80% if component separa-
version of the Panck Sky Model, and included the foreground;q, js performed at a relatively low resolution of. Tlearly,
emission from a three component Galactic model of free-frefere is ample room for, and need of improvement n this area.
synchrotron and dust, as well as radio and infra-red soutites e flux limits for extragalactic point source detection are
infra-red k_Jackground, the Sitect anq EANcg-Ilke mhpmoge- minimum at 143 and 217 GHz, where they reachL00 mJy.
neous noise. We caution that the simulations, while compléx oyt 1000 radio sources and about 2600 far-IR sources are de
still relied on some S|_mpI|fy|ng assumptions. Thu_s, th&r®0 {ected over about 67% of the skipl(> 20°). Over the same
guarantee that the priors and data models that yielded tte Rggion of the sky, the best methods recover about 2300 ciuste
separation on simulations will work equally well on realaldn Work in progress includes an upgrade of the sky model,
other words, the amplitudes of the residuals shown in Figre jnc|uding an anomalous emission component and polarizatio
and[7, which indicate a flerence of performance on the paraiso, we are in the process of integrating point source and SZ
ticular simulations used here, are not necessarily a véigbte  oytraction algorithms together with those doing the sefjmara
measure of the quality of the methods or their performance gfijiffuse components in a single component separation pipeline.
real data. _ _ This is expected, on one side, to decrease the contamirtion

As a combined set of tools, component separation methad§iB maps on small angular scales, where point and compact
developed and tested in this workier very diferent ways to sources (including Szfeects) dominate and, on the other side,
address the component separation problem. Comparabt&-peffy achieve a morefcient point and compact source extraction.
mance between fierent tools, when achieved, provides confi-
dence in the conclusions of this work against some of the sifgknowledgements. The work reported in this paper was carried out by Working

P : h : i Group 2 of the Banck Collaboration. Panck is a mission of the European Space
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We f_ound that the recovered CMB maps were clean on |argﬁase E2 Activity). The USiRnck Project is supported by the NASA Science
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Appendix A: Description of methods

A.1. Commander

15
the total foreground model reads
v \Bs(P) y\ 215
s00:) = AP (-] + Ao
Vs Vi
ehvd/de _ 1 v Ba(p)+1
+Ad(p)9(V)m (V_d)
3
)+ > m(A(p) - ). (A2)
i=1

whereg(v) is the conversion factor between antenna and thermo-
dynamic temperatures, aridis the unit vector of pixep. The

free parameters are thus the foreground amplitublgshs and

Ay, and spectral indicegs andgq, for each pixel, and the over-

all monopolem?, and dipole amplitudesy,, for each band. For
priors, we adopt the product of thefffeys’ ignorance prior and

an informative Gaussian priog{ = —3 + 0.3 for synchrotron
andBq = 1.5 + 0.3 for dust) for the spectral indices, while no
constraints are imposed on the amplitudes.

This posterior is mapped out with using the Gibbs (condi-
tional) sampling technique, and the basic output is a sedmf s
ples drawn from the posterior. From these samples we provide
marginal posterior mean and RMS component maps, as well as
the marginal CMB power spectrum posterior.

The code assumes identical beams at all frequencies, and it
is therefore necessary to smooth the data to a common resolu-
tion, limiting the analysis to large angular scales. Fos thér-
ticular data set, we have choosen a common resolutiorf of 3
FWHM, with 54 pixels (HealpixNsjge=64) and withfmax = 150.

For more details on the degradation process, see Eriksén et a
(2008). At this resolution, the CPU time for producing onmsa

ple is around one wall-clock minute. A total of 5400 samples
were produced over four independent Markov chains, of which
the first 2400 were rejected due to burn-in. Twelve frequency
bands (covering frequencies between 23 and 353 GHz) were in-
cluded, for a total cost of around 1000 CPU hours.

The main advantage of this approach is simply that it pro-
vides us with the exact joint CMB and foreground posteriar fo
very general foreground models. From this joint postertdg
trivial to obtain the exact marginal CMB power spectrum and
sky signal posteriors. Second, since any parametric foregt
model may be included in the analysis, the method is very gen-
eral and flexible. It also provides posterior maps for indhvi
ual components, and is therefore a true component separatio
method, and not only a foreground removal tool.

Currently, the main disadvantage of the approach is the as-
sumption of identical beam profiles at each frequency. This

‘Commander’is an implementation of the CMB and foregroundgyictly limits the analysis to the lowest resolution of atjzallar
Gibbs sampler most recently described by Eriksen et al.§P00gata set. However, this is a limitation of the current impéerta-
This algorithm maps out the joint CMB-foreground probabikjon, and not of the method as such. Work is currently ongteng

ity distribution, or ‘posterior’, by sampling. The targetigierior

may be written in terms of the likelihood and prior using Bslye

theorem,

Pr(s, Ce, hgld) = L(dls, 6kg) Pr(siCc) Pr(Cc) Pr(erg) (A1)

extend the foreground sampler to multi-resolution experits.

A.2. Correlated Component Analysis (CCA)
CCA (Bedini et al.| 2005) is a semi-blind approach that relies

Here#dyy is the collection of all parameters required to describen the second-order statistics of the data to estimate tlke mi
the non-cosmological foregrounds. Since the noise is asgtion ing matrix on sub-patches of the sky. CCA assumes the data

be Gaussian, the likelihood is simply given by jite

model given by Ed.14, and makes no assumptions about the in-

In the current analysis, the foregrounds are modeled bydapendence or lack of correlations between pairs of radiati
sum of synchrotron, free-free and thermal dust emissiod, asources. The method exploits the spatial structure of tte in
free monopole and dipoles at each frequency band. The therwidual source maps and adopts commonly accepted models for
dust component is approximated by a single-component mosidurce frequency scalings in order to reduce the numbeeef fr

fied blackbody with a fixed dust temperaturg = 21K. Thus,

parameters to be estimated.
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The spatial structures of the maps are accounted for througld. Independent component analysis (FastiCA)
the covariance matrices atfiirent shifts. From the data model

adopted, the data covariance matrices at shifts)(are given by Independent Component Analysis is an approach to component

separation, looking for the components which maximize some
t measure of the statistical independerice (Hyvarinen|199%).
([d(6. ¢) ~ ua] [d(6 + 7. ¢ +¥) = pa]) FastICA algorithm presented here exploits the fact that-non
ACs(7, )A' + Cn(7, ) . (A.3) Gaussianity is usually a convenient and robust measureeof th
statistical independence and therefore it searches feaulicom-
whereyq is the mean data vector, an@l ¢) is the generic pixel binationsy of the input multi-frequency data, which maximize
index pair. The matriceSq(r, ¥) can be estimated from the datasome measure of the non-Gaussianity. In the specific impleme
and the noise covariance matridgég(r, y) are derived from the tation of the idea, employed here, the non-Gaussianityastiu
map-making noise estimations. From Eg. (A.3), we can estimdied by theneg-entropy. Denoting byH(y) = — [ p(y) log p(y)dy
the mixing matrix and free parameters of the source coveeiarthe entropy associated with the distributipnwe define the neg-
matrices by matching the known quantities to the unknovinag, t entropy as,
is by minimizing the following function foA andCs(z, ¢)

Cd(T’ lﬁ)

neg-entropyy) = H(yc) — H(y) , (A.5)
Z IACs(t, )AL = [Cy(t, ¥) — Cnl(r, W)]II, (A.4) Whereyg is a Gaussian variable with the same covariance ma-
" trix asy. The search for the maxima of the neg-entropy is usu-

ally aided by enhancing the role of the higher order moments

where the Frobenius norm is used and the summation is taldry, which is achieved by means of a non-linear mapping. In
over the set of shift pairsr(y) for which data covariances arethe present |mplementa_1t|on3 the _FastICA finds the extrezma of
non-zero. Given an estimate 6t andCy, Eq.[2 can be inverted the neg-entropy approximation given (B{g(y)] — E[g(ye)]I%,

and component maps obtained via the standard inversion te¢fere E means the average over the pixels, antepresents
niques of Wiener filtering or generalized least square siver the non-linear mapping of the data, which may be a power law
For the Challenge, harmonic space Wiener filtering was agpli In the simplest case. The algorithm is straightforwardiplien
using a mixing matrix obtained by averaging the mixing matrfnented in real space, and requires the same angular resoluti

ces of diferent patches. More details on the method can be fouf &ll channels. Note that for an experiment likexitx where
in[Bonaldi et al./(2006, 2007). the resolution varies with frequency, this requires smingtthe

d’pput data to the lowest resolution before processing. T¢&e u

CCA can treat the variability of the spectral properties an dficient minimization procedure, with a required number

each component with the direction of observation by Workirg

on suficiently small sky patches, which must however be lar Iloau?g p(l)(mt ;)hperatlonsts;:_almglg Ilnegrly W't? the sdghnn
enough to have slicient constraining power; typically the num-; ata set, makes the computational requirements essg )

ber of pixels per patch must be arouncd1To obtain a con- mate_d by memory, needed to allocate and quickly access the
tinuous distribution of the free parameters of the mixing ménulu-frequency data.

: ; : " : The algorithm has been tested so far as a CMB cleaning pro-
gclalxtl:ﬁe?sA is applied to a large number of partially overlapgi cedure, because the hypothesis of statistical indeperdeeg-

é;cted to be verified at least between CMB anfiude fore-

A drawback of the present version of CCA is common 18, ,,,4s It produced results on real (BEAST, COBE, WMAP)
many pixel-domain approaches to separation: the data neus

; ; "y d simulated total intensity data, as well as on polagnstim-
smoothed to a common resolution. A Fourier-domain impleme, |

. — {lations, on patches as well as all sky (see Mainolet al. (007
tation of CCA [Bedini & Salerno 2007) would be able to copg referencpes therein). The performyal(”nce is made posgjii)le b
with this problem. Alternatively for the pixel-domain vess,

e . ) two contingencies, i.e. the validity of the assumption etftist
the mixing matrix could be estimated from _the smoothed mag al independence for CMB and foregrounds, as well as the
and then used to separate the sources using the full resolu igh resolution of the present CMB observations, which pro-
data. vides enough of statistical realizations (pixels) for thetinod

to decompose the data into the independent components.

A.3. Generalised morphological component analysis
(GMCA) A.5. Harmonic-space maximum entropy method (FastMEM)

GMCA (Bobin et al. 2007) is a blind source separation methathe Maximum Entropy Method (MEM) can be used to sepa-
devised for separating sources form instantaneous lin@ar nyate the CMB signal from astrophysical foregrounds inahgdi
tures. GMCA disentangles between the sources assuming Balactic synchrotron, dust and free-free emission as wsefia
their spatial morphology is well represented in a fixed waw@f  effects. The particular implementation of MEM used here works
dictionary (such as wavelets). In this context, the wavefdic-  in the spherical harmonic domain. The separation is donesmod
tionary leads to a so-called sparse representation: th@g@ompy-mode allowing one to split a huge optimisation probleto in
nents are well defined from only a few samples in the waveforamumber of smaller problems. The solution can thus be atdain
dictionary. Sparsity enhances the diversity between tmepoe  faster, giving this implementation its name: FastMEM. Tayis
nents thus improving the separation quality. proach is described Hy Hobson et al. (1998, 1999) for Fourier
GMCA is adapted to account for physical prior knowledgmodes on flat patches of the sky and_ by Stolyarov et al. (2002,
in the scope of CMB component separation: simple physic2005) for the full-sky case.
priors are used to model Galactic foregrounds (dust, free;f If we have a model (or hypothesild)in which the measured
synchrotron). Further work will be devoted to improve the-pedatad is a function of an underlying signal then Bayes’ theo-
formances of the GMCA method by handling moif@iaently rem tells us that the posterior probability Bd( H) is the prod-
foreground components. uct of the likelihood Pr|s, H) and the prior probability Ps(H),
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divided by the evidence Ri(H), since the errors are quadratic and de-biasing will intredalase
errors in the harmonics.
Pr(dls, H) Pr(gH)

Pr@d, H) = — @R (A.6) No information about the input components was used in the

separation, and the prior power spectra were based solely on
The objective here is to maximise the posterior probabdity the physical properties of the components and templatek ava
the signal given the data. Since the evidence in Bayes’ #meorable in the literature. The prior on the CMB component was
is merely a normalisation constant we maximise the prodiictget using the best-fit theoretical spectrum, instead of a WWMA
the likelihood and the prior constrained realisation. This has a significaffite at low mul-

tipoles.
Pr(gd, H) « Prd|s, H) Pr(s, H). (A.7)

We assume that the instrumental noise in each frequencylehar)4 6. Spectral estimation via expectation-maximization
is Gaussian-distributed, so that the log-likelihood hasrmfofa 'SEVEM p

2 misfit statistic. We make the assumption that the noise is un- ( )

correlated between spherical harmonic modes. We also ass
that the beams are azimuthally symmetric, so that they dse f
described by the beam transfer functiBnin harmonic space.
For mode {, m), the log-likelihood is

VEM (Martinez-Gonzalez etlal. 2003) tries to recovelyon
the CMB signal, treating the rest of the emissions as a gener-
alised noise. As a first step, the cosmological frequencysmap
100, 143 and 217 GHz, are foreground cleaned using an inter-
Y2(sim) = (dem — BeASim)" Ngnal]-(dgm — B/As/m) (A.8) nal te_mplate fitting technique._Four templates are obtajmafd

the diference of two consecutive frequency channels, which are
where A is the fixed frequency conversion matrix which desmoothed down to the same resolution if necessary,to aleid t
scribes how the components are mixed to form the datalNghd presence of CMB signal in the templates. In particular, we-co
is the inverse noise covariance matrix for this mode. Iftfstru-  struct maps of (30-44), (44-70), (545-353) and (857-54f¢di
mental noise is uncorrelated between channels, then thisxmaences. The central frequency channels are then cleanedby su
is diagonal. However, unresolved point sources can be raddefracting a linear combination of these templates. Théfments
as a correlated noise component. of this combination are obtained minimising the variancéhef

The prior can be Gaussian, and in this case we recover firal clean map outside the considered mask. The second step
Wiener filter with the well-known analytical solution fordlsig- consists on estimating the power spectrum of the CMB from the
nals. However, the astrophysical components have strongly nahree cleaned maps using the method (based on the Expeetatio
Gaussian distribution, especially in the Galactic plarfeeréfore Maximization algorithm) described in_Martinez-Gonzags al.
Hobson et al.[(1998) suggested that an entropic prior beinsed(2003), which has been adapted to deal with spherical data.
stead. In this case, maximising the posterior is equivdtetiie Using simulations of CMB plus noise, processed in the same
minimising the following functional for each spherical arnic  way as the Challenge data, we obtain the bias and statistical

mode ror of the estimated power spectrum and construct an urtbiase
5 version of theC,’s of the CMB. This unbiased power spectrum
Drvem (Stm) = x“(Stm) — @S(Sm) (A9) s used to recover the CMB map from the three clean channels

through Wiener filter in harmonic space. Finally, we estertae
noise per pixel of the reconstructed map using CMB plus noise
simulations.

whereS(s) is the entropic term, and is the regularisation pa-
rameter. The minimisation can be done numerically usingofne
a number of algorithms (Press etlal. 1992).

FastMEM is a non-blind method, so the spectral behaviour One of the advantages of SEVEM is that it does not need
of the components must be known in advance. Siégfixed, any external data set or need to make any assumptions aleout th
the spectral properties of the components must be the samefesguency dependence or the power spectra of the foregspund
erywhere on the sky. However, small variations in the spéctiother than the fact that they are the dominant contributidhea
properties, for example, dust temperature, synchrotrectspl lowest and highest frequency channels. This makes the mhetho
index or SZ cluster electron temperature, can be accountedyery robust and, therefore, it is expected to perform weltéal
by introducing additional components. These additionedjgo- PLanck data. Moreover, SEVEM provides a good recovery of the
nents correspond to terms in the Taylor expansion of the figewer spectrum up to relatively highand a small error in the
guency spectrum with respect to the relevant parameter. CMB map reconstruction. In addition the method is very fast,

The initial priors on the components are quite flexible anghich allows one to characterise the errors of the CMB power
they can be updated by iterating the component separaten, spectrum and map using simulations. The cleaning of the data
pecially if the signal-to-noise is high enough. takes around 20 minutes, while the estimation of the powee-sp

It is not necessary for all of the input maps to be at the sartram and map requires around 15 and 30 minutes respectively.
resolution since FastMEM solves for the most probable sollr fact, the whole process described, including producing s
tion for unsmoothed signal, deconvolving and denoising snaplations to estimate the bias and errors, takes around 3 hou
simultaneously. It is flexible enough to include any dataséth in one single CPU. Regarding weak points, the method recon-
known window function and noise properties. A mask can eastructs only the CMB and does not try to recover any other com-
ily be applied to the input data (the same mask for all fregyenponent of the microwave sky although it could be generalised
channels) and this does not cause problems with the segraratito reconstruct simultaneously the both the CMB and the thérm

Since FastMEM uses priors on the signals, the solution f8Z dfect. Also, the reconstructed CMB map is not full-sky, since
the signals is biased. This is especially evident if theaigo- the method does not aim to remove the strong contamination at
noise ratio is low. It is possible to de-bias the power speatr the centre of the Galactic plane or at the point source [positi
statistically, knowing the priors and the FastMEM separaér- In any case, the masked region excluded for the analysitais re
rors per mode. However, one can not de-bias the recoveresl meely small.
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A.7. Spectral matching independent component analysis CMB map. WI-FIT difers from this procedure in two respects:
(SMICA) (1) It does not rely on external observations of the galaxy bu
forms templates by taking theftérence of CMB maps at dif-
rent channels. The CMB temperature is equal fiedint fre-
uencies whereas the Galactic components are not. Foetis r
n, the diference maps contain only a sum of Galactic compo-
nents. A set of templates are constructed froffedénce maps
based on dferent combinations of channels. (2) The fitting of
the templates are done in wavelet space where the uncgrtaint
8h the foreground cdicients is much lower than a similar pixel

The principle of SMICA can be summarised in three steps:
Compute spectral statistics 2) Fit a component-based ntode
them 3) Use the result to implement a Wiener filter in harmon
space. More specifically, an idealized operation goes &sifsl
Denoted(¢) the column vector whoseth entry contains the ob-
servation in directioF for thei-th channel and denoté,, the
vector of same size (the number of frequency channels) in h

monic Zgac‘i This ('jsc m:)deéled als the superpositio@ cbrln- based approach (in the pixel based approach, no pixel-gixel
ponentstm = Yy Uiy In Step 1), we compute spectral Magg|ations are taken into account since the correlationiznath
tricesCy = 545 Ymd,, A7, In Step 2) we model the ensemblebecome to large foriRnck-like data sets. In the wavelet based

averaged spectral matr, = (C,) asthe superposition & un- approach, alarge part of these .correlauons are takendctouat
correlated component€; = ¥, C¢ and, for each component,'n scale-scale covariance matrices). _

we postulate a parametric model, that is, we let the mattix se For calibration purposes, a set of 500 simulated CMB maps
{CS)‘r= be a function of a parameter vectt This parameteri- need to be produced and the full wavelet fitting procedure ap-
zation embodies our prior knowledge about a given componef€d to all maps. This is where most CPU time goes. karék

For instance, for the CMB component, we ta@Tb]ij = aeic resolution maps, around 1 Gb of memory is necessary to apply
whereg is the known CMB emmission céicient for channel WI-FIT and a total of around 400 CPU hours are required.

i andc, is the unknown angular power spectrum at frequeficy . Thebstr??hgthGofIWIthlT is that it :e"\?\?l oFr:_I\_/%ry fevr\]/ assump-
The parameter vector for CMB would then B&™ = {c,}/m 1ons about i€ \oaractic components. Wi- 0€s NOWever as

piirs e i
All unknown parameters for all components are then estichatg e that the spectral indices do not vary strongly frompixe

L e Al pixel within the frequency range used in the analysishil§ t
bY fitting t?meax model to thf spe((::tral cStE:.:tIStICS, l.e. by sutyi assumption is wrong then WI-FIT leaves residuals in thesarea
ming, g 2,70(2¢ + 1) K[ Cr | 3o C7(6°) whereK[C4|Ca]  \yhere there are strongly varying spectral indices.
is a measure of mismatch between two covariance matflges  Another advantage of WI-FIT is that it is easy to apply and is
andC,. The resulting values", ..., §° provide estimate€7(£°) completely linear, i.e. the resulting map is a linear coration
of Cj. The Wiener filter estimate aff,, can be expressed asyf frequency channels with well known noise and beam prop-
d¢ . = CSC, dun. In practice, we use the fitted spectral matricesrties. This will in general result in increased noise vaz&in

estimated at the previous step: comporeastestimated as the cleaned map. In order to avoid this, we smooth the inter-
e A~ 1 nal templates in order to make the noise at small scales-negli
drm = C7(67)Ce(0) " dem (A.10) gable and at the same time not make significant changes to the

. ' shape of the diuse foregrounds. If the fiuse foregrounds turn
and the maps of each componentin each channel are finally cffj¢ to be important at small scalés- 300, the smoothing of
puted by inverse spherical harmonic transforms. the internal templates will significantly reduce the afpitf WI-

For processing the current data set, we have used a mqggl 1o perform foreground cleaning at these scales. Testa®n
containing four components: the CMB, the SZ component, a ¢\ AP data have shown thatfilise foregrounds do not seem to
dimensional Galactic componentand a noise component.  pjay an important role at such small scales. This is validtier

The actual processing includes several modifications with frequency range observed by WMAP (i.e. at LFI-frequencies)
spect tgthls outline: a) beam correction applied to eachtsle gjmilar tests will need to be made for theaRek HFI data.
matrix C; b) spectral binning by which the (beam corrected) Finally, WI-FIT does not do anything to the point sources,
spectral matrices are averaged over bins of increasindiengwhich need to be masked.
¢) localization implemented via aopdized masks, by whih th
SMICA process is conducted independently over twidedént
sky zones.

Strengths: a) No prior information used regarding Galactic
emission b) Accurate recovery of CMB via Wiener filter c)

Relatively fast algorithm d) Built-in goodness of fit.

Weaknesses: a) The results reported here do not account for
the contribution of point sources for which a convenient elod
is lacking; b) Localization in two zones is probably too cewa)

No separation of Galactic components.

A.8. Wavelet-based high-resolution Fitting of Internal
Templates (WI-FIT)

WI-FIT (Hansen et al. 2006) is based on fitting and subtractio
of internal templates. Regular (external) template fittisgs ex-
ternal templates of Galactic components based on obsengati
at frequencies dierent from the ones used to study the CMB.
These templates are fitted to CMB data, the best fiffoments

for each component are found and the templates are sulstracte
from the map using these déieients in order to obtain a clean
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