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ABSTRACT

Aims. We investigate the impact of polarised foreground emissiothe performances of future CMB experiments aiming theaet
tion of primordial tensor fluctuations in the early universeparticular, we study the accuracy that can be achievegeasuring the
tensor—to—scalar ratioin presence of foregrounds.

Methods. We design a component separation pipeline, based onsha Sethod, aimed at estimatirrgand the foreground con-
tamination from the data with no prior assumption on thedesagy dependence or spatial distribution of the foregreuxiée derive
error bars accounting for the uncertainty on foregroundrdmution. We use the current knowledge of galactic andeeglactic fore-
grounds as implemented in the Planck Sky Model (PSM), taltsiihulations of the sky emission. We apply the method to kited
observations of this modelled sky emission, for variouseexpental setups.

Results. Our method, with Planck data, permits us to deteet 0.1 from B-modes only at more tharr-3With a future dedicated
space experiment, as EPIC, we can measuxe0.001 at~ 60 for the most ambitious mission designs. Most of the serisitto

r comes from scales 2@ ¢ < 150 for highr values, shifting to lowef’s for progressively smaller. This shows that large scale
foreground emission doesn’t prevent a proper measureniéime ceionisation bump for full sky experiment. We also istigate the
observation of a small but clean part of the sky. We show tiféige foregrounds remain a concern for a sensitive grounddbas
experiment with a limited frequency coverage when meagurir 0.1. Using the Planck data as additional frequency channels to
constrain the foregrounds in such ground—based obsemgatémuces the error by a factor two but does not allow to teted.01.

An alternate strategy, based on a deep field space missibrawitde frequency coverage, would allow us to deal witfude fore-
grounds €iciently, but is in return quite sensitive to lensing contaation. In the contrary, we show that all-sky missions aw@lye
insensitive to small scale contamination (point sourceslansing) if the statistical contribution of such foregnds can be modelled
accurately. Our results do not significantly depend on therailvlevel and frequency dependence of théudied foreground model,
when varied within the limits allowed by current observatio

Key words. cosmic microwave background — cosmological parameterssm@lmgy: observations

1. Introduction tic interstellar medium (ISM) and from extra-galactic atige
o ) (galaxies and clusters of galaxies) superimpose to the CMB.
After the success of the WMAP space mission in mapost foregrounds are expected to emit polarised light, with
ping the Cosmic Microwave Background (CMB) temperaturgolarisation fraction typically comparable, or largeranhthat
anisotropies, much attention now turns towards the chgdélerof the CMB. Component separation (disentangling CMB emis-
of measuring CMB polarisation, in particular pseudo-scpi&  sjon from all these foregrounds) is needed to extract cosgiol
larisation modes (the B-modes) of primordial origin. Thesgal information from observed frequency maps. The situitio
B-modes dfer one of the best options to constrain Inf|at|0nparticu|ar|y severe for the B-modes of CMB p0|arisati0nj(ybh

ary models (Seljak & Zaldarriaga 1997; Hu & White 1997yjil be, if measurable, sub-dominant at every scale andyever
Kamionkowski et al. 1997; Kamionkowski & Kosowsky 1998frequency.

Baumann & P.e'”_s 2008). _ The main objective of this paper is to evaluate the accuracy
First polarlsaltlon measurements haVe already .been OUtaIQ\ﬁth which various upcoming or p|anned experiments can mea-
by a number of instruments (Kovac et al. 2002; Sievers & CBlyrer in presence of foregrounds. This problem has been ad-
Collaboration 2005; Page et al. 2007), but no detection of Bressed before: Tucci et al. (2005) investigate the loweinto
modes has been claimed yet. While several ground-based }¢ that can be achieved considering a simple foreground clean-
balloon-borne experiments are already operational, 00 C jng technique, based on the extrapolation of foreground tem
struction, no CMB-dedicated space-mission is planned aftfates and subtraction from a channel dedicated to CMB mea-
Planck at the present time: whether there should be one f@ CNMyrement; Verde et al. (2006) assume foreground residtials a
B-modes, and how it should be designed, are still open quresti known level in a cleaned map, treat them as additional Gansssi
As CMB polarisation anisotropies are expected to be signifioise, and compute the error endue to such excess noise;
cantly smaller than temperature anisotropies (a few peratnAmblard et al. (2007) investigate how best to select the fre-
most), improving detector sensitivities is the first majbake quency bands of an instrument, and how to distribute a fixed
lenge towards measuring CMB polarisation B-modes. It is natumber of detectors among them, to maximally reject galacti
however, the only one. Foreground emissions from the galdoreground contamination. This latter analysis is basedion
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BB power-spectra at 100GHz emission rms at 1° resolution
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Fig. 1. Respective emission levels of the various components aécped by the PSM. Left: predicted power spectra of the vexio
components at 100 GHz, compared to CMB and lensing levetémdsard cosmology and various values ¢f = 0.07, and other
cosmological parameters follow Dunkley et al. (2008a))e Tower spectra of fluse galactic foregrounds are computed using
the cleanest 55% of the polarised sky. The power spectrum fesidual point sources is computed assuming that all ssurc
brighter than 500 mJy (in temperature) in one of the Planakokls have been cut out. Right: typical frequency-deparalef the
contributions to B-type polarisation of CMB, synchrotrordadust, at 1 degree resolution. The dashed lines correspdhd mean
level of fluctuation as computed outside the mask used fopdlaeer spectra shown in the right panel.

Internal Linear Combination cleaning technique similathie millimetre range remain poorly known as few actual observa-
one of Tegmark et al. (2003) on WMAP temperature anisotropipns, on a significant enough part of the sky, have been made.
data. The two last studies assume somehow that the resimual ¢ Diffuse emission from the ISM arises through synchrotron
tamination level is perfectly known — an information which i emission from energetic electrons, through free—free sioms
used to derive error bars on and through grey-body emission of a population of dust grain

In this paper, we relax this assumption and propose a metHaiahall spinning dust grains with a dipole electric moment may
to estimate the uncertainty on residual contamination fthen also emit significantly in the radio domain (Draine & Lazaria
data themselves, as would be the case for real data anaesis.1998). Among those processes, dust and synchrotron emsssio
test our method on semi-realistic simulated data sets,dimoy are thought to be significantly polarised. Galactic emissitso
CMB and realistic foreground emission, as well as simpl#&ins includes contributions from compact regions such as suver
mental noise. We study a variety of experimental designs argmnants and molecular clouds, which have specific emission
foreground mixtures. properties.

This paper is organised as follows: the next section (Sgct. 2 Extra-galactic objects emit via a number oftdrent mecha-
deals with polarised foregrounds and presents the galewtis- hisms, each of them having its own spectral energy distdbut
sion model used in this work. In section 3, we propose a meth@dd polarisation properties.
using the most recent version of theuS& component separa-  Finally, the CMB polarisation spectra are modified by the in-
tion framework (Cardoso et al. 2008), to provide measuraseteractions of the CMB photons on their way from the last gcatt
of the tensor to scalar ratio in presence of foregroundsetn sing surface. Reionisation, in particular, re-injects poimgoolar-
tion 4, we present the results obtained by applying the niktilo isation on large scales by late-time scattering of CMB phsto
various experimental designs. Section 5 discusses tlabilgly This produces a distinctive feature, the reionisation bumthe
of the method (and of our conclusions) against various &ssne CMB B-mode spectrum at low. Other interactions with the lat-
particular modelling uncertainty. Main results are sumiseatin ter universe, and in particular lensing, contribute to kenthe
section 6. measurement of the primordial signal. The lensifigat is par-
ticularly important on smaller scales as it converts a pathe
dominant E-mode power into B-mode.

In the following, we review the identified polarisation pro-
cesses and detail the model used for the present work, with a
Several processes contribute to the total sky emissioreifréh  special emphasis on B-modes. We also discuss main sources of
guency range of interest for CMB observation (typically bedncertainty in the model, as a basis for evaluating theiraictp
tween 30 and 300 GHz). Foreground emission arises from thie the conclusions of this paper.
galactic interstellar medium (ISM), from extra-galactlyjects, Our simulations are based on the Planck Sky Model (PSM),
and from distortions of the CMB itself through its interaecti a sky emission simulation tool developed by the Planck col-
with structures in the nearby universe. Although the plglsiclaboration for pre-launch preparation of Planck data esialy
processes involved and the general emission mechanisms (Bx&abrouille et al. 2009). Figure 1 gives an overview ofefor
mostly understood, specifics of these polarised emissiotisei grounds as included in our baseline modelffiie galactic

2. Modelling polarised sky emission
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emission from synchrotron and dust dominates at all frequenh1.2. Synchrotron polarisation
cies and all scales, with a minimum (relative to CMB) betwe
60 and 80 GHz, depending on the galactic cut. Contaminati
by lensing and a point source background are lower than p{imB
dial CMB forr > 0.01 and for{ < 100, but should clearly be fo=3(p+1)/(3p+7) )
taken into account in attempts to measure0.01.

n . .
gl ghe electron density follows a power law of ind@xthe syn-
rotron polarisation fraction reads:

For p = 3, we getfs = 0.75, a polarisation fraction which
varies slowly for small variations gf. Consequently, the intrin-
2.1. Synchrotron sic synchrotron polarisation fraction should be close tostant
on the sky. However, geometric depolarisation arises duarie
ations of the polarisation angle along the line of sighttipar
&ancellation of polarisation occurring for superpositaemis-
sion with orthogonal polarisation directions. Current swea-
ments show variations of the observed polarisation valom fr

Cosmic ray electrons spiralling in the galactic magnetitdfie
produce highly polarised synchrotron emission (e.g. Ryitfic
Lightman (1979)). This is the dominant contaminant of the p
larised CMB signal at low frequencys (80 GHz), as can be
seen in the right panel of Fig. 1. In the frequency range @fint . . .
est for CMB gbsgrvations, rgneasurementgI of thi)g em?ssioa hpout 10% near the galactic plane, to 30-50 % at intermetiiate
been provided, both in temperature and polarisation, by VivANIgh galactic latitudes (Macellari et al. 2008).

(Page et al. 2007; Gold et al. 2008). The intensity of the syn-

chrotron emission depends on the cosmic ray demsjtgnd on 2 1.3, Our model of synchrotron

the strength of the magnetic field perpendicularly to the b . . L
sight. Its frequency scaling and its intrinsic polarisatitaction N summary, the B-mode intensity of the synchrotron emisio

fs depend on the energy distribution of the cosmic rays. modulated by the density of cosmic rays, the slope of theicsp
tra, the intensity of the magnetic field, its orientationdahe

coherence of the orientation along the line of sight. Thikesa
2.1.1. Synchrotron emission law the amplitude and frequency scaling of the polarised syotobm
signal dependant on the sky position in a rather complex way.
For the purpose of the present work, we mostly follow
ille-Deschénes et al. (2008) model 4, using the same syn
chrotron spectral index map, and the synchrotron polatesed
plate at 23 GHz measured by WMAP. This allows the definition

S(v) = S(vo)(v/vo)™ (1) ofa pixel-dependent geometric depolarisation fagfg), com-

) . ) puted as the ratio between the polarisation expected ttiealhe
where the spectral indegs, is equal to-3 for a typical value from Eq. 2, and the polarisation actually observed. Thistep
p=3. isation, assumed to be due to varying orientations of thecgal

The synchrotron spectral index depends significantly on cafagnetic field along the line of sight, is used also for mangl|
mic ray properties. It varies with the direction of the skyda polarised dust emission (see below).

For electron density following a power law of ind@xne(E) «
E~P, the synchrotron frequency dependence is also a power |€MYV
of indexBs = —(p + 3)/2:

possibly, with the frequency of observation (see e.g. $tedral. As an additional refinement, we also investigate the impact
(2007) for a review of propagation and interaction processe of a slightly modified frequency dependence with a running
cosmic rays in the galaxy). spectral index in Sect. 5. For this purpose, the synchreanois-

For a multi-channel experiment, the consequence of thission Stokes parameterS¥(¢) for X € {Q,U}), at frequency
a decrease of the coherence of the synchrotron emissiossaceind in directiort on the sky, will be modelled instead as:
channels, i.e. the correlation between the synchrotrossari
in the various frequency bands of observation will be below
unity. areney S)(¢) = Si(o(.f)(
Observational constraints have been put on the synchrotron
emission law. A template of synchrotron emission intenaity whereSi‘O(_E) is the WMAP measurement a§ = 23GHz,3s the
408 MHz has been provided by Haslam et al. (1982). Combinisygnchrotron spectral index map (Miville-Deschénes e2@08),
this map with sky surveys at 1.4 GHz (Reich & Reich 198&ndC(¢) a synthetic template of the curvature of the synchrotron
and 2.3 GHz (Jonas et al. 1998), Giardino et al. (2002) asgectral index.
Platania et al. (2003) have derived nearly full sky spedtral The reconstructed B-modes map of the synchrotron-
dex maps. Using the measurement from WMAP, Bennett et dbminated sky emission at 30 GHz is shown in Fig. 2.
(2003) derived the spectral index between 408 MHz and 23 GHz.
Compared to the former results, it showed a significant eueepz 2 Dust
ing towardBs = —3 around 20 GHz, and a strong galactic plang™"
feature with flatter spectral index. This feature was firsein The thermal emission from heated dust grains is the dominant
preted as a flatter cosmic ray distribution in star formirgioes. galactic signal at frequencies higher than 100 GHz (Fig. 1).
Recently, however, taking into account the presence, att28 G Polarisation of starlight by dust grains indicates parddn-
of additional contribution from a possible anomalous einiss ment of elongated grains with the galactic magnetic fielé (se
correlated with the dust column density, Miville-Descbgéet al. Lazarian (2007) for a review of possible alignment mecha-
(2008) found no such pronounced galactic feature, in betigisms). Partial alignment of grains should also result itapo
agreement with lower frequency results. The spectral imi@g isation of the far infrared dust emission.
obtained in this way is consistent wil3 = —3 = 0.06. Contributions from a wide range of grain sizes and composi-
There is, hence, still significant uncertainty on the exacitv tions are required to explain the infrared spectrum of dusse
ability of the synchrotron spectral index, and in the anyolé of sion from 3 to 100m (Désert et al. 1990; Li & Draine 2001).
the steepening if any. At long wavelengths of interest for CMB observations (above

®3)

| \BHEC(E) ogly/ )
o
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100um), the emission from big grains, at equilibrium with the
interstellar radiation field, should dominate.

2.2.1. Dust thermal emission law

There is no single theoretical emission law for dust, whih |
composed of many fierent populations of particles of mat- %
ter. On average, an emission law can be fit to observatior
data. In the frequency range of interest for CMB observation
Finkbeiner et al. (1999) have shown that the dust emission
intensity is well modelled by emission from a two component
mixture of silicate and carbon grains. For both componéehés,
thermal emission spectrum is modelled as a modified grey-bo
emissionD, ~ B,(T)v*, with different emissivity spectral index
a and diferent equilibrium temperature

2.2.2. Dust polarisation

So far, dust polarisation measurements have been mostly ¢
centrated on specific regions of emission, with the excaptic
of the Archeops balloon-borne experiment (Benoit et ad40
which has mapped the emission at 353 GHz on a significant p
of the sky, showing a polarisation fraction around 4-5% apd 100.0 uk
to 10% in some clouds. This is in rough agreement with whau I Rl
could be expected from polarisation of starlight (Fosalbale Fig. 2. B-modes of the galactic foreground maps (synchrotron
2002; Draine & Fraisse 2008). Macellari et al. (2008) shoat thdust) as simulated using v1.6.4 of the PSM. Top: synchretron
dust fractional polarisation in WMAPS data depends on bath f dominated emission at 30 GHz, Bottom: dust-dominated emis-
guency and latitude, but is typically about 3% and anywagwel sion at 340 GHz. In spite of the fact that the direction of po-
7%. larisation of both processes is determined by the sametgalac
Draine & Fraisse (2008) have shown that for particular mixnagnetic field, dferences in the 3-D distributions and in the de-
tures of dust grains, the intrinsic polarisation of the dersis- polarisation factors result in quiteffrent B-mode polarisation
sion could vary significantly with frequency in the 100-80815 patterns.
range. Geometrical depolarisation caused by integratiomga
the line of sight also lowers the observed polarisationtioac

—100.0

computed using the magnetic field model presented in Miville
2.2.3. Our model of dust Deschénes et al. (2008). The polarisation angis obtained
) ) ) o from the magnetic field model on large scales and from syn-
To summarise, dust produces polarised light depending@ingr chrotron measurements in WMAP on scales smaller than 5 de-

shape, size, composition, temperature and environmeatp®h grees. Figure 2 shows the B-modes of dust at 340 GHz using this
larised light is then observed after integration along @ lifi model.

sight. Hence, the observed polarisation fraction of duptdes
on its three-dimensional distribution, and of the geomefithe
galactic magnetic field. This produces a complex patterrcivhi2.2.4. Anomalous dust
is likely to be only partially coherent from one channel te a
other. Si
Making use of the available data, the PSM models polarisgg

thermal dust emission by extrapolating dust intensity tapo Miville-Deschénes et al. 2008), can be interpreted asnipi

isation intensity assuming an in_trinsic p_oIarisation frae fy dust grains emission (Draine & Lazarian 1998), it should be
constant across frequencies. This value is sd§ te 0.12 to be éightly polarised under 35 GHz (Battistelli et ai. 2006jda

"t the anomalous dust emission, which may account for a
nificant part of the intensity emission in the range 10-
GHz (Finkbeiner 2004; de Oliveira-Costa et al. 2004;

consistent with maximum values observed by Archeops (Ben . . : .
g ; nly marginally polarised at higher frequencies (Lazaré&an
e Th s mehe T raee by e e kCaier 2005) ot i eason. s neglcted and
: v ; - elled) here. However, we should keep in mind that there exist
E}ﬁﬁgﬁg?‘g;{ C?ngghﬁ%%ljsg). t((])'?ris)l;('asng(gsagfczlna}s%;s'ngther possible emission processes for dust, like the magnet
stokesQ andU baraméters (respectiveIgQ andDVY) are then d_ipole mechanism, which. can prodgce highly polarised_ radia
tion, and could thus contribute significantly to dust paation

obtained as: at low frequencies, even if sub-dominant in intensity (Lréaa
DR() = fa9(é) D] (¢) cos(2(£) (4) &Finkbeiner 2003).
D}'(€) = fag(¢) DJ (&) sin(2(¢)) ()

. S . - . 2.3. Other processes
The geometric ‘depolarisation’ factgris a modified version of P

the synchrotron depolarisation factor (computed from WMAPhe left panel in Fig. 1 presents the respective contriloftiom
measurements). Modifications account fdfeliences of spatial the various foregrounds as predicted by the PSM at 100 GHz.
distribution between dust grains and energetic electam$are Synchrotron and dust polarised emission, being by far the
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strongest contaminants on large scales, are expected teebe2t4. Uncertainties on the foreground model

main foregrounds for the measurement of primordial B-mod

In this work, we thus mainly focus on the separation from¢he
two diffuse contaminants. However, other processes yielding 65’

larised signals at levels comparable with either the sighai-
terest, or with the sensitivity of the instrument used fomBee
observation, have to be taken into account.

2.3.1. Free-free

ue to the relative lack of experimental constraints from ob
rvation at millimetre wavelengths, uncertainties onftre-
ground model are large. The situation will not drasticaity i
prove before the Planck mission provides new observatibns o
polarised foregrounds. It is thus very important to evauat
least qualitatively, the impact of such uncertainties ompo-
nent separation errors for B-mode measurements.

We may distinguish two types of uncertainties, which impact
differently the separation of CMB from foregrounds. One con-

Free-free emission is assumed unpolarised to first order (derns the level of foreground emission, the other its corifle

emission process is not intrinsically linearly polarisesien if,
in principle, low level polarisation by Compton scattercmuld

Quite reliable constraints on the emission level of poéatis
synchrotron at 23 GHz are available with the WMAP measure-

exist at the edge of dense ionised regions. In WMAP data anafgent, up to the few degrees scale. Extrapolation to other fre

sis, Macellari et al. (2008) find an upper limit of 1% for fréeee
polarisation. At this level, free-free would have to be tak&o
account for measuring CMB B-modes for low valuesrofAs
this is just an upper limit however, no polarised free-freean-
sidered for the present work.

2.3.2. Extra-galactic sources

Polarised emission from extra-galactic sources is exgeitte

be faint below the degree scale. Tucci et al. (2005), howev
estimate that radio sources become the major contaminant

ter subtraction of the galactic foregrounds. It is, henceina
portant foreground at high galactic latitudes. In addititire
point source contribution involves a wide range of emissi

processes and superposition of emissions from severatesur

which makes this foreground poorly coherent across frequ%1eglected. This is the case for anomalous dust, or polemisat

cies, and hence flicult to subtract using methods relying on th
extrapolation of template emission maps.

guencies and smaller angular scales may be somewhat iesecur
but uncertainties take place where this emission becomak we
and sub-dominant. The situation is worse for the polarisext d
emission, which is only weakly constrained from WMAP and
Archeops at 94 and 353 GHz. The overall level of polarisagon
constrained only in the galactic plane, and its angulartspec

is only roughly estimated. In addition, variations of thégsisa-

tion fraction (Draine & Fraisse 2008) may introduce siguaifit
deviations to the frequency scaling of dust B-modes.

o Several processes make the spectral indexes of dust and syn-
czhrotron vary both in space and frequency. Some of this com-
plexity is included in our baseline model, but some aspdkss,

the dependence of the dust polarisation fraction with feeqy

Ozhnd the steepening of the synchrotron spectral index, remai

poorly known and are not modelled in our main set of simula-
tir9ns. In addition, uncharacterised emission processesleen

of the free-free emission through Compton scattering. thsu
additional processes for polarised emission exist, evenl@at

The Planck Sky Model provides estimates of the point sourgge| they would decrease the coherence of galactic fotegt

polarised emission. Source counts are in agreement withréie
diction of de Zotti et al. (2005), and with WMAP data. For radi

emission between frequency channels, and hence our ability
predict the emission in one channel knowing it in the otheas —

sources, the degree of polarisation for each source is mlydc;Eoint of much importance faany component separation method

drawn from the observed distribution at 20 GHz (Ricci et
2004). For infrared sources, a distribution with mean pséar

ased on the combination of multi-frequency observations.
The component separation as performed in this paper, hence,

tion degree of 0.01 is assumed. For both populations, gakariis ohyviously sensitive to these hypotheses. We will dedicat

tion angles are uniformly drawn in [0 2x[. The emission of & hart of the discussion to assess the impact of such modelling
number of known galactic point sources is also included iINMPSg1ors on our conclusions.

simulations.

2.3.3. Lensing

The last main contaminant to the primordial B-mode signal
lensing-induced B-type polarisation, the level of whicloslal
be of the same order as that of point sources (left panel

3. Estimating r with contaminants

Let us now turn to a presentation of the component separation
(&nd parameter estimation) method used to derive foreoasts
the tensor to scalar ratio measurements.

of Note that in principle, the best analysis of CMB observa-

Fig. 1). For the present work, no sophisticated lensingreleajons should simultaneously exploit measurements of algie
ing method is used. Lensingfects are modelled and taken intQT, E, andB), as investigated already by Aumont & Macias-
account only at the power spectrum level and computed usipgrez (2007). Their work, however, addresses an ide sz

the CAMB software packagebased itself on the CMBFAST
software (Zaldarriaga et al. 1998; Zaldarriaga & Seljak®00

2.3.4. Polarised Sunyaev-Zel'dovich effect

The polarised Sunyaev Zel'doviclifect (Sazonov & Sunyaev

1999; Audit & Simmons 1999; Seto & Pierpaoli 2005), is ex®

pected to be very sub-dominant and is neglected here.

1 httpy/camb.info

lem. For component separation of temperature and polemisat
together, the best approach is likely to depend on the deitail
properties of the foregrounds (in particular on anffetences,
even small, between foreground emissions laws in temperatu
and in polarisation) and of the instrument (in particulaiseo
correlations, and instrumental systematics). None ofstasail-
able for the present study. For this reason, we perform cempo
nent separation in B-mode maps only. Additional issues sisch
disentanglinge from B in cases of partial sky coverage for in-
stance, or in presence of instrumental systemdilects, are not
investigated here either. Relevant work can be found in &apl
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& Delabrouille (2002); Challinor et al. (2003); Hu et al. (2%); 3.1.2. Multi-map estimation
Rosset et al. (2007). . . .
For low values of tensor fluctuations, the constraintronAltérnatively, we may consider observations kn frequency
is expected to come primarily from the B-mode polarisatioR@nds, and form thé& x 1 vector of n?ata’f(f)' assuming that
B-modes indeed are notffacted by the cosmic variance ofcach frequency is contaminated k%™ This term includes all

the scalar perturbations, contrarily to E-modes and teaipee  cONtaminations (foregrounds, noise, etc...). In the haimado-
anisotropies. In return, B-mode signal would be low and &hou"iN, denotingAcmy the emission law of the CMB (the unit vec-
bring little constraint on cosmological parameters otiang  OF When working in thermodynamic units):

(and, possibly, the tensor spectral indgxalthough this addi- cmb  cont

tional parameter is not considered here). Decoupling thie es &m = AcmbBm + 8y 9)
mation ofr (from B-modes only) from the estimation of other ) )

cosmological parameters (from temperature anisotrofies) Ve then consider the x F spectral covariance matrix, con-
E-modes, and from additional cosmological probes) thus H&ining auto and cross-spectra. The CMB signal being useorr
comes a reasonable hypothesis for small values. ds we lated with the contaminants, one has:

are primarily interested in accurate handling of the fooeigd cmb

emission, we will make the assumption that all cosmological R, =R/ + Ny (10)
parameters but are perfectly known. Further investigation of .

the coupling between cosmological parameters can be faund¥ith the CMB contribution modelled as

Colombo et al. (2008); Verde et al. (2006), and this quedton

. . . brry — i
discussed a bit further in Sect. 5.4. RE™Ar) = rSeAcmbA ey (11)
S and all contaminations contributing a teida to be discussed
3.1. Simplified approaches later. The daggeri{ denotes the conjugate transpose for com-
plex vectors and matrices, and the transpose for real reatfés

3.1.1. Single noisy map Acnt)
cmp) -

The first obstacle driving the performance of an experimentb  In the approximation that contaminants are Gaussian (and,
ing the instrumental noise, it is interesting to recall tineitton  here, stationary) but correlated, all the relevant infdioma
r achievable in absence of foreground contamination in the adbout the CMB is preserved by combining all the channels into

servations. a single filtered map. In the harmonic domain, the filteringrep
We thus consider first a single frequency observation of tla¢ion reads:
CMB, contaminated by a noise temm Brm = Weagm = aSmP + W, atom
X(€) = X™(¢) + n(é) 6)  with
where¢ denotes the direction in the sky. Assuming thés un- AzmbNg_l
correlated with the CMB, the power spectra of the map reads: e (12)
Acmbe Acmb
C[ = I'Sg + Ny

We are back to the case of a single map contaminated by a

whereS; is the shape of the CMB power-spectrum (as set %aracterised noise of spectrum:

other cosmological parameters), ak@ the power of the noise
contamination. Neglecting mode to mode mixineets from 1
a mask (if any), or in general from incomplete sky coverage, Ne = EWao? = (AL N Ac) (13)
and assuming thatcan be modelled as a Gaussian process, the

log-likelihood function for the measured angular powercspe  |f the residuaNVm?%“‘ is modelled as Gaussian, the single-
trum reads: map likelihood (7) can be used.

> The same filter is used by Amblard et al. (2007). Assumin
—2In£=2(2£’+1)fsky n(Se) . & y (2007) g
7 C) Ce

+const  (7)  that the foreground contribution is perfectly known, thetzmn-
The smallest achievable varianag in estimatingr is the proach thus permits to derive the actual level of contarionat

inant termsN, can be modelled aN, = R20i5e+ Rffg. This ap-

inverse of the Fisher informatiofi = — E (ﬁ%ﬁ) which takes of the map in presence of known foregrounds, i.e. assumég th
the form: the covariance matrix of the foregrounds is known.
L, W 2041 S\ o .
o= Z > fsky TS TN, (8) 3.2. Estimating r in presence of unknown foregrounds with
(=Lrin Lo SMICA

For a detector (or a set of detectors at the same frequenﬂ(l)e two simplified approaches of sections 3.1.1 and 3.f€t o

gtjrg?igﬁ (e)?tuI\gaelggaégmtﬁir%tgié;grﬂr}fo@' ?)r\;\?efsm;?ra% a way to estimate the impact of foregrounds in a given mission
PRERS A ’ ) P P _ B comparing the sensitivity onobtained in absence of fore-

Ne = g uK?, with B denoting the beam transfer function ofyrounds (from Eq. 8 whefv, contains instrumental noise only),
the detector. and the sensitivity achievable with known foregrounds (wihg

A similar approach to estimating}, is used in Verde et al. contains the contribution of residual contaminants as, vl
(2006) where a single ‘cleaned’ map is considered. This mapabtained from Eq. 13 assuming that the foreground coroeiati
obtained by optimal combination of the detectors with respe matrix is known).
the noise and cleaned from foregrounds up to a certain ldvel o A key issue, however, is that the solutiand the error bar
residuals, which are accounted for as an extra Gaussiae.noisrequire the covariance matrix of foregrounds and noise to be



hal-00350898, version 1 - 8 Jan 2009

Betoule et al.T/S measurements in presence of foregrounds 7

known?2 Whereas the instrumental noise can be estimated ac(zfg’}li”, e ,é’g“ax}, and form the binned versions of the empirical
rately, assuming prior knowledge of the covariance of thre-fo and true cross power-spectra:
grounds to the required precision is optimistic.
To deal with unknown foregrounds, we thus follow #Feli- = 1 a +
ent route which considers a multi-map likelihood (Delabiteu Rq = Wq Z Z aAmd

et al. 2003). If all processes are modelled as Gaussiamfsofr teDq m=—¢ (18)
; iold: L
then standard computations yield R, = L Z 20+ 1R,
-2InL= Z(Zf + 1)fgyK (R[, Rf) + cst (14) 9 (e,
f wherewy is the number of modes ify. It is appropriate to
where§€ is the sample estimate & select the domains so that we can reasonably assume for each

€ Dg,R, » Ry This means that spectral bins should be small
— 1 1 < ; enough to capture the variations of the power spectra. lo-pra
R, = TR Z ama p, (15) tice results are not too sensitive to the choice of the spkain
SKY ¢ widths. Widths between 5 and 10 multipoles constitute a good
and where (-, ) is a measure of mismatch between two positiv@ade_df- i ) ) i
matrices given by: - Finally, we compute the_Fls_her information matkix6) de-
riving from the maximised likelihood (14) for the parametet

K(R.R)= %[traceR‘lﬁ) ~log detR'R)-F|  (16) ¢= (A2 Zo):

0R,(0) 0R,(0)
q -1 q -1
06 q 00 Rq (19)

Expression (14) is nothing but the multi-map extension f (7 li,j(8) = 1 qu trace(
If N¢ is known and fixed, then the likelihood (Eq. 14) de- 2 q

pends only on the CMB angular spectrum and can be shown to ) ) ] ) )
be equal (up to a constant) to expression 7 W@th= rS, and The lowest achievable variance of thestimate is obtained as

N, given by Eq. 13. Thus this approach encompasses both the entry of the inverse of the FIM corresponding to the param

single map and filtered map approaches. eterr:
Unknown foreground contribution can be modelled as the s 1
mixed contribution oD correlated sources: or =y (20)
R = AZ,AT (17) , , ,
¢ 4. Predicted results for various experimental

whereA is aF x D mixing matrix andZ, is theD x D spec- designs

tral covariance matrix of the sources. The model of the spkect o o )

covariance matrix of the observations is then: We now turn to the numerical investigation of the impact of
galactic foregrounds on the measurementswith the follow-

R, = rSZAcmbAZmb"' AS,AT 4 RIS ing experimental designs:
We then maximise the likelihood (14) of the model with redpec— The R.anck space mission, due for launch early 2009, which,
tor, Aandz,. although not originally planned for B-mode physics, could

We note that the foreground parameterisation in Eq.17 is re- provide a first detection if the tensor to scalar ratisaround
dundant, as an invertible matrix can be exchanged between 0.1.
andZ, without modifying the actual value &i'9. The physical — Various versions of the EPIC space mission, either low cost
meaning of this is that the various foregrounds are not ident and low resolution (EPIC-LC), or more ambitious versions
fied and extracted individually, only their mixed contritout is (EPIC-CS and EPIC-2m).
characterised. — An ambitious (fictitious) ground-based experiment, based o
If we are interested in disentangling the foregrounds as the extrapolation of an existing design (théo@er experi-
well, e.g. to separate synchrotron emission from dust éomss ment).
this degeneracy can be lifted by making use of prior informa~ An alternative space mission, with sensitivity performesc
tion to constrain, for example, the mixing matrix. Our multi  similar to the EPIC-CS space mission, but mapping only a
dimensional model féers, however, greater flexibility. Its main  small (and clean) patch of the sky, and referred as the ‘deep
advantage is that no assumption is made about the foregroundfield mission’.
physics. It is not specifically tailored to perfectly matdfet . ) )
model used in the simulation. Because of this, it is generld® characteristics of these instruments are summed-ugp-in t
enough to absorb variations in the properties of the foneuys, ble 1,. an_d Fig. 3 illustrates their noise angular power spdnt
as will be seen later-on, but specific enough to preserve idéplarisation.
tifiability in the separation of CMB from foreground emissio
A more complete discussion of theuSa method with flexible 4 7 pjpejine
components can be found in Cardoso et al. (2008).
A couple last details onaBca and its practical implemen- For each of these experiments, we set up one or more simula-
tation are of interest here. For numerical purposes, we- action and analysis pipelines, which include, for each of thtra

ally divide the whole¢ range intoQ frequency binsD, = following main steps:
2 The actual knowledge of the contaminant term is not stritly ~— Simulation of the sky emission for a given valuercdnd a
quired to build the filter. It is required, however, to derthe contami- given foreground model, at the central frequencies and the

nation level of the filtered map. resolution of the experiment.
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Some tuning of the pipeline is necessary for satisfactory

100 _ : : foreground separation. The three main free parameterdare t
[ —— planck Planck multipole range {min, maxl, the dimensiorD of the foreground
1 TR component, and (for all-sky experiments) the size of thekmas
10" f — ericam o] In practice we choos&nin according to the sky coverage and
| == Ground-Based /<Epic.cs]  tmaxaccording to the beam and the sensitivity. The valu®of

is selected by iterative increments until the goodness dafit
measured from theaBca criterion on the data themselves, with-
out knowledge of the input CMB and foregrounds) reaches its
expectation. The mask is chosen in accordance to maxingse th
sky coverage for the picked value Df(see appendix A for fur-
ther discussion of the procedure).

For each experimental design and fiducial valuewsé com-
pute three kinds of error estimates which are recalled ineTab

Knowing the noise level and resolution of the instrument, we
10°® ’ L first derive from Eq. 8 the errar™**°" set by the instrument

100 101 102 103 sensitivity assuming no foreground contamination in theeced

), part of the sky. The global noise level of the instrument i&gi

by N, = (AlmbNglAcmb)fl, where the only contribution tbl,

Fig. 3. Noise spectra of various experimental designs comparesmes from the instrumental noigé; = R}°'¢ = diag(%).
to B-modes levels for = 0.1, 0.01 and 0.001. When computing Own_fé'regfound
the equivalent multipole noise level for an experiment, we a  In the same way, we also compute the eﬂfbr'l

sume that only the central frequency channels contributeeo that would be obtained if foreground contributiBf¥ to the co-

CMB measurement and that external channels are dedicate§@gance of the observations was perfectly known, using=

foreground characterisation. RM9se 1 R9. Here we assume th& = R' whereR™ is the
sample estimate d&'9 computed from the simulated foreground
maps.

Finally, we compute the errarPMICA given by the Fisher
information matrix of the model (Eq. 20).

In each case, we also decompose the FIM in the contribution
from large scale modeg & 20) and the contribution from small
scales { > 20) to give indications of the relative importance of
the bump (due to reionisation) and the peak (at highén the
constraint ofr.

We may notice that in some favourable cases (atlomhere
the foregrounds dominate), the error estimate givenysScan
be slightly more optimistic than the estimate obtained gisire

, , ) actual empirical value of the correlation matR¥. This reflects
Fig. 4. Analysis mask for EPIC B maps, smoothed with @ line fact that our modelling hypothesis, which imposeR'oto
apodisation window. be of rank smaller thail, is not perfectly verified in practice

(see Appendix A for further discussion of this hypothesi$je
(small) diference (an error on the estimationaf when fore-

— Simulation of the experimental noise, assumed to be whi@0unds are approximated by our model) has negligible impac
Gaussian and stationary. on the conclusions of this work.

— Computation, for each of the resulting maps, of thefitoe
cients of the spherical harmonic expansion of the B-modgS> pjanck

aB
- Sgr/nnthesis from those céicients of maps of B-type signal The Planck space mission will be the first all-sky experintent
only. give sensitive measurements of the polarised sky in sevedisba

— For each experiment, a mask based on the B-modes lebetween 30 and 353 GHz. The noise level of this experiment be-
of the foregrounds is built to blank out the brightest feang somewhat too high for precise measurement of low valties o
tures of the galactic emission (see Fig. 4). This mask ig buil we run our pipeline for = 0.1 and 03. We predict a possible
with smooth edges to reduce mode-mixing in the pseudd-sigma measurement for= 0.1 using Smuca (first lines in ta-

spectrum. ble 2). A comparison of the errors obtained from&., with the
— Statistics described in Equation 18 are built from the mdskerediction in absence of foreground contamination, ant pétr-
B maps. fectly known foreground contribution, indicates that theoeis

— The free parameters of the model described in Sect. 3.2 dmminated by cosmic variance and noise, foregrounds ¢ormiri
adjusted to fit these statistics. The shape of the CMB pseudtg to a degradation of the error 6f30% and uncertainties on
spectrum that enters in the model, is computed using tfasegrounds for another increase around 30%1(fer0.1).
mode-mixing matrix of the mask (Hivon et al. 2002). Fig. 3 hints that a good strategy to detect primordial B-nsode

— Error bars are derived from the Fisher information matrix ofiith Planck consists in detecting the reionisation bumpmpWwel
the model. ¢ = 10, which requires the largest possible sky coverage. Even
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Table 1. Summary of experimental designs.

Experiment frequency beam FWHM NET Tos SKy coverage
(GHz) 0 UK V9 (yn) (fsy)

PLANCK 30, 44,70 33,24, 14 96, 97, 97 1.2 1
100, 143, 217, 353 10,7.1,5,5 41, 31, 51, 154

EPIC-LC 30, 40, 60 155, 116, 77 28,9.6,5.3 2 1
90, 135, 200, 300 52,34, 23,16 23,2.2,2.3,38

EPIC-CS 30, 45, 70, 100 15.5,10.3,6.6,4.6 19,8,4.2,3.2 4
150, 220, 340, 500 3.1,21,14,09 3.1,5.2, 25, 210

EPIC-2m 30, 45, 70, 100 26,17,11,8 18,7.6,3.9,3.0 4 1

150, 220, 340, 500(,800) 5,3.5,2.3,1.5(,0.9) 2.8, 4.4180(, 28k)

Ground-Based 97, 150, 225 75,55,55 12,18, 48 0.8 0.01

Deep field 30, 45, 70, 100 15.5,10.3,6.6,4.6 19,8,4.2,3.2 4 0.01
150, 220, 340, 500 3.1,2.1,1.4,09 3.1,5.2, 25, 210

Table 2. Error prediction for various experimental designs and figiucvalues. Error bars from the columns noise-only and known
foregrounds are derived from Eq.(8) assumiiig= R™¢andN, = R"¢+ R respectively. Error bars from theia column are
obtained by the inversion of the FIM computed from thaca model at the point of convergence of the algorithm as in E.(2
In all cases, large scalé £ 20) and small scale?(> 20) error bars are computed by decomposing the Fisher ifitombetween
contribution from low and high multipoles. This allows fan astimation of respective contribution from the bump arelghak

to the measurement. Th& column gives the estimated value at the convergence poBiiitn. Detections at more tharvdare
bold-faced.

noise-only known foregrounds Smica

case r | o/t =2 o2 | o/t 70 2| o/t o2 20| 1%t lin = Imax fey D
03 (0075 Q17 Q084 01 02 012 [015 Q022 02 | 026

PLANCK 01 (017 025 Q22 |023 034 032|029 Q34 055 | 0oss | 2-130 095 3
001[0010 0084 Q010|005 018 0053 (0079 QI8 Q0L | 00098

EPIC-LC 0001|0059 Q15 Q064|027 Q4 038 |037 043 082 |0.000sg 2 130 0.86 4
001 (0016 0083 0016 [0027 012 0027 (0032 Qil Q036 | 0.0096

EPIC-2m 0001/0051 014 Q055|014 025 Q16 |016 024 Q24 | ooo1 | 2-300 0.87 4
001 (0017 Q084 0017|0029 Q012 003 (0036 Qi1 Q041 ] 0.0096

EPIC-CS 00010058 Q15 Q063|015 027 Q19 |018 026 029 |0.0009g 2300 0.87 4
01 (0083 - — 015 - 024 - — T 011

Ground-based 001 | 018 B B 08 B B 16 B B 0018 50-300 0.01

Grmd-basedPlanck 0011018 = Y — 060 = — 100065 50-300 001 2

Deep field mission _001[0.082 = 101 = — N R —10.00092 50-300 0.01 4

at high latitude, a model usin@ = 2 fails to fit the galactic spond respectively to the low cost and comprehensive solstti

emission, especially on large scales where the galactiakig EPIC-2m is an alternate design which contains one extra-high

above the noise. Setting = 3, however, gives a satisfactoryfrequency channel (not considered in this study) dedidatad-

fit (as measured by the mismatch criterion) on 95 percenteof tHitional scientific purposes besides CMB polarisation. \ée-c

sky. It is therefore our choice for Planck. sider two values of, 0.01 and 0.001. For all these three experi-
We also note that a significant part of the information is confeénts, the analysis requir@s= 4 for a reasonable fit, which is

ing from the reionisation bump < 20). The relative importance obtained using about 87% of the sky.

of the bump increases for decreasing value @ a consequence . . . .
of the cosmic variance reduction. For a signal—to—noise cat- The two high resolution experiments provide measurements

responding roughly to the detection limit € 0.1), the stronger ofr =103 witha prgusmn_better than five sigma. For the_ lower
constraint is given by the bump (Appendix B gives further jivalues ofr, the error is dominated by foregrounds and their pres-
lustration of the relative contribution of each multipol@his €NCce degrades the sensitivity by a factor of 3, as witnesged b
has two direct consequences: the result is sensitive toctoala the diference betweem;***°" andos™ However, while the
value of the reionisation optical depth and to reionisatistory ~ difference between the noise-only and thacs result is a fac-
(as investigated by Colombo & Pierpaoli (2008)), and thelct tor 4-6 for EPIC-LC, it is only a factor about 2-3 for EPIC-CS
capability of Planck to measurewill depend on the level (and and EPIC-2m. Increased instrumental performance (in tefms
the knowledge of) instrumental systematics on large scales frequency channels and resolution) thus also allows fatebet

Note that this numerical experiment estimates how weilPtraction of foreground contamination.

Planck can measurein presence of foregroundiom B-modes . : -
P 9 For all experiments considered, the constraining power

only. moves from small scales to larger scale whetecreases down
to the detection limit of the instrument. In all cases, n@infa-
4.3. EPIC tion for the CMB is coming front > 150. Higher multipoles,

however, are still giving constraints on the foregroundapar
We perform a similar analysis for three possible design$ef teters, #ectively improving the component separation also on
EPIC probe (Bock et al. 2008). EPIC-LC and EPIC-CS corréarge scales.
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4.4. Small area experiments better results with the ‘deep field’ mission than with the sily
experiment, when considering onlyfidise galactic foreground.
However, this conclusion doesn’t hold if lensing is consédkas

A different observation strategy for the measurement of B-mod¥¥ Pe seen in the following section.

is adopted for ground-based experiments that cannot benefitWWe may also notice that, despite the lower level of fore-
from the frequency and sky coverage of a space mission. S@RUNAS, the higher precision of the measurement reqhiees t
experiments target the detection of the first peak argund00, Same model complexityd = 4) as for the full sky experiment
by observing a small but clean area (typically 1000 squarié-0obtain a good fit.

degrees) in few frequency bands (2 or 3). We also recall that our processing pipeline does not ex-

The test case we propose here is inspired from the announp#it the spatial variation of foreground intensity, andirsthis
performances of @ver (North et al. 2008). The selected skyense, suboptimal, in particular for all-sky experimeiitsus,
coverage is a 10 degree radius area centred on=o851°, the results presented for the full-sky experiment are bdoend
lat = —56° in galactic coordinates. The region has been retainb@ slightly pessimistic which tempers further the resultthis
by the QCover team as a tradédetween several issues includcomparison between deep field and full sky mission. Thistis fu
ing, in particular, foreground and atmospheric contanimat ther discussed below.

According to our polarised galactic foreground model, tHigo Finally, note that here we also neglectissues related ta@par
correspond to a reasonably clean part of the sky (within 30% sky coverage that would be unavoidable in this scheme.
the cleanest).

The most interesting conclusion is that for 0.01, although
the raw instrumental sensitivity (neglecting issues likB Eix-
ing due to pgrtial sky c_overage) would allow a more than fivgs 1. Impact of foregrounds: the ideal case
sigma detection, galactic foregrounds cannot be sattsfcte-
moved with the scheme adopted here. As a first step, the impact of foregrounds on the capability to

An interesting option would be to complement the measurgeasurea with a given experiment, if foreground covariances
ment obtained from the ground, with additional data as tfiat are known, is a measure of the adequacy of the experiment to
Planck, and extraat in a joint analysis of the two data setsdeal with foreground contamination. Figures for this congum
To simply test this possibility here, we complement the gibu are computed using equations 8 and 13, and are given in table 2
data set with a simulation of the Planck measurements on f{fiest two sets of three columns).
same area. This is equivalent to extend the frequency rdrilge o The comparison shows that for some experimemnigr in
ground experiment with less sensitive channels. We findrafsig the ‘noise-only’ and the ‘known foregrounds’ cases are very
icant improvement of the error-bar fron6: 1072 to 0.69- 1072,  close. This is the case for Planck and for the deep field mis-
showing that a joint analysis can lead to improved componegibn. For these experiments, if the second order statistics
separation. The degradation of sensitivity due to foregdae- the foregrounds are known, galactic emission does not impac
mains however higher than for a fully sensitive space misgs much the measurement. For other experiments, the ‘knoven for
witnessed by the following section). This last result iglstly grounds’ case is considerably worse than the ‘noise-ormgec
pessimistic as we do not make use of the full Planck data et Bis happens, in particular, for a ground based experimbetw
use it only to constrain foregrounds in the small patch. H@xe r = 0.01, and for EPIC-LC.

4.4.1. Ground-based

4.5, Comparisons

considering the ratio of sensitivity between the two experits, If foreground contamination was Gaussian and stationary,
itis likely that there is little to gain by pushing the joimalysis and in absence of priors on the CMB power spectrum, the linear
further. filter of equation 12 would be the optimal filter for CMB re-

construction. The dlierence betweet, in the ‘noise-only’ and
the ‘known foregrounds’ cases would be a good measure of how
much the foregrounds hinder the measurememntwith the ex-
We may also question the usefulness of a full-sky obsematiperiment considered. A largeftirence would indicate that the
strategy for space-missions, and consider the possitnlgpend experimental design (number of frequency channels and-sens
the whole observation time mapping deeper a small but cletivity in each of them) is inadequate for ‘component sepanat
region. However, since foregrounds are neither Gaussian nor sta-
We investigate this alternative using an hypothetical expetionary, the linear filter of equation 12 is not optimal. Evién
ment sharing the sensitivity and frequency coverage of HEE we restrict ourselves to linear solutions, the linear wisgjiven
CS design, and the sky coverage of the ground-based exptrithe various channels should obviously depend on the local
ment. Although the absence of strong foreground emission naroperties of the foregrounds. Hence, nothing guarantegsve
permit a design with a reduced frequency coverage, we keepas not deal better with the foregrounds than using a linkar fi
design similar to EPIC-CS to allow comparisons. In additthe ter in harmonic space. Assuming that the covariance mairix o
relative failure of the ground-based design to disentafgyie- the foregrounds is known, the error in equation 8 withfrom
grounds indicates that the frequency coverage cannot blyfreequation 13 is a pessimistic bound on the error ohe only
cut even when looking in the cleanest part of the sky. In tihessa conclusion that can be drawn is that the experiment doesnot a
way, to allow straightforward comparison with the grouratseéd low effective component separation with the implementation of
case we stick to the same sky coverage, although in principgelinear filter in harmonic space. There is, however, no guara
without atmospheric constraints, slightly better sky areauld tee either that an other approach to component separatiolawo
be selected. yield better results.
In spite of the increased cosmic variance due to the small Hence, the comparison of the noise-only and known fore-
sky coverage, the smaller foreground contribution allows ogrounds cases shown here gives an upper limit of the impact of
harmonic-based foreground separation witucs to achieve foregrounds, if they were known.

4.4.2. Deep field space mission
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4.5.2. Effectiveness of the blind approach ever, the filter is obtained as a compromise minimising thex-ov
o . ) . all error¢ by ¢, which is not likely to be the best everywhere on
Even if in some cases the linear filter of equation 12 may nfe sky. Further work on component separation, making use of
be fully optimal, it is for each modé the best linear combi- |ocajised version of ica, is needed to conclude on this issue.
nation of observations in a set of frequency channels, BCe] o preliminary version of &iica in wavelet space is described in

maximally contamination from foregrounds and noise, an-miy 5, qden et al. (2004), but applications to CMB polarisatiod
imise the error om. Other popular methods as decorrelation i, sky observations require specific developments.
direct space, as the so-called ‘internal linear combima{ia.C),

and other linear combinations cannot do better, unlessahey

implemented locally in both pixel and harmonic space siazult5, Discussion

neously, using for instance spherical needlets as in Delelbe ) ) ) )

et al. (2008). Such localisation is not considered in thesqme Th.e results presented in th_e previous s.ectlon have beemebita
work. using a number of simplifying assumptions.

Given this, the next question that arises is how well the spec First of all, only galactic foregrounds (synchrotron andgiu
tral covariance of the foreground contamination can beadigtu '€ considered. Ithas been assumed that other foregrquoids (
constrained from the data, and how this uncertainty imgaet SCUTCeS, lensing) can be dealt with independently, andwkilis
measurement of. The answer to this question is obtained b0t impact much the overall results.
comparing the second and third sets of columns of table 2. S€cond, itis quite clear that the results may depend on de-

In all cases, the dlierence between the results obtained ag"’-‘;]ls orf]thebgalactlc ?T"SS'O”’_Wh'ICh_ might be more compteat
suming perfect knowledge of the foreground residuals, hoset qlith'ads een usfe in oursllm_u atlodns. don th .
obtained after the blind estimation of the foreground ciaweres ird, most of our conclusions depend on the accuracy o

with Swmica, are within a factor of 2. For EPIC-2m and the deeB'€ d_etermination of the error bars from.the Fisher infq'rmraF
field mission, the dference between the two is small, whichnatrix. This method, however, only provides an approxiorgi

means that Gica allows for component separation verffeg- strict!y valid only in the case of Gaussian processes argenoi
Finally, the measurement aof as performed here assumes

tively. For a ground based experiment with three frequeheye L . :
nels, the diference is very significant, which means that the da?%perfect prediction (from other sources of informationjtat
ape of the BB spectrum.

does not allow a good blind component separation wite’§ S . . . : .
Comparing column set 1 (noise-only) and 3 (blind approach In this section, we discuss and quantify the impact of these

with Swica) gives the overall impact of unknown galactic fore&Ssumptions, in order to assess the robustness of our eonclu

grounds on the measurementrofrom B-modes with the var- slons

ious instruments considered. For Planck, EPIC-2m, or a deep

field mission with 8 frequency channels, the final error bar o51. Small scale contamination

r is within a factor of 2 of what would be achievable without .

foregrounds. For EPIC-LC, or even worse for a ground-baséd-1. Impact of lensing

experiment, foregrounds are likely to impact the outcom#ef | imitations on tensor mode detection due to lensing have bee
experiment quite significantly. For this reason, EPIC-2m @@ \igely investigated in the literature, and cleaning metod
deep field mission seem tdfer better perspectives for measuryased on the reconstruction of the lensed B-modes from @stim

ing r in presence of foregrounds. tion of the lens potential and unlensed CMB E-modes, have bee
proposed (Knox & Song 2002; Hirata & Seljak 2003; Kesden
4.5.3. Full sky or deep field et al. 2003; Lewis & Challinor 2006). However, limits an

achievable after such ‘delensing’ (if any) are typicallgrsfi-

The numerical investigations performed here allow —to songantly lower than limits derived in Sect. 4, for which foregnds
extent— to compare what can be achieved with our approachaiind noise dominate the error.
two cases of sky observation strategies with the same msint1 In order to check whether the presence of lensing can signifi
For EPIC-CS, it has been assumed that the integration timecémtly alter the detection limit, we proceed as followsLasiig
evenly spread on the entire sky, and that 87% of the sky is usasispecific reconstruction of the lens potential, we incliees-
to measure. For the ‘deep field’ mission, 1% of the sky only ising effects in the simulation of the CMB (at the power spectrum
observed with the same instrument, with much better seitgiti level). The impact of this on the second order statisticshef t
per pixel (by a factor of 10). CMB is an additional contribution to the CMB power spectrum.

Comparingo/r between the two in the noise-only cas@his extra term is taken into account on the CMB model used
shows that the full sky mission should perform better (bycada in Suica. For this, we de—bias the CMBvxa component from
1.4) if the impact of the foregrounds could be made to be gegli the (expectation value of) the lensing contribution to tbever-
ble. This is to be expected, as the cosmic or ‘sample’ vagafic spectrum. The cosmic variance of the lensed modes thus con-
the measurement is smaller for larger sky coverage. Aftar-cotributes as an extra ‘noise’ which lowers the sensitivitshi® pri-
ponent separation however, the comparison is in favour ef tmordial signal, and reduces the range of multipoles cauntirily
deep field mission, which seems to perform better by a factsignificantly to the measurement. We run this lensing tesé ca
1.4 also. The present work, however, does not permit to cdor the EPIC-CS and deep field mission. Table 3 shows a com-
clude on what is the best strategy for two reasons. Firs$, timarison of the constraints obtained with and without leg$im
study concentrates on the impact offdse galactic foregroundsthe simulation for a fiducial value af= 0.001. On large scales
which are not expected to be the limiting issue of the deeg fidor EPIC-CS, lensing has negligible impact on the measunéme
design. And secondly, in the case of a deep field, the prasertof r (the diference between the two cases, actually in favour of
of the (simulated) foreground emission are more homogenedie case with lensing, is not significant on one single rurhef t
in the observed area, and thus the harmonic filter of equaloncomponent separation). On small scales, tifiedince becomes
is close to optimal everywhere. For the full sky mission, howsignificant. Overallg /r changes from 0.17 to 0.2, not a very
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significant degradation of the measurement: lensing presiac 30 , , , , ,
15% increase in the overall error estimate, the small scate e B
(for £ > 20) being most impacted. For the small coverage mi 251 B ]
sion, however, the large cosmic variance of the lensing moc 20 P oo
considerably hinder the detection. = P
& 15
= 10
no lensing lensing p——rs
Experimento,/r a=2/r o®2r|o /1 o=20r o2 — ideal
EPIC-CS 1017 025 028 |02 024 Q36 0 ! ! ! i — no-model
Deepfield | 013 - R - 0 50 100 150 200 250 300

14
Table 3. Comparison of the constraints enwith and without

lensing (here = 0.001). Fig. 5. Goodness—offit for the three point sources cases. For the
reference case ‘no-ps’, point sources have neither bearding
in the simulation, nor taken into account in the modellingeT
Thus, at this level of, if the reionisation bump is satisfac-mismatch criter_ion wander around its expectation .vallugri(h_o
torily measured, the @ierence is perceptible but not very sigZontal dashed line). The ‘no-model’ case is a pessimisti@si
nificant. Hence, lensing is not the major source of error for PN Where no gort has been made to model the point sources
full-sky experiment measuring It becomes however a poten-contribution, yielding a net increase of the mismatch cote
tial problem for a small coverage experiment targeting tieam 1he ‘ideal’ case presents an optimistic situation whereethe
surement of the recombination bump. Such a strategy wou tiCt contribution of the simulated point sources has beed tese
require dficient ‘delensing’. Indications that ‘delensing’ can b&uild the model. This perfect modelling restore the goognes
performed even in presence of foregrounds in the case of a 18ffit of the no-ps case.
noise and high resolution experiment can be found in Smih et
(2008). However, a complete investigation of this casepact
ing for all the complexity (diuse foregrounds, point source
lensing, modes-mixingfiects), would be needed to conclude o
the validity of a deep-field strategy.

gpoint sources increases the variance of the measurement of
Ilp our experiment, thefiect is not truly significantd, shifting
from 1.84 to 191- 1074).

Figure 5 shows the mismatch criterion (from Eg. 16, using
covariance matrixes binnedéhin the three cases. When no spe-
5.1.2. Impact of extra-galactic sources cific model of the point source contribution is used, soméeifrt
: emission is nonetheless absorbed by the §'galactic’ compo-
Although Iargely sub-dqmmant on scale;s larger than 1 dﬁgr?1ent, which adjusts itself (via the va)llues ofgi;ts maximunegiH(
extra-galactic sources, in particular radio-sourceseagected . o meters) to represent best the total foregrouns- emi
Egg&t)h%Yé?gztoﬁiogtggw:?ég&s)gnalI scales (see e.g. Tuati etsipn. The rem_aining part is responsible for the_ incr(_aasd!]f_t

' : mismatch at higlf. At the same time, the galactic estimation is

Obviously, the strongest point sources are known, or (fQr: . - .
e ) '~ twisted by the presence of point sources. This slightlygases
most of them) will be detected by Planck. Their polarisatio e mismatch on large scales.

can be measured either by the B-mode experiment itself, or by
dedicated follow-up. We make the assumption that pointcsir
brighter than 500 mJy in temperature (around 6000 sources) 8.2. Galactic foregrounds uncertainties

detected, and that their polarised emission is subtraotea the , . , "
polarisation observations. We stress that 500 mJy is a cemse V& Now investigate the impact on the above results of matfyi

tive assumption as Planck is expected to have better datecfomewhat the galactic emission. In particular, we checkére

thresholds. a space dependant curvature of the synchrotron spectet,ind
The present level of knowledge about point sources does @§d modifications of the dust angular power spectrum, signifi

allow a very accurate modelling of the contribution to thevpo  Cantly change the error bars erobtained in the previous sec-

spectra of the remaining point sources (those not subttdmte tON-

the 500 mJy cut). For this reason we investigate their impact

in two extreme cases: perfect modelling of their contrititio 52 1. |mpact of synchrotron curvature

the power-spectra (‘ideal’ case), and no specific modeliihg ) ) o

all (‘no-model’ case). Results of av&a run for both assump- As mentioned earlier on, the synchrotron emission law may no

tions are compared to what is obtained in total absence ot pdpe perfectly described as a single power law per pixel, with

sources (‘no-ps’ case), and are summarised in table 4. a constant spectral index across frequencies. Steepehthg o
The bottom line of this investigation is that modelling propspectral index is expected in the frequency range of intefes

erly the point sources statistical contribution is necastemea-  this variation is related to the aging of cosmic rays, it stiou

surer = 0.001. An insifficient model results in a biased esvary on the sky. Hence, the next level of sophistication irdmo

timator: for EPIC-CS the estimatedis two times larger than elling synchrotron emission makes use of a (random) templat

expected, with a dierence incompatible with the error bar, infmapC(¢) to model the curvature of the synchrotron spectral in-

spite of an increased standard deviatiop iicreased by-30% dex. We then produce simulated synchrotron maps as:

forr = 0.001).

. . . |

An ideal model restores the goodness of fit of the no-ps case v )ﬁ Erac@loglrha)

X _ X
and suppresses the bias of the estimator. Still, the presainc S;(€) = Si,(8) (V_o (21)
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Table 4. EPIC-CS measurement for three point sources cases. Foefitiemce case ‘no-ps’, point sources have neither been
including in the simulation, nor taken into account in thed®lling. The ‘ideal’ case presents an optimistic situatidrere the
exact contribution of the point sources put in the simulatias been used to build the model. The ‘no-model’ case isamissic
situation where noféort has been made to model the point sources contribution.

r rfo-ps rldea‘tl rnc:)-mod'el ooPs O.ld'eal no-model

g o
0.001|1.07- 10 1.04-10°% 2.00-10°|1.84-10% 1.91-10* 2.49.10°

wherea is a free parameter which allows to modulate the ampliable 6. Influence of dust polarisation level on component sep-
tude of the &ect (as compared to equation 3). The right panafation. We comparison results for a pessimistic (17%riBici
of figure 6 illustrates the impact of the steepening on the sypolarisation fraction, flat spectrum) and standard (12%isd-

chrotron frequency scaling. tion fraction) model of the dust emission.
We now investigate whether such a modified synchrotron
changes the accuracy with whicltan be measured. We decide, Experiments  r origin ppessim aoam PSS

for illustrative purposes, to perform the comparison fol&P "Ground-based .01 [1.84-102 1.69-102 162-102 1.62-102

2m, and for = 0.001. Everything else, regarding the other emis- EPIC-2m  0001|8.77-10* 8.77-10* 3.68-10* 3.61-10*
sions and the foreground model im8a, remains unchanged.

Table 5 shows the results of this study in terms of goodnefis of

and influence on theestimate. We observe no significaffeet, , the coherence of the component, rather than on its overall
which indicates that the foreground emission model of EQ.&  |gyel.

flexible enough to accommodate the variation of the synctinot

modelling. Even if we cannot test all possible deviatiomfrihe

baseline PSM model, robustness against running of thergpech.3. Error bar accuracy

index remains a good indication that results are not ovedgeh
dependent.

Estimates of the error derived from the FIM (Eqg. 20) are ex-
pected to be meaningful only if the model leading to the likel
hood (Eq. 14) holds. In particular we assume that processes ¢

Table 5. Influence of the running of the synchrotron spectral i€ modelled as Gaussian. .
dex on component separation in term of goodness of fitrand We first note that the FIM errors are reasonably compati-
estimates. The study is conducted for the EPIC-2m design, fie with the diference between input and measuredhlues,
varying amplituder of the running of the spectral index. No Sig_WhICh gives confidence that th(_ase error estimates are nat obv
nificant variation of the estimate nor of the likelihood of the Ously wrong. Nonetheless, we investigate this issue furtre

model is noticed for remaining in the range allowed by obsering Monte-Carlo studies to obtain comparative estimatesrof
vations. rors, with the EPIC-CS design. Table 7 gives, for two valules o

r and for 100 runs of thexsca pipeline in each case, the aver-
age recovered value ofthe average error as estimated from the
Fisher matrix(cT'SHER)and the standard deviatier'© of the

r o Ja N InL measured values of
0001 18.10° 0]9.78- 1‘74 116 For each of the Monte-Carlo runs, a new realization of CMB
001 18-1 :1)) sla.gg: igS ﬁ? and noise is generated. Simulated galactic foregroundever,

remain unchanged.

Results show that the FIM approximation give estimates of
the error in very good agreement with the MC result. Hena, th
FIM estimate looks good enough for the purpose of the present
paper, given the number of other potential sources of emdr a
the computational cost of Monte-Carlo studies.

Similarly, we now vary the model of dust emission and check The Monte-Carlo study also allows to investigate the exis-

how the main results of section 4 are modified. Measuremefggce of a bias. For an input tensor to scalar ratio.0f. pwe

give some constraints on dust emission on large scales, B@gerve that the measured value skems to be systematically

smaller scales remain mostly unconstrained. Hence, wedamns low, with an average of.91- 10-3. This we interpret as resulting

here a pessimistic extreme in which we multiply the largdescdrom a slight over-fitting of the data. Still this small biasesn't

level of the dust by a factor of two, and flatten the power spe@ominate the error and we are more interested in noise domi-

trum from a nominal index of -2.5 to -1.9. The power spectrfated regime. The overall conclusion of this investigatber-

corresponding to these two cases are shown in Fig. 6 (leépanfor bars is t_hat the errors estimated by the FIM are reasgnabl
Running the same component separation pipeline for tFPresentative of the measurement error.

ground based and the EPIC-2m experiments at their detection

limit, we find only marginal chan_ges in the measured va_luars ok 4 Other cosmological parameters

(see table 6). This result can be interpreted in the follgwiay:

as the noise of the experiment remains unchanged, the gexteal he main conclusions of this study are mostly independethteof

signal-to-noise ratio allows for a better constraint ofdlust pa- value of all cosmological parameters exceptVithin present

rameters. Component separatidfeetiveness depends mainlyuncertainties indeed, only the value of the reionisatioticap

5.2.2. Level and power spectrum of dust emission
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Dust power spectrum at 150~GHz

Synchrotron spectral index curvature

— origin
----- pessimistic

Y 10'3 n n n n n n n n
103 10t 102
v [GHZ]

Fig. 6. Variations of the galactic foregrounds model. The left pahews the dierence between the default power spectrum of dust
polarisation B-modes at 150 GHz as modelled by the PSM (soifde) and a model assuming pessimistic values for the thvera
level and power spectrum index (dotted curve). The righepahows the dispersion of the synchrotron spectral indethisPSM
model (in black) and the curved model (in gray). Solid linessent the frequency scaling for the mean values of the rgpaudex

and dotted lines for its extremal values.

Table 7. Monte-Carlo analysis for error bars of the EPIC-C$. Conclusion

experiment for 2 representative valuesrofSample mean and ] ] o )

variance are obtained on 100 realizations of noise and GB. In this paper, we presented an investigation of the impact of
denotes the average recovered value, ¢&-"'SHER) the average foregrounds on the measurement of the tensor to scalar ratio
error as estimated from the Fisher matrix, a#f the standard Of primordial perturbations. The measurement @ based on
deviation of the measured valuesrof the (simulated) observation of the B-mode polarisationhef t
Cosmic Microwave Background by various instruments, eithe
in preparation or planned for the future: the Planck space mi
sion, a ground-based experiment of the type &dv@r, and sev-

r 0 <UrF'SHER>4 o . eral versions of a possible dedicated space mission.
(%3011 i’-gé'igs i'gg'i& igg&& Foreground contamination is modelled and simulated us-
: e o e ing the present development version (v1.6.4) of the Plarkgk S

Model (PSM). Our main analysis considers the contribution
from diffuse polarised emission (from the galactic interstellar
6{pedium modelled as a mixture of synchrotron emission and the
mal emission from dust) and from instrumental noise. The im-

Lower T means less accurate measurement, @ind higherr pact of more complicated galactic foreground emission, @nd

better measurement aof Here we choose a rather conservafintsources and lensing, is investigated in a second step.

tive value ofr = 0.07 in agreement with the last measurements OUr approach uses theufsa component separation method

from WMAP (Dunkley et al. 2008a,b). The valuegfhowever, ON Maps of B-modes alone_. T_he method is r_obust with respect to

should dfect mainly low resolution and noisy experiments, foppecifics of foreground emission, because it does not regnon

which most of the information comes from the lowest freqyen@Ccurate representation of foreground properties. Tkaplaint

‘reionisation’ bump in the B-mode spectrum. is d_emonstrated by_ varying th_e input foregrom_md sky, andjcom
Another issue is that we assume the value afidry (and, to  Paring resylts_ ob'galned with fiiérent inputs, without changing

a less extent, the value of all other cosmological pararspter the analysis pipeline.

be perfectly known (setting the shape of the B-mode power-spe It is shown that forr at the level ofr ~ 0.1, Planck could

trum). In fact, uncertainties on all cosmological parametm- make a meaningful (8) detection from B-modes alone. The fi-

ply that the shape will be known only approximately, and with nal sensitivity of Planck for measurimgnay be better than what

a certain framework. Such uncertainties will have to be riakés achieved here, as a significant part of the constrainingepo

into account in the analysis of a real-life data set. Ourc§ onr should also come from EEE for highr. This has not been

pipeline can be adapted to do this, provided we know the ufvestigated in the present paper, which is more focusseteon

certainties on the cosmological parameter set. A MontdeCameasurement of low values of(not achievable with Planck).

approach, in which we assume, for eaclnca run, a B-mode With the various EPIC mission designs, one could achieve de-

power spectrum from one of the possible cosmological parantections at levels of 4@forr = 103,

ter sets, will permit to propagate the uncertainties onéontiea- For full-sky, multi-frequency space missions, dealinghwit

surement of . We expect, however, that this additional error wilforegrounds in harmonic space results in a loss of sertgitiyi

be significantly smaller than that due to the experimentseo a factor 3to 4, as compared to what would be achievable withou

depthr, which drives the amplitude and position of the reionis
tion bump, is critical for our estimations (Colombo et al03).
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foregrounds, even if the covariance of foreground contamiim observations of the sky in the frequency range of interedt an
is known. The &ica pipeline allows to achieve performance®n both large and small scales. Such data will become al&ilab
almost as good (within a factor 1.5), which demonstrategthe soon with the forthcoming Planck mission.
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Verde, L., Peiris, H. V., & Jimenez, R. 2006, Journal of Cokigp and Astro-  npise level of the instrument is low enough.

Particle Physics, 1, 19 Th lecti fth del Iso b d the basis of
Zaldarriaga, M. & Seljak, U. 2000, ApJS, 129, 431 I'he selection ot (né model can also be maade on the basis of a
Zaldarriaga, M., Seljak, U., & Bertschinger, E. 1998, Apg44491 statistical criterion. For example, Table A.1 shows the &agn

information criterion (BIC) in the case of the EPIC-2m exper
iment ¢ = 0.01) for 3 consecutive values @. The BIC is a
decreasing function of the likelihood and of the number of pa
rameter. Hence, lower BIC implies either fewer explanatairy-
ables, better fit, or both. In our case the criterion reads:

Table A.1. Bayesian information criterion of 3 models with in-
creasing dimension of the galactic component for the ERTC-2
mission. The selected vallz = 4 correspond to a minimum of

this criterion.

Appendix A: Parameterisation the foreground
component and choice of a mask

In this appendix, we discuss in more detail the dimen§ioof
matrix used to represent the covariance of the total galentis-
sion, and the choice of a mask to hide regions of strong galact
emission for the estimation ofwith Swrca.

BIC=-2InL+kin > w,
q

wherek is the number of estimated parameters agdhe dfec-
tive number of modes in big. Taking into account the redun-
dancy in the parameterisation, the actual number of frezrper

) ) ) _ tersinthe modelis 2 F x D+ QD(D + 1)/2 - D?. However, we
First, we explain on a few examples the mechanisms which $g{,ally prefer to rely on the inspection of the mismatch iargv

the rank of the foreground covariance matrix, to give an-intyin of ¢, as some frequency specific features may be diluted in
itive understanding of how the dimensi@nof the foregrounds the global mismatch.

component used invica to obtain a good model of the data.
Let’s consider the case of a ‘perfectly coherent’ physical p o
cess, for which the total emission, as a function of sky dioec A.2. Masking influence

¢ and frequt_ancy, is well described by a spatial templat_e n_]um"l'he noise level and the scanning strategy remaining fixeldein t
plied by a pixel-independent power law frequency scaling:

full-sky experiments, a larger coverage gives more infaioma
and should result in tighter constraints on both foregroand
CMB. In practice, it is only the case up to a certain point, thue
the non stationarity of the foreground emission. In the gida
lane, the emission is too strong and too complex to fit in the
roposed model, and this region must be discarded to avaid co
andR® = [AAT var(S)], with As = (%f Now, if the spectral tamination of the results. The main points governing theazho
indexg fluctuates on the skg(&) = g + 58(€), to first order, the of an appropriate mask are the following:

emission at frequenoyaroundvg can be written:

A.1. Dimension D of the foreground component

S,(6) = So(@) (—O)ﬁ (A1)

The covariance matrix of this foreground will be of rank ong

— The covariance of the total galactic emission (synchrotron
and dust polarised emissions), because of the variation of
emission laws as a function of the direction on the sky, is
neverexactly modelled by a ranl matrix. However it issat-

This is not necessarily the best linear approximation of the isfactorily modelled in this way if the dierence between the
emission, but supposing it holds, the covariance matrixhef t  actual second order statistics of the foregrounds, andethos
foreground will be of rank two (as the sum of two correlated of the rankD matrix model, are indistinguishable because of
rank 1 processes). If the noise level igtgtiently low, the varia- the noise level (or because of cosmic variance in the empiri-
tion introduced by the first order term of Eq. A.2 becomesytrul  cal statistics). The deviation from the model is more obsiou
significant, we can’t model the emission by a mono-dimeradion in regions of strong galactic emission, hence the need for a
componentas in Eq.A.1. galactic mask. The higher the noise, the smaller the redjuire

In this work, we consider two processes, synchrotron and mask.
dust, which are expected to be correlated (at least by tleetial — Swica provides a built-in measure of the adequacy of the
magnetic field and the general shape of the galaxy). Moreover model, which is the value of the spectral mismatch. If too
significant spatial variation of their emission law arisdad to high, the model under-fits the data, and the dimension of the

Y—=Y0

B B
sv(f)zso(f)(vlo) +so(.f)(§0) 5ﬁ(§)( ) (A2)

Yo
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r rest U::ISHER 0_:10-79 fe
0.001[101-10° 160-107 525107 0.87 Planck r = 0.3
0.001/1.01-10°% 1.68-10* 572-10° 0.73 40 ' 20 m————
Table A.2. Estimation of the tensor to scalar ratio with two dif- 35 %8 _L .
ferent galactic cuts in the EPIC-2m experiment. 30 5F 1 7
— O | Il I ol
s 2f ¢ i
f . R« of A0 ] S h
oreground model (or the size of the mask) should be it
creased. If too low, the model over-fits the data, Brshould 15f .
be decreased. = 10E |:|:l |_|—F|'_|—| Fl rblz —
— Near full sky coverage is better for measuring adequately t! il
reionisation bump. 5F 1
— The dimension of the foreground component must be small , , , , , ,
than the number of channels. 0
If the error variance is always dominated by noise and co 40 : Plla nCII< r _. 0. 1| :
mic variance, the issue is solved: one should select theleama 20—
mask that gives a good fit between the model and the data 35f 151 1 1
minimise the mean squared error and keep the estimator ur 30} 1gf| 1 ]
ased. 0 [P R T~ B N
If, on the other hand, the error seems dominated by the cc E—:\ 25 y; 7
tribution of foregrounds, which is, for example, the case¢hef of-—""—""—""—"—"=—"--—-"----= -
EPIC-2m experiment for = 0.001, the tradefd is unclear and 5
it may happen that a better estimator is obtained with a g&on w 15 _—l_bi I:I 1
masking of the foreground contamination. We found that it i L=
not the case. Table A.2 illustrates the case of the EPIC-2m ¢ 101 I=|_|_|" = 0 =7
periment with the galactic cut used in Sect. 4 and a bigger ci 5F g
Although the reduction of sensitivity is slower in presemde , , , , , ,
foreground than for the noise dominated case, the smallsk m: 00 20 40 60 80 100 120

still give the better results.
We may also recall that the expression (7) of the likelihoo
is an approximation for partial sky coverage. The scheme pie

14

sented here thus may not give fully reliable results whenkmasFig. B.1. Those plots present the distribution fnof the mis-

ing effects become important.

Appendix B: Spectral mismatch

Computed for each bing of ¢, the mismatch criterion,

match criterion between the model and the data for two values
of r for PLanck. On the grey curve, the mismatch has been com-
puted discarding the CMB contribution from thenS model.

The ditference between the two curves, plotted in inclusion, il-

lustrates somehow the importance of the CMB contribution to
the signal.

wgK (ﬁq, Rq(e*)), between the best-fit modRl,(6”) at the point

of convergencé*, and the dat®,, gives a picture of the good-
ness of fit as a function of the scale. Black curves in Figs. B.1
and B.2 show the mismatch criterion of the best fits for Planck
and EPIC designs respectively. When the model holds, theval
of the mismatch is expected to be around the number of degrees
of freedom (horizontal black lines in the figures). We caroals
compute the mismatch for a model in which we discard the CMB
contributionwgK (Ry, Rq(6") — RSMB(r*)). Gray curves in Figs.
B.1 and B.2 show the mismatch for this modified model. The
difference between the two curves illustrates the ‘weight’ ef th
CMB component in the fit, as a function of scale.

Figure B.1 shows the results for Planck foe 0.3 and 0.1.
The curves of the dlierence plotted in inclusion illustrate the
predominance of the reionisation bump. In Fig. B.2, we piet t
difference curve on the bottom panels for the three experiments
forr = 0.01 andr = 0.001. They illustrate clearly the fer-
ence of sensitivity to the peak between the EPIC-LC desigh an
the higher resolution experiments. In general it can be Hean
no significant contribution to the CMB is coming from scales
smaller thart = 150.
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Fig. B.2. Mismatch criterion for = 0.01 (top) andr = 0.001 (bottom). In each plot, the top panel shows the mismaitérion
between the best fit model and the data (black curve) and dtdibemodel deprived from the CMB contribution and the datayg
curve). Solid and dashed horizontal lines show respegtitel mismatch expectation and 2 times the mismatch expattdthe
difference between the gray and the black curve is plotted indtterh panel and gives an idea of the significance of the CMB

signal in each bin of.



