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ABSTRACT

Aims. We present for the first time a coherent model of the polarized Galactic synchrotron and thermal dust emissions that are likely
to form the predominant diffuse foregrounds for measuring the polarized CMB fluctuations by the PLANCK satellite mission.
Methods. We produced 3D models of the Galactic magnetic field including regular and turbulent components, and of the distribution of
matter in the Galaxy including relativistic electron and dust grain components. By integrating along the line of sight, we constructed
maps of the polarized Galactic synchrotron and thermal dust emission for each of these models and compared them to currently
available data. We consider the 408 MHz all-sky continuum survey, the 23 GHz band of the Wilkinson Microwave Anisotropy Probe,
and the 353 GHz ARCHEOPS data.

Results. The best-fit parameters obtained are consistent with previous estimates in the literature based only on synchrotron emission
and pulsar rotation measurements and this allows us to reproduce the large-scale features observed in the data. Unmodeled local
Galactic structures and the effect of turbulence make it difficult to accurately reconstruct observations in the Galactic plane.
Conclusions. Finally, using the best-fit model we are able to estimate the expected polarized foreground contamination at the PLANCK
frequency bands. For the CMB bands, 70, 100, 143 and 217 GHz, at high Galactic latitudes although the CMB signal dominates in
general, a significant foreground contribution is expected at large angular scales. In particular, this contribution will dominate the

CMB signal for the B modes expected from realistic models of a background of primordial gravitational waves.

Key words. Galaxy: general — polarization — cosmic background radiation

1. Introduction

The PLANCK satellite mission, currently in flight, will provide
measurements of the CMB anisotropies both in temperature
and polarization over the full sky at unprecedented accuracy.
PLANCK, which observes the sky over a wide range of fre-
quency bands from 30 to 857 GHz, has a combined sensitiv-
ity of % ~ 2% 107® and an angular resolution from 33 to
5 arcmin (Consortia 2004). Of particular cosmological inter-
est is the possibility of measuring the so-called polarization B
modes, the existence of which implies that tensor fluctuations
from primordial gravitational waves are generated during infla-
tion. PLANCK should be able to measure the tensor-to-scalar ra-
tio, r, down to 0.1 (Betoule et al. 2009; Efstathiou et al. 2009)
in the case of a nominal mission (2 full-sky surveys) and to 0.05
with an extended mission of 4 full-sky surveys (Efstathiou &
Gratton 2009). The value of r sets the energy scale of inflation
(Peiris et al. 2003) and then provides constraints on inflationary
models (Baumann 2009).

Article published by EDP Sciences

To achieve this high level of sensitivity, it is necessary to ac-
curately estimate the temperature and polarization foregrounds
that arise both from diffuse Galactic emission components and
from point-like and compact sources of Galactic and extra-
galactic origins. Indeed, in the PLANCK frequency bands these
foreground components may dominate the polarized CMB sig-
nal and therefore must be either masked or subtracted prior to
any CMB analysis. For this purpose, the PLANCK collaboration
plans to use component separation techniques (see Leach et al.
2008, for a summary) in addition to the traditional masking of
highly contaminated sky regions including identified point-like
and compact sources. As these component separation techniques
will be mainly based on PLANCK data alone, one of the main
issues will be to estimate the residual foreground contamina-
tion on the final CMB temperature and polarization maps. These
residuals will translate into systematic biases and larger error
bars on the estimation of the temperature and polarization power
spectra of the CMB fluctuations (see Betoule et al. 2009, for a
recent study). Thus, they will affect the precision to which cos-
mological information can be retrieved from the PLANCK data.
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The main polarized foreground contributions will come from
the diffuse Galactic synchrotron and thermal dust emission.
Using WMAP (Wilkinson Microwave Anisotropy Probe) obser-
vations, Page et al. (2007) have shown that the emission from
relativistic electrons is highly polarized, up to 70%, between 23
and 94 GHz. Furthermore, Benoit et al. (2004); Ponthieu et al.
(2005) have observed significantly polarized thermal dust emis-
sion, up to a level of 15% at the 353 GHz ARCHEOPS channel.
By contrast the diffuse free-free emission is not intrinsically po-
larized and the anomalous dust-correlated microwave emission
has been measured to be weakly polarized, 3t}:3% (Battistelli
et al. 2006). Finally, at the PLANCK frequency bands the polar-
ized contributions from compact and point sources are expected
to be weak for both radio (Nolta 2009) and dust (Désert et al.
2008) sources. The spatial and frequency distribution of both
Galactic synchrotron and thermal dust polarized emissions at the
PLANCK frequencies are not well known and the only available
informations come from microwave and submillimetre observa-
tions. For synchrotron, Faraday rotation (Burn 1966) makes it
very difficult to extrapolate the polarized observed radio emis-
sions (Wolleben et al. 2006; Wolleben 2007; Carretti 2009) to
the microwave domain. For thermal dust, polarized observations
are not currently available in the infrared and the current optical
data (Heiles 2000) are too sparses (Page et al. 2007) for a reliable
extrapolation to lower frequencies.

The diffuse Galactic synchrotron emission is produced by
relativistic electrons spiraling around the Galactic magnetic field
lines with the direction of polarized emission orthogonal both
to the line-of-sight and to the field lines (Rybicki & Lightman
1979). Based on these statements, Page et al. (2007) proposed to
model the polarized synchrotron Galactic emission observed by
the WMAP satellite using a 3D model of the Galaxy including the
distribution of relativistic electrons and the Galactic magnetic
field structure. Although this model allowed them to explain
the observed polarization angle at the 23 GHz band where the
synchrotron emission dominates, it was not used for the CMB
analysis. Instead, the 23 GHz data were adopted as a template
for polarized synchrotron emission and extrapolated to higher
frequencies. Independently, Han et al. (2004, 2006) used a 3D
model of the free electrons in the Galaxy (Cordes & Lazio 2002)
and of the Galactic magnetic field that included regular and tur-
bulent components to explain the observed rotation measures to-
wards known pulsars. Based on previous work, Sun et al. (2008)
performed a combined analysis of the polarized WMAP data and
of the rotation measurements of pulsars using the publicly avail-
able HAMMURABI code (Waelkens et al. 2009) for computing
the integrated emission along the line-of-sight. This work has
been extended by Jaffe et al. (2010) for the study of the Galactic
plane using an MCMC algorithm to explore the parameter space
of the models, and by Jansson et al. (2009) for the full sky using
a likelihood analysis for parameters estimation.

Thermal dust emission arised from dust grains in the
Interstellar Medium (ISM) which are heated by stellar radiation
(Désert et al. 1998). They are considered to be oblate in shape
and to align their longitudinal axis perpendicularly to the mag-
netic field lines (Davis & Greenstein 1951). When aligned they
rotate with their angular moment parallel to the magnetic field
lines. Since the thermal dust emission is more efficient along the
long axis, linear polarization is generated orthogonal to the mag-
netic field lines and to the line-of-sight. The polarization fraction
of the emission depends on the size distribution of the grains and
is about a few percent at millimeter wavelengths (Hildebrand
et al. 1999; Vaillancourt 2002). Ponthieu et al. (2005) concluded
that the polarized emission observed in the 353 GHz ARCHEOPS
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data was associated with the thermal dust emission and proposed
a simple magnetic field pattern to explain the measured polariza-
tion on the Galactic plane. Page et al. (2007) suggested that part
of the observed polarized emission of the 94 GHz WMAP data
was also due to thermal dust. They modeled it using the observed
polarization of stellar light (Heiles 2000) which has a direction
perpendicular to that of thermal dust.

With the prospect of data from the PLANCK satellite mis-
sion in mind, we present here consistent physical models of the
synchrotron and thermal dust emissions based on the 3D dis-
tribution of relativistic electrons and dust grains in the Galaxy,
and on a 3D pattern of the Galactic magnetic field. The paper is
structured as follows: Sect. 2 describes the 408 MHz all-sky con-
tinuum survey (Haslam et al. 1982), the five-year WMAP data set
(Page et al. 2007) and the ARCHEOPS data (Ponthieu et al. 2005)
used in the analysis. In Sect. 3 we describe in detail models for
the polarized emissions, which are statistically compared to the
data in Sect. 4. In Sect. 5 we discuss the impact of polarized
foregrounds on the measurement of the polarized CMB emission
with the PLANCK satellite, before presenting our conclusions in
Sect. 6.

2. Observational data
2.1. Diffuse Galactic synchrotron emission

The synchrotron mechanism emission is an important contrib-
utor to the diffuse sky emissions at both radio and microwave
observation frequencies. Although its SED is not accurately
known, it is considered to be well represented by a power law in

antenna temperature 7, o 1/3 with the synchrotron spectral index
ranging from —2.7 to —3.3 (Kogut et al. 2007; Gold et al. 2009).
Radio frequency information such as the Leiden 408 MHz and
1.4 GHz surveys (Brouw & Spoelstra 1976; Wolleben et al.
2006), the Parkes survey at 2.4 GHz (Duncan et al. 1999),
and the MGLS survey (Medium Galactic Latitude Survey) at
1.4 GHz (Uyaniker et al. 1999) are generally used to provide
insight the Galactic diffuse synchrotron emission in polarized
intensity. However, Faraday rotation introduces complications
into the interpretation of such data since strong depolarization
is expected for frequencies lower than 10 GHz (Burn 1966; Sun
et al. 2008; Jaffe et al. 2010; Jansson et al. 2009; La Porta et al.
2008, 2006). Consequently, the best polarized Galactic diffuse
synchrotron tracers are at high frequency such as the WMAP sur-
vey at 23 GHz (Page et al. 2007).

2.1.1. 408 MHz all-sky continuum survey

In the following we use the 408 MHz all sky continuum sur-
vey (Haslam et al. 1982) as a tracer of the Galactic synchrotron
emission in temperature. We use the HEALPix (Gorski et al.
2005) format map available on the LAMBDA website'. The cal-
ibration scale of this survey is claimed to be accurate to better
than 10% and the zero level has an uncertainty of +3 K as ex-
plained in Haslam et al. (1982). To subtract the free-free emis-
sion at 408 MHz we use the five-year public WMAP free-free
foreground map at 23 GHz generated from the maximum en-
tropy method (MEM) described in Hinshaw et al. (2007). We
have found that the free-free correction has no impact on the
final results presented in this paper. We start from the full sky
HEALPix maps at Ngge = 512 (pixel size of 6.9 arcmin) and
downgrade them to Ngge = 32 (pixel size of 27.5 arcmin). We
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Fig. 1. Intensity maps at 408 MHz in Ky, units for the Haslam data (/eft) and built with the model of synchrotron emission with an MLS magnetic

field for the best fit model parameters (right).

then subtract from the Haslam data the free-free component ex-
trapolated from the K-band assuming a power-law dependence
of v">! as in Dickinson et al. (2003). The left panel of Fig. 1
shows the free-free corrected 408 MHz all-sky survey where we
clearly observe the Galactic plane and the north polar spur at
high Galactic latitude.

2.1.2. Five-year WMAP polarized data at 23 GHz

To trace the polarized synchrotron emission we used the all sky
five-year WMAP Q and U maps at 23 GHz (Page et al. 2003;
Gold et al. 2009) availables on the LAMBDA website in the
HEALPix pixelisation scheme at Ngg. = 512. These maps have
then been downgraded to Ngjge = 32 to increase the signal-to-
noise ratio as we are only interested on very large angular scales
and the analysis will be performed on Galactic latitude profiles.
We assumed anisotropic white noise on the maps and computed
the variance per pixel using the variance per observation pro-
vided on the LAMBDA website and maps of the number of ob-
servations. We ignored large angular scale correlations in the
noise but believed that this has no affect the final results since
very similar results have been obtained from a pixel-based anal-
ysis at Ngige = 16 using the full noise correlation matrix. The sec-
ond and third plots in the left column of Fig. 2 show the 23 GHz
Q and U maps. We can clearly observe the Galactic plane but
also large-scale high Galactic structures.

2.2. Thermal dust

The thermal dust emission in intensity is well traced by the IRAS
(Schlegel et al. 1998) all sky observations in the infrared, the
COBE-FIRAS (Boulanger et al. 1996) all sky observations in the
radio and millimeter domains and the ARCHEOPS (Macias-Pérez
et al. 2007; Benoit et al. 2004) data in the millimeter domain
over roughly one-third of the sky.

Early observations by Hiltner (1949); Hall (1949) and later
by Heiles (2000) demonstrated that starlight emission in the op-
tical domain was polarized, and therefore we can expect the
thermal dust emission at millimeter wavelengths also to be po-
larized. This was confirmed by the ARCHEOPS observations at
353 GHz (Ponthieu et al. 2005) that yielded a polarization frac-
tion of about 10% in the Galactic plane. Recent models of polar-
ized dust emission by Draine & Fraisse (2009) suggest that the
dust polarization fraction could be as high as 15% at 353 GHz.

Here we used the ARCHEOPS 353 GHz Q and U maps as
tracers of the polarized thermal dust emission. As shown in the
fifth and sixth plots of the left column of Fig. 2 they cover about
30% of the sky with 13 arcmin resolution. In contrast with the
WMAP data at 23 GHz, the dominant signal is concentrated on

the Galactic plane. These maps are then downgraded to Ngige =
32 to increase the signal-to-noise ratio. The noise is assumed
to be anisotropic white noise on the maps and we compute the
variance per pixel using information provided by the ARCHEOPS
collaboration (Macias-Pérez et al. 2007).

3. 3D modeling of the galaxy

We present in this section a realistic model of the diffuse polar-
ized synchrotron and dust emissions using a 3D model of the
Galactic magnetic field and of the matter density in the Galaxy.
We will consider the distribution of relativistic cosmic-ray elec-
trons (CRESs), ncgg, for the synchrotron emission and the dis-
tribution of dust grains, ng,g, for the thermal dust emission. The
total polarized foreground emissions observed at a given position
on the sky n and at a frequency v can be computed by integrating
along the line of sight as follows.

Synchrotron

For the synchrotron emission (Rybicki & Lightman 1979) we
write:

di™ = €Y(v) ncge(n,z) (D
x (Bim,27 + By(n,2°) """ dz
we obtain
() = f arr, )
Y (n) = f dl"™ cos(2y(n, 2)) p™™, 3)
UY“n) = f dI™ sin(2y(n, 2)) p™™, “4)

where I, Q and U are the Stokes parameters and €%Y"(v) is an
emissivity term. y is the polarization angle. B, is the magnetic
field component along the line of sight, n, and B; and B, the
magnetic field components on a plane perpendicular to the line-
of-sight. z is a 1D coordinate along the line-of-sight. s is the
exponent of the power-law representing the energy distribution
of relativistic electrons in the Galaxy. The polarization fraction,
p*"¢, is related to s, as follows

s+1
s+7/3

sync _

&)

A145, page 3 of 13


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201014492&pdf_id=1

1 wmapsyrs

Q wmap5yrs

A&A 526, A145 (2011)

1 sync model

O m— o 500

Q syne model

O —

U wmap5yrs

—80.0 m—

1 ARCHEOPS

O —

Q ARCHEOPS

—100.0 m—

U ARCHEOPS

T

- N i
e

A

~100.0 m—

=_ES
"4 =

O — e 250

U sync model

—80.0 m— o 80.0

1 dust model

O — e 900

Q dust model

—100.0 m— o 100.0

U dust model

—100.0 m— e 100.0

Fig. 2. Form top to bottom: maps in intensity, /, and polarization Q and U at 23 GHz for the WMAP 5-year data (/eft) and the model of synchrotron
emission with MLS magnetic field for the best fit model parameters (right) and at 353 GHz for the Archeops data (left) and the model of thermal
dust emission with MLS magnetic field for the best fit model parameters (right). The 353 GHz maps are rotated by 180° for better visualization.
All the maps are in Kg; units.
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Fig. 3. Schematic view of the polarization direction of the Galactic syn-
chrotron and dust thermal emissions as functions of the Galactic mag-
netic field direction.

In the following we will assume a constant value of 3 for s so
that the synchrotron emission will be proportional to the square
of the perpendicular component of the Galactic magnetic field to
the line of sight and pgyn. = 0.75 (Rybicki & Lightman 1979).

Locally, the direction of polarization will be orthogonal to
the magnetic field lines and to the line-of-sight. Then, the polar-
ization angle vy is given by

1 2Bi(n,7)B(n,

v(n,s) = = arctan(—2 (n,2) ,gn 3 ) (6)
2 Bj(n,z) - Bj(n,2)

Thermal dust

For thermal dust emission we have

A1 (n) = €™'(v) ngus(n,2) dz )

we can write

19(n) = f ard, ®)
0ty = [ ar ™ cosc2yn.z)

X fg(1, 2) fma(1, 2), )
U™ (n) = f A1t past sin(2y(n, 7))

X fe(n, 2) fma(n, 2), (10
where €' is the dust emissivity, p' is the polarization frac-

tion, y is the polarization angle, and, f, and fy, are polarization
suppression factors (see below). The polarization fraction pd'*t
will be considered a free parameter in the analysis.

As discussed before, dust grains in the ISM are oblates and
will align their large axis (see Fig. 3) perpendicularly to the
magnetic field lines (Davis & Greenstein 1951; Lazarian 1995;
Lazarian et al. 1997; Lazarian 2009). Therefore, the polariza-
tion direction for thermal dust emission will be perpendicular
both to the magnetic field lines and the line-of-sight as was al-
ready the case for the synchrotron emission. Then, the polariza-
tion angle y will be the same for the synchrotron and thermal
dust emissions. However, as the dust grains rotate with their
spin axis parallel to the magnetic field, we also need to ac-
count for a geometrical suppression factor. For instance, if the
magnetic field lines are parallel to the line-of-sight, we expect

the dust polarized emission to be fully suppressed. The sup-
pression factor can be expressed as f, = sin?(e) where a is
the angle between the magnetic field lines and the line-of-sight.
By construction, we observe that y and « are the same angle.
The process of alignment of the dust grains with the magnetic
field is very complex (Mathis 1986; Goodman & Whittet 1995;
Lazarian 1995; Lazarian et al. 1997; Lazarian 2009) and its ac-
curate representation is out of the scope of this paper. Then, to
account for misalignment between the dust grains and the mag-
netic field lines we define an empirical factor f,,. The exact form
of this factor is unknown but we have empirically observed that
the geometrical suppression seems to be more important than ex-
pected for the ARCHEOPS data. Therefore, we have taken fi,, to
be «sin(a). We have observed that the results presented in this
paper are robusts with respect to the parameter.

3.1. Matter density model

In galactocentric cylindrical coordinates (r, z, ¢) the relativistic
electrons density distribution can be written as (see Drimmel &
Spergel 2001)

,
e "CREr

(1)

Nere(r,2) = noe——>———,
cosh”(z/ncren)

where ncrg,, defines the width of the distribution vertically and
is set to 1 kpc in the following. ncrg, defines the distribution
radially and it is a free parameter of the model. Notice that we
expect these two parameters to be strongly correlated, hence we
decided to fix one of them as in previous analyses (Sun et al.
2008; Jaffe et al. 2010).

The density distribution of dust grains in the Galaxy is poorly
known and we therefore elect to describe it in the same way as
for relativistic electrons:

-
e dr

nq(r,z) = noa (12)

cosh®(z/nap)’

where ny, and ng,y, are the radial and vertical widths of the dis-
tribution. In the following we set them to 3 and 1 kpc respec-
tively. We have tested different values of these two parameters
and found no impact on the final results.

3.2. Galactic magnetic field model

According to observations many spiral galaxies over a range of
redshifts show evidences of a large scale magnetic field with in-
tensity of few pG, and a direction spatially correlated with the
spiral arms (Sofue et al. 1986; Beck et al. 1996; Wielebinski
2005). For our Galaxy, the magnetic field direction also seems
to follow the spiral arms but with a complex spatial distribution
(Wielebinski 2005; Han et al. 2006; Beck 2006). Indeed, there
are hints for local reversals in the field direction and radial de-
pendency of the intensity (Han et al. 2006; Beck 2001). Pulsar
Faraday rotation measurements (Han et al. 2004, 2006; Sofue
et al. 1986; Brown et al. 2007) have been used to fit the Galactic
large-scale magnetic field with various models including both
axisymmetric and bisymmetric forms, or a field that reverses in
the inter-arm regions, etc. Pulsar Faraday rotation measurements
also indicate the presence of a turbulent component of the mag-
netic field (Han et al. 2004). As discussed in Jaffe et al. (2010)
the turbulent Galactic magnetic field can be separated into an
isotropic and an anisotropic component. The latter, also called
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ordered random component, will be not considered in this paper
because it cannot be distinguished from the large-scale magnetic
field when studying polarization intensity only.

3.2.1. Large-scale magnetic field

In the following we consider a modified logarithmic spiral
(MLS) model of the large-scale magnetic field based on the
WMAP team model presented in Page et al. (2007). It assumes
a logarithmic spiral to mimic the shape of the spiral arms (Sofue
et al. 1986) to which we have added a vertical component. In
galactocentric cylindrical coordinates (r, z, @) it reads

B(r) = Brey(®)cos(@ + ) 1n(§)sin(p> cos(Y s
0

—cos(¢ +B)In ( ) cos(p) cos(x)ug

P
To

+ sin(y)u,], (13)
where p is the pitch angle and 8 = 1/ tan(p). ry is the radial scale
and x(r) = xo(r)(z/zo) is the vertical scale. Following Taylor &
Cordes (1993) we restrict our model to the range 3 < r < 20 kpc.
The lower limit is set to avoid the center of the Galaxy for which
the physics is poorly constrained and the model diverges. The
intensity of the regular field is fixed using pulsar Faraday rotation
measurements by Han et al. (2006)

Breg(r) = Boe™ (14)
where the large-scale field intensity at the Sun position is By =
2.1 £ 0.3 uG and Rp = 8.5 + 4.7 kpc. The distance between the
Sun and the Galactic center, Ry, is set to 8 kpc (Eisenhauer et al.
2003; Reid & Brunthaler 2005).

We also study the spiral model of Stanev (1997); Sun et al.
(2008), hereafter ASS. In cylindrical coordinates it is given by

BP = Di(r,®,2)Ds(r, ®, 2) sin(p) (15)
BY = —Di(r,®,2)Dy(r, ®, z) cos(p) (16)
B? =0 (17)

where D) accounts for the spatial variations of the field and D,
for asymmetries or reversals in the direction. The pitch angle
is defined as for the MLS model described above. D((r,z) is
given by

r—R 12|
By exp(—RO® - 5) r> R

18
B. r <R.. (18)

Dy (r,2) ={

where R, is the distance of the Sun to the center of the Galaxy
and it is set to 8 kpc as before. R, is a critical radius and it is set
to 5 kpc following the ASS+RING model in Sun et al. (2008).
In the same way Ry is fixed to 10 kpc, By to 6 uG and B to
2 uG. The field reversals are as in Sun et al. (2008) although
it is important to notice that the synchrotron and thermal dust
polarized emissions depend only on the orientation and not on
the sign of the magnetic field and therefore are not sensitives to
field reversals.
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3.2.2. Turbulent component

In addition to the large-scale Galactic magnetic field, Faraday
rotation measurements on pulsars in our vicinity have revealed
a turbulent component on scales smaller than a few hundred pc
(Lyne & Smith 1989). Moreover it seems to be present on large
angular scales (Han et al. 2004) with an amplitude estimated to
be of the same order of magnitude as that of the regular one
(Han et al. 2006). The magnetic energy Ep(k) associated with
the turbulent component is well described by a power spectrum
of the form (Han et al. 2004, 2006)

Ex(l) = c(ﬁ) (19)
ko

where @ = —0.37 and C = (6.8 + 0.3) x 10~ ergem™3 kpc.

As discussed before, we only consider here an isotropic random

Galactic magnetic field, modelling an ordered component is be-

yond the scope of this paper.

3.2.3. Final model

Finally the total magnetic Galactic field By (r) can be written as

Bo(r) = Breg(r) + B (r) (20)
where B, (r) is the regular component, either MLS or ASS, and
B (1) is the turbulent one. We define A, as the relative in-
tensity of the turbulent component with respect to the regular
one and it is a free parameter of the model. The turbulent com-
ponent is computed from a 3D random realization of the power
law spectrum presented above over a box of 5123 points of 56 pc
resolution.

In this paper we do not consider the halo component pre-
sented by Sun et al. (2008); Jansson et al. (2009) as relativistic
electrons and dust grains are not expected to be concentrated on
the halo.

3.3. Emissivity model in polarization

As discussed in the previous section, the polarized emission in
the 23 GHz WMAP data shows complex structures both on the
Galactic plane and in local high Galactic latitude structures such
as the north polar spur (Page et al. 2007). An accurate repre-
sentation of this complexity cannot be achieved using our sim-
plified model. A similar degree of complexity is observed in
the 353 GHz polarization maps although the morphology of the
structures is rather different. To account for this, the Q and U es-
timated for synchrotron and thermal dust models are corrected
using intensity templates of these components extrapolated to
the observation frequencies (23 and 353 GHz) using constant
spectral indices.
For the synchrotron emission we have

.o

Q= 1“35(0.408) e @b
vV U

Us = IHas(m) W, (22)

where Iy, is the reference map in intensity constructed from
the 408 MHz all sky continuum survey (see Sect. 2.1.1) after
subtraction of the free-free emission and v is the frequency of
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Table 1. Latitude and longitude bands for the Galactic profiles used in the analysis.

Latitude interval (deg) [0,30] [30, 90] [90,120] [120,180] [180,270] [270,330] [330,360]
Longitude interval (deg)  [-90,-50] [-50,-20] [-20,-5] [-5,5] [5,50] [50,70] [70,90]
Table 2. Parameters of the 3D Galactic model. I
S00F [c<7<30T
Parameter Range Binning 300 E E
7 (deg) [=80.0, 80.0] 10.0 200 4N -
Atart [0,25] X By~ 0.25 ok u i
nere, (kpe)  [0.0,10.0] 1 pad3
Bs [-43,-24] 0.1 100 =5 =
plust [0.00, 0.30] 0.01 47 gt N i
og 4
observation. Notice that we do not use the synchrotron MEM in- 0 : ’3*“‘,. :
tensity map at 23 GHz (Hinshaw et al. 2007) as a synchrotron 29 Epttiri s T asasc
template to avoid any possible spinning dust contamination (the ooe TEe =T 785 ]
WMAP team made no attempt to fit for the latter component). & soF s, E
1 . = { — it b,
The spectral index S5 used to extrapolate maps at various fre- ~ ~ Z0F= T ——— e ™
quencies is a free parameter of the model. —20¢
For the thermal dust emission we write oo
Qdusl 20 WWM o
Qu = Isfdﬁ» (23) °E .
v 150
Udusl 100 =3 E
Ua = hagesr (24) | SO i 3
v i
500 3
where Iy is the reference map in intensity at 353 GHz generated 100 & 550 < T < 560 ]
using model 8 from Finkbeiner et al. (1999). e | 7 i
We compute the 7, Q and U maps for synchrotron and ther- 100€ Y e e
mal dust with a modified version of the HAMMURABI code 90 72 S04 86 i L 076 56 54 72 90
eg

(Waelkens et al. 2009). Each map is generated by integrating
in 100 steps along each line-of-sight defined by the HEALPix
Nsige = 128 pixel centres. The integration continues out to 25 kpc
from the observer situated 8.5 kpc from the Galactic centre.

4. Galactic-profiles comparison
4.1. Galactic-profiles description

In order to compare the models of Galactic polarized emissions
to the available data, we compute Galactic longitude and lati-
tude profiles for the models and for the data in temperature and
polarization using the sets of latitude and longitude bands de-
fined in Table 1. In both cases, we use bins of longitude of 2.5°.
In the following discussions, we only consider Galactic latitude
profiles because equivalent results are obtained with the longitu-
dinal profiles.

We compute error bars including intrinsic instrumental un-
certainties and the extra variance induced by the presence of
a turbulent component. The latter is estimated from the RMS
within each of the latitude bins following Jansson et al. (2009).
For the 408 MHz all sky continuum survey we account for in-
trinsic uncertainties due to the 10% calibration errors described
in Sect. 2. For the WMAP 23 GHz data we have computed
600 realizations of Gaussian noise maps from the number of
hits per pixel and the sensitivity per hit given on the WMAP
LAMBDA web site. We have computed Galactic latitude profiles
in polarization for these simulated maps and estimated intrin-
sic errors from the standard deviation within each latitude bin.
For the ARCHEOPS data we use the noise simulations discussed
in Macias-Pérez et al. (2007) and proceed as for the WMAP data.

Fig. 4. Galactic profiles in temperature at 408 MHz built using the
Haslam data (black) and the model of synchrotron emission with MLS
for various values of the pitch angle p —70, —30 and 50 degrees (from
green to red).

Galactic latitude profiles are computed for a grid of models
obtained by varying the pitch angle, p, the turbulent component
amplitude, Ay, the dust fraction of polarization, pd““, the radial
scale for the synchrotron emission, ncrg,, and the synchrotron
spectral index, ;. The latter is assumed to be spatially constant
on the sky. Dealing with a more realistic varying spectral index
(see Kogut et al. 2007; La Porta et al. 2008 for detailed studies)
is beyond the scope of this paper. However, we ensured that this
hypothesis does not impact the results for the other free param-
eters in the model. Indeed, we produced simulated WMAP ob-
servations at 23 GHz with spatially varying synchrotron spectral
index and analysed them assuming a constant one. No signifi-
cant bias was observed for any of the other parameters and the
error bars were compatibles with those in the cases of a constant
spectral index.

The range and binning step considered for each of the above
parameters are given in Table 2. All the other parameters of
the models of the Galactic magnetic field and matter density
are fixed to values proposed in Sect. 3. Notice that to be able
to compare the dust models to the ARCHEOPS 353 GHz data,
the simulated maps are multiplied by a mask to account for the
ARCHEOPS incomplete sky coverage.

Figure 4 shows in black Galactic latitude profiles in temper-
ature for the 408 MHz all sky continuum survey with error bars
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Fig. 5. Galactic profiles in polarization Q and U at 23 GHz built with the five-year WMAP data (black) and the model of synchrotron emission
with MLS magnetic field for various values of the pitch angle p, =70, —30 and 50 degrees (from green to red).

computed as discussed above. In color, we show for compari-
son the expected galactic diffuse synchrotron emission from the
MLS Galactic magnetic field model for various values of the
pitch angle p from —80 to 80 degrees in steps of 20 degrees. In
Fig. 5 we present the polarization Galactic latitude profiles for
the WMAP 23 GHz data (black) and the expected polarized dif-
fuse synchrotron emission for the previous MLS models (color).
Finally, Fig. 6 shows the polarization Galactic latitude profiles
for the 353 GHz ARCHEOPS data (black) compared to the same
MLS models (color). From these figures we can see that the cur-
rent available data do have discriminative power between the dif-
ferent models and therefore a likelihood analysis is justified.

4.2. Likelihood analysis

The data and model Galactic latitude profiles are compared us-
ing a likelihood analysis where the total likelihood function is
obtained from

Lo = HZ:ILd
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(25)

where for each of the 3 data sets described above the log-
likelihood function is given by

NI N1 (D4 — M2 )?
_ i, ).k i,k
“logLa= )} ), — 26)
i Jj=0 k=0 a-i,j,k

where i represents the polarization state meaning intensity only
for the 408 MHz all-sky survey, and, Q and U polarization for
the 23 GHz WMAP and 353 GHz Archeops data. j and k repre-
sent the longitude bands and latitude bins respectively. D;{j,k and

ij . correspond to the data set d and model for the i polariza-

tion state, j longitude band and k latitude bin, respectively. (7;1/. .
is the error bar associated with le’j o

Table 3 presents the best-fit parameters for the three indi-
vidual data sets described above and also for their combination
(labeled All in the table). Results are presented both for the MLS
and ASS models of the Galactic magnetic field. The best-fit val-
ues for the pitch angle, p, are in agreement within 1-o error
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Fig. 6. Galactic profiles in temperature and polarization Q and U at 353 GHz with the ARCHEOPS data (black) and for various values of the pitch
angle p, =70, =30 and 50 degrees, for the model in polarization of thermal dust emission with MLS magnetic field (from green to red).

Table 3. Best-fit parameters for the MLS and ASS models of the Galactic magnetic field.

Data Magnetic field model p (deg) Awrb ICRE.r Bs P (%) )(fnm

408 MHz MLS —20.0“:28:8 <1.00 (95.4% CL) 4’:;6 0 0 3.58
ASS —10.0f§8:8 <1.0 (95.4% CL) 515 0 0 4.65

WMAP 23 GHz MLS —30.0f§8:8 <1.25(95.4% CL) <20(95.4% CL) —3.4f8:§ 0 5.72
ASS —40.0fg’8:8 <1.5(95.4% CL) 327(95.4% CL) —3.4f8:é 0 7.62

Archeops 353 GHz MLS —10’:;8 <2.25(95.4% CL) 0 0 4’:;2 1.72
ASS 40.0ff80 <2.25(95.4% CL) 0 0 347 1.98

All MLS —3038 <0.25 (95.4% CL) 522 —3.4f8:§ Sfi 11.7

ASS —20.018 <0.25 (95.4% CL) 6:{1 —3.5f8§ 6:2 15.2

bars for the three data sets. From the full data set, we can con-
clude that the pitch angle favoured by the data is around —30 de-
grees with error bars of the order of 10 to 20 degrees both for
the MLS and ASS models. The final error bars on this parame-
ter are in agreement with the dispersion observed from different
data sets, except for the Archeops ASS case. These results are

compatible with the pitch angle values presented in Sun et al.
(2008); Page et al. (2007); Miville-Deschénes et al. (2008). The
relative amplitude of the turbulent component, Ay, iS poorly
constrained and the data do not seem to favour a strong tur-
bulent component either in the case of MLS or ASS models.
However, our results are compatibles with the ones presented in
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Fig.7. From left to right and from top to bottom: power spectra C;T,CFE,CPB,CE,CIB,CF® at 23 GHz built with the 5-year WMAP data (black) and
the model of synchrotron emission with MLS magnetic field for the best fit model parameters, excluding the Galactic region defined by |b| < 5°.

Sun et al. (2008); Miville-Deschénes et al. (2008); Han et al.
(2004, 2006) at the 2-0 level. The electron density radial scale,
nCRe,r, 18 poorly constrained by the data both for MLS and
ASS models although our results are compatible with those of
Sun et al. (2008). We also tested the possibility of a local contri-
bution to the electronic density as proposed by Sun et al. (2008).
We found that adding this local component improves neither the
fit nor the constraint on the radial scale. The best-fit value for the
spectral index of the synchrotron emission seems to be signifi-
cantly lower than the one in Sun et al. (2008); Page et al. (2007).
This may due to differences between the intensity template.
Notice that we rescale the polarization intensity using the
408 MHz all sky continuum survey to obtain a more realistic
model. Finally, we observe that the constraints on the polariza-
tion fraction for dust, p?! are weak but they are in agreement
with the results in Ponthieu et al. (2005).

4.3. Temperature and polarization angular power spectra

Using the best-fit parameters of the MLS model, p = -30.0°,
A = 0.0, ncre, = 4 and S5 = —3.4, we have constructed sim-
ulated maps of the sky at 408 MHz and 23 and 353 GHz. Notice
that for Ay, we only had an upper-limit from the analysis and
therefore, we have decided to set it equal to zero to maximize
the possible foreground emissions in the following study. These
maps are shown on right-hand side of Figs. 2.1.1 and 2. Although
for the Galactic profiles the fit can be considered relatively
good, the fake temperature map at 408 MHz looks very different
from the 408 MHz all-sky survey map (left side of the plot), in
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particular at the North Polar Spur (Wolleben 2007), as no local
structures were included in the model. This supports a posteri-
ori our correction of the polarization synchrotron model using
an intensity template as presented in Sect. 3. In Q and U po-
larization, the 23 GHz simulated maps seem to reproduce qual-
itatively the structures observed in the WMAP data (left side of
the plot). However in temperature the model and the data are
very different as we have not accounted for spatially variable
synchrotron spectra nor for any extra component as discussed
in Page et al. (2007); Kogut et al. (2007); Miville-Deschénes
et al. (2008). Finally, the model of thermal dust emission is able
to reproduce qualitatively the ARCHEOPS data at 353 GHz.

I, Q and U maps can be decomposed in spherical harmonics
leading to the a/,, a;, and af coefficients. The auto and cross-
correlation of the latter form the 9 temperature and polarization
angular power spectra, C;¥ = (a}, ,a/ ), where X and Y can
be either 7', E or B. Figures 7 and 8 show the temperature and
polarization angular power spectra for the 23 GHz WMAP and
353 GHZ ARCHEOPS data compared to the best-fit MLS model
for synchrotron and dust, respectively. As discussed before, the
temperature auto power spectrum of the 23 GHz data is very dif-
ferent from the model as no extra components in temperature
were considered. However in polarization we have qualitatively
a good agreement. However, we clearly observe that the model
does not account for all the observed emission. At 353 GHz
the agreement between the data and the model qualitatively and
quantitatively is good. For polarization most of the data samples
at less than 3-o from the model. In temperature the model is not
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Fig. 8. From left to right and from top to bottom: power spectra C]T,CFE,CP®,CIE,CI® ,CF® at 353 GHz computed from ARCHEOPS data (black)
and the model of thermal dust emission with MLS magnetic field for the best fit model parameters (red) for the full sky.

as accurate as in polarization but we notice that the fitting was
restricted to polarization data only.

5. Galactic foreground contamination to the CMB
measurements by the PLANCK satellite

We can use the best-fit model of polarized synchrotron and dust
emissions to estimate the polarized foregrounds contamination
to the CMB at the PLANCK satellite observation frequencies.
Notice that the aim of this section is not to obtain an accurate
template of the polarized Galactic foreground emissions to be
subtracted from the PLANCK data for subsequent CMB analy-
sis. However, we are interested in comparing the predicted fore-
grounds contribution to the CMB emission.

For this purpose, we have produced simulated maps of
the Galactic polarized foreground emissions using the best-fit
model parameters for each of the PLANCK CMB frequencies,
70, 100, 143 and 217 GHz. The thermal dust polarized emis-
sion have been extrapolated using a constant spectral index of
2.0 in antenna temperature. We have computed the tempera-
ture and polarization power spectra of these maps and compared
them to the expected CMB ones for the WMAP best-fit ACDM
model (available on the LAMBDA website) to which we added
a tensor component assuming a tensor to scalar ratio of 0.1.
Note that neither noise, systematics nor resolution effects are
considered.

Figure 9 shows these power spectra at 100 GHz. The ex-
pected CMB signal is represented in red. The polarized diffuse
foreground emissions for Galactic latitude cuts of |b| < 15°, 30°
and 40° are shown as solid black, blue and cyan lines, respec-
tively. 1-o errors in the model are represented as dashed lines.
In temperature, the CMB ClTT dominates at all the angular scales
considered as could be expected from the WMAP and ARCHEOPS
data. For polarization, the CMB C fE dominates at high ¢ values
but we observe significant foreground contamination at the low-
est £ values (£ < 20). In the same way, the CMB C* dominates

at 100 GHz but for very low ¢ values. However, the CMB C}® is
significantly smaller than the foreground contribution at all the
angular scales considered even for such a large value of the ten-
sor to scalar ratio. The CMB C}'® and C}® are expected for most
cosmological models to be null and therefore, the foregrounds
contribution dominates the signal. These results are consistent
with previous estimates by La Porta et al. (2006) who consid-
ered only synchrotron emission and with those of Ponthieu et al.
(2005) who modeled only the dust emission.

As the Galactic polarized foreground emissions seem to
dominate the observed emission at the PLANCK CMB frequen-
cies, special care should be taken when estimating the CMB
emission using standard template subtraction techniques and
component separation algorithms. The assessment of the final
errors is crucial and it is likely that models of the polarized fore-
ground emissions such as those presented in this paper can be of
substantial help in this task.
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Fig. 9. From left to right and from top to bottom: power spectra CI*,C FE,C FB,C ,TE,C ,TB,C FB at 100 GHz for the model of Galactic polarized emission
applying a Galactic cut of |b| < 15° (black) 30° (blue) and 40° (cyan). The dashed curves indicate the 1-o error bars in the models. We compared
them to the expected CMB ones (red) for the WMAP best-fit ACDM model (Komatsu et al. 2009) to which we added a tensor component assuming

a tensor to scalar ratio of 0.1.
6. Summary and conclusions

‘We have presented in this paper a detailed study of the polarized
Galactic foregrounds due to diffuse synchrotron and thermal dust
emissions. We have constructed coherent models of these two
foregrounds based on a 3D representation of the Galactic mag-
netic field and of the distributions of relativistic electrons and
dust grains in the Galaxy. For the Galactic magnetic field we
have assumed a large-scale regular component plus a turbulent
one. The relativistic electrons and dust grains distributions have
been modeled with exponentials peaking at the Galactic center.
From these analysis we have been able to study the main pa-
rameters of the models, the magnetic field pitch angle, p, the
radial width of the relativistic electron distribution, /.., the rel-
ative amplitude of the turbulent component, Ay and spectral
index of the synchrotron emission ;. We have been able to set
constraints only on the pitch angle and the synchrotron spectral
index. An upper limit on the relative amplitude of the turbulent
component is obtained although the data seems to prefer no tur-
bulence at large angular scales. With the current data we are not
able to constrain the radial width of the relativistic electron dis-
tribution. Notice that our constraints are compatible with those
in the literature.

Using the best-fit parameters we have constructed maps in
temperature and polarization for the synchrotron and thermal
dust emissions at 23 and 353 GHz and compared them to the
WMAP and ARCHEOPS data at the same frequencies. We find
good agreement between the data and the model. However, when
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comparing the temperature and polarization power spectra for
the data and model maps, we observe that the synchrotron emis-
sion model is not realistic enough. For dust the model seems to
reproduce the data in better detail, but it is important to realize
that the errors on the ARCHEOPS data are much larger.

From this, we can conclude that the models presented in
this paper cannot be used for direct subtraction of polarized
foregrounds for CMB purposes. However, they can be of great
help in estimating the impact of the polarized Galactic fore-
ground emissions on the reconstruction of the CMB polar-
ized power spectra. Indeed, we have extrapolated the expected
polarized Galactic foreground emissions to the PLANCK CMB
frequencies, 70, 100, 143 and 217 GHz and found that they
dominate the emissions at low ¢, values where the signature of
important physical processes such as reionization are expected
in the polarized CMB power spectra. Furthermore, the Galactic
polarized foreground emissions seem to dominate the B modes
for which we expect a unique signature from primordial gravi-
tational waves. Because of this, we propose the use of models
similar to those presented in this paper to assess the errors in the
reconstruction of the CMB emission when using template sub-
traction techniques or component separation algorithms.
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