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a b s t r a c t

We present 3D models of the Galactic magnetic field including regular and turbulent components, and of
the distribution of matter in the Galaxy including relativistic electrons and dust grains. By integrating
along the line of sight, we construct maps of the polarized Galactic synchrotron and thermal dust emis-
sions for each of these models. We perform a likelihood analysis to compare the maps of the Ka, Q, V and
W bands of the Wilkinson Microwave Anisotropy Probe (WMAP) and the 353 GHz ARCHEOPS data to the mod-
els obtained by varying the pitch angle of the regular magnetic field, the relative amplitude of the turbu-
lent magnetic field and the extrapolation spectral indices of the synchrotron and thermal dust emissions.
The best-fit parameters obtained for the different frequency bands are very similar and globally the data
seem to favor a negligible isotropic turbulent magnetic field component at large angular scales (an aniso-
tropic line-of-sight ordered component can not be studied using these data). From this study, we con-
clude that we are able to propose a consistent model of the polarized diffuse Galactic synchrotron and
thermal dust emissions in the frequency range from 33 to 353 GHz, where most of the CMB studies
are performed and where we expect a mixture of these two main foreground emissions. This model
can be very helpful to estimate the contamination by foregrounds of the polarized CMB anisotropies,
for experiments like the PLANCK satellite.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The PLANCK
1 satellite mission [41,49], currently in flight, will pro-

vide measurements of the CMB anisotropies both in temperature
and polarization over the full sky with an unprecedented accuracy
[40]. In particular, it should be able to measure the tensor-to-scalar
ratio, r, which sets the energy scale of inflation [34,39]. For a ex-
tended mission and in the case of no direct detection, Planck should
set an upper limit of r < 0.03 [7,11,10], and thus provides tight con-
straints on inflationary models [1]. To achieve this high level of sen-
sitivity, it is necessary to estimate accurately the temperature and
polarization anisotropies from foreground diffuse Galactic emissions
and from point-like and compact sources of Galactic and extraGalac-
tic origin. A reliable estimation of the residual contamination due to
the foreground emissions after application of component separation
methods (see [5,31] for recent studies) is thus necessary to retrieve
the cosmological information from the PLANCK data.

As summarized in [13] the main polarized foreground contribu-
tions come from the diffuse Galactic synchrotron emission [38] and
from thermal dust emission [3,44]. The polarized synchrotron
emission have already been modeled by [38,48,24,25,13] based
on models of the Galactic magnetic field [19,20] and of the

relativistic electrons in the Galaxy. Concerning the thermal dust
emission, modeling based on the physical origins of this polarized
emission has already been discussed in [44,38,13].

We propose here an extended analysis of the 3D joint model of
the Galactic polarized diffuse emissions discussed in [13]. In the pre-
vious analysis we focused on the WMAP data at 23 GHz and ARCHEOPS at
353 GHz data where synchrotron and thermal dust emissions dom-
inate, respectively. Here, we use complementary data: the other fre-
quency bands of WMAP from 33 to 94 GHz, where a mixing of those
emissions is expected, and the ARCHEOPS data at 353 GHz. Further-
more we apply here a pixel-to-pixel likelihood based comparison in-
stead of a Galactic profile-based method as discussed in [13].

The paper is structured as follows: Section 2 describes the 5-
year WMAP and ARCHEOPS data set used in the analysis. In Section 3
we describe in detail models for the polarized foreground emis-
sions. Section 4 discusses the 3D model of the Galaxy using to con-
struct the polarized Galactic emissions. The models are statistically
compared to the data in Section 5 and we discuss the results in Sec-
tion 6. We finally conclude in Section 7.

2. Observations

2.1. Diffuse Galactic synchrotron emission

The synchrotron emission is an important contributor to the
diffuse sky emission at both radio and microwave observation
frequencies.
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In intensity, the 408 MHz all-sky continuum survey [21], at a
resolution of 0.85 degrees, is a good tracer of the synchrotron emis-
sion and it will be used in the following as a template. In particular,
we use the 408 MHz all-sky map available on the LAMBDA website
in the HEALPIX pixelisation scheme [18]. We correct this map from
the contribution from free-free emission which estimated to be
about 30%. The corrected maps was then downgraded to the reso-
lution of the WMAP and Archeops maps discussed below.

In polarization, Faraday rotation introduces complications into
the interpretation of the radio data since strong depolarization is
observed for frequencies lower than 10 GHz, particularly concern-
ing the inner part of the Galaxy [8,48,24,25,29]. A detailed discus-
sion on the depolarization process, based on data from the Leiden
survey, can be found in [28]. For this reason the best polarized
Galactic diffuse synchrotron tracers are at high frequency such as
the WMAP survey [38].

We used here the 5-year WMAP Q and U low resolution maps for
the frequency channels centered at 33 (Ka band), 41 (Q band), 61
(V band) and 94 GHz (W band) [37,17]. These data are available
on the LAMBDA website in the HEALPIX pixelisation scheme at
Nside = 16. The associated noise is estimated using the full noise cor-
relation matrix also available on the LAMBDA website in the same
resolution.

2.2. Thermal dust

The thermal dust emission is significant in the WMAP data only
for frequencies above 70 GHz, then we also used here the ARCHEOPS

353 GHz Q and U maps as tracers of the polarized thermal dust
emission. Those maps cover about 20% of the sky [35] and were fil-
tered and downgraded to Nside = 16 to make them comparable to
the WMAP ones.

In intensity, the most accurate measurements of the thermal
dust emission are those of the IRAS satellite [36] and in particular
at 100 lm. We use here predicted full-sky maps of sub millimeter
and microwave emission from the diffuse interstellar dust in the
Galaxy from [15] which were produced combining the IRAS data
at 6.1 arcmin and the COBE DIRBE data at 40 arcmin [47]. These
maps were downgraded to the resolution of the WMAP and Arche-
ops maps presented above.

3. Emissivity model in polarization

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 (CREs), nCRE, for the synchrotron emission and the distribu-
tion of dust grains, ndust, for the thermal dust emission. Following
[13] we calculate the Stokes parameters I, Q and U for the Galactic
polarized emission along the line of sight as follows.

For the synchrotron emission [46] we write:

Isync
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where Bn(n,s) is the magnetic component along the line-of-sight n,
and Bl(n,s) and Bt(n,s) the magnetic field components on a plane
perpendicular to the line-of-sight. Notice that the 3 vectors n, l, t
form an orthonormal basis being l and t oriented to the north and
to the east respectively in a plane perpendicular to n. The polariza-
tion fraction ps is set to 75% [46]. The polarization angle c(n,s) is
given by:

cðn; sÞ ¼ 1
2

arctan
2Blðn; sÞ � Btðn; sÞ
B2

l ðn; sÞ � B2
t ðn; sÞ

 !
: ð6Þ

The distribution of relativistic electrons, nCRE, is described in de-
tail in Section 4. IHas/ff is the reference map in intensity constructed
from the 408 MHz all sky continuum survey [21] after subtraction of
the bremsstrahlung (free–free) emission and m is the frequency of
observation. To subtract the free–free contribution we used the
WMAP K-band free–free foreground map generated from the maxi-
mum entropy method (MEM) [22,2]. Notice that we do not use
the synchrotron MEM intensity map at 23 GHz [22] as a synchro-
tron template to avoid any possible Anomalous Microwave Emis-
sion (AME) contamination (the WMAP team made no attempt to fit
for the latter). The spectral index bs used to extrapolate maps at
various frequencies is a free parameter of the model. The SED of
the synchrotron emission in the radio and microwave domain,
and in particular in the 33 to 353 GHz range, can be well approxi-
mated by a power law in antenna temperature units [46]. This is
due to the fact that the energy spectrum of the Galactic relativistic
electrons producing the radio and microwave synchrotron emis-
sion is also well approximated by a power law [26].

For the thermal dust emission we write

Idust
m ðnÞ ¼ IfdsðnÞ

m
353

� �bd

; ð7Þ

Qdust
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m
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� �bd

; ð8Þ
R
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; ð9Þ
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where the dust polarization fraction pd is set to 10% [44] based on
the ARCHEOPS data, and ndust(r,z) is the dust grain distribution dis-
cussed in Section 4. The sin2(a) term accounts for the geometrical
suppression and fnorm is an empirical factor which accounts for
the misalignment between dust grains and the magnetic field lines
(see [13] for details). The reference map, Ifds was taken to be model
8 in [15] at 545 GHz. The spectral index bd used to extrapolate maps
at various frequencies is a free parameter of the model. In the fol-
lowing we work on antenna temperature, Rayleigh–Jeans units.
Assuming nearly constant dust temperature across the sky then a
power-law approximation for the thermal dust emission in antenna
temperature units can be used [43].

4. A 3D modeling of the Galaxy

We describe here the 3D model of the Galaxy as used in the pre-
vious Stokes parameter definitions both for synchrotron and dust.

4.1. Matter density model

In galactocentric cylindrical coordinates (r,z,/) we consider an
exponential distribution of relativistic electrons nCRE on the Galac-
tic disk motivated by [9]:
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