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ABSTRACT

We perform an analysis of the di� use low-frequency Galactic components in thesouthern part of the Gould Belt system (130� � l � 230�

andŠ50� � b � Š 10� ). Strong ultra-violet �ux coming from the Gould Belt super-association is responsible for bright di� use foregrounds that
we observe from our position inside the system and that can help us improve our knowledge of the Galactic emission. Free-free emission and
anomalous microwave emission (AME) are the dominant components at low frequencies (� < 40 GHz), while synchrotron emission is very
smooth and faint. We separated di� use free-free emission and AME from synchrotron emission and thermal dust emission by usingPlanckdata,
complemented by ancillary data, using the correlated component analysis (CCA) component-separation method and we compared our results with
the results of cross-correlation of foreground templates with the frequency maps. We estimated the electron temperatureTe from H� and free-free
emission using two methods (temperature-temperature plot and cross-correlation) and obtainedTe ranging from 3100 to 5200 K for an e� ective
fraction of absorbing dust along the line of sight of 30% (fd = 0.3). We estimated the frequency spectrum of the di� use AME and recovered a
peak frequency (in �ux density units) of 25.5± 1.5 GHz. We veri�ed the reliability of this result with realistic simulations that include biases in the
spectral model for the AME and in the free-free template. By combining physical models for vibrational and rotational dust emission and adding
the constraints from the thermal dust spectrum fromPlanckand IRAS, we are able to present a good description of the AME frequency spectrum
for plausible values of the local density and radiation �eld.

Key words. Galaxy: general – radio continuum: ISM – radiation mechanisms: general
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1. Introduction

The wide frequency coverage of thePlanck1 data provides
a unique opportunity of studying the main four Galactic
foregrounds, namely free-free emission, synchrotron emission,
anomalous microwave emission (AME), and thermal (vibra-
tional) dust emission. The di� erent frequency spectra of the
components and their di� erent spatial morphologies provide a
means for separating the emission components. In this paper we
apply the correlated component analysis method (CCA,Bonaldi
et al. 2006; Ricciardi et al. 2010), which uses the spatial mor-
phology of the components to perform the separation. The local
Gould Belt system of current star formation is chosen as a partic-
ularly interesting area in which to make an accurate separation
of the four foregrounds because of the di� erent morphologies of
the components.Gould (1879) �rst noted this concentration of
prominent OB associations inclined at 20� to the Galactic plane.
It was next identi�ed as an H� feature (Davies 1960; Lindblad
1967). Along with velocity data from H� and CO combined with
stellar distances from H�������� , the total system appears to be
a slowly expanding and rotating ring of gas and dust surrounding
a system of OB stars within 500 pc of the Sun (Lindblad et al.
1997). A recent modelling of the Gould Belt system byPerrot &
Grenier(2003) gives semi-axes of 373× 233 pc inclined at 17�

with an ascending node atl = 296� and a centre 104 pc distant
from us lying atl = 180� . The Gould Belt thickness is 60 pc. The
stars de�ning the system have ages younger than 30× 106 yr.

The free-free emission from ionized hydrogen is well-
understood (Dickinson et al. 2003). H� is a good indicator of the
emission measure in regions of low dust absorption. Elsewhere
a correction has to be applied, which depends on where the ab-
sorbing dust lies relative to the H� emission. The conversion
of an emission measure value to a radio brightness tempera-
ture at a given frequency requires a knowledge of the electron
temperature. Alternatively, anelectron temperature can be de-
rived by assuming a value for the dust absorption. Values for
the electron temperature of 4000–8000K are found in similar
studies (Banday et al. 2003; Davies et al. 2006; Ghosh et al.
2012). Radio recombination-line observations on the Galactic
plane (Alves et al. 2012) give values that agree with those of
individual H�� regions, having temperatures that rise with in-
creasing distance from the Galactic centre; the value at the solar
distance where the current study applies is 7000–8000K.

The spectrum of synchrotron emission re�ects the spectrum
of the cosmic-ray electrons trapped in the Galactic magnetic
�eld. At frequencies below a few GHz the brightness temper-
ature spectral index,� s, is ranging fromŠ2.5 toŠ2.7 (Broadbent
et al. 1989). Between 1.0 GHz and WMAP andPlanckfrequen-
cies, the spectral index steepens to values fromŠ2.9 to Š3.1
(Banday et al. 2003; Davies et al. 2006; Kogut et al. 2011).

Thermal dust dominates the Galactic emission atPlanckfre-
quencies above 100 GHz. The spectrum is well-de�ned here
with temperatureTd � 18 K and spectral index� d ranging from
1.5 to 1.8 (Planck Collaboration 2011c). In the frequency range
60–143 GHz the dust emission overlaps that of the free-free
emission and AME, making it a critical range for component
separation.

1 Planck (http://www.esa.int/Planck ) is a project of the Euro-
pean Space Agency (ESA) with instruments provided by two scienti�c
consortia funded by ESA member states (in particular the lead countries
France and Italy), with contributions from NASA (USA) and telescope
re�ectors provided by a collaboration between ESA and a scienti�c con-
sortium led and funded by Denmark.

Fig. 1. Orthographic projection (looking towards the Galactic centre in
the left panel and the Galactic anti-centre in theright panel) of the
PlanckCMB-subtracted 30 GHz channel showing the Gould Belt and
the region of interest for this paper (de�ned by 130� � l � 230� and
Š50� � b � Š 10� ).

The AME component is highly correlated with the far infra-
red dust emission (Kogut 1996; Leitch et al. 1997; Banday et al.
2003; Lagache 2003; de Oliveira-Costa et al. 2004; Finkbeiner
et al. 2004a; Davies et al. 2006; Dobler & Finkbeiner 2008a;
Miville-Deschênes et al. 2008; Ysard et al. 2010; Gold et al.
2011; Planck Collaboration 2011d) and is believed to be the re-
sult of electric dipole radiation from small spinning dust grains
(Erickson 1957; Draine & Lazarian 1998) in a range of envi-
ronments (Ali-Haïmoud et al. 2009; Ysard & Verstraete 2010).
AME is seen in individual dust clouds associated with molec-
ular clouds, photo-dissociation regions, re�ection nebulae and
H �� regions (e.g.,Finkbeiner et al. 2002, 2004b; Watson et al.
2005; Casassus et al. 2006, 2008; Dickinson et al. 2006, 2007,
2009; Scaife et al. 2007, 2010; AMI Consortium et al. 2009;
Todorovíc et al. 2010; Murphy et al. 2010; Planck Collaboration
2011d; Dickinson 2013). In the present study we examine the
AME spectrum in more extended regions.

2. DeÞnition of the region of interest and aim
of the work

The projection of the Gould Belt disc on the sky is a strip that is
superimposed on the Galactic plane, except towards the Galactic
centre (northern Gould Belt) and aroundl = 180� (southern
Gould Belt). In this work we consider the southern Gould Belt,
which can be approximately de�ned by Galactic coordinates
130� � l � 230� and Š50� � b � Š 10� (see Fig.1). This
choice gives us a cleaner view of the Gould Belt, because the
background emission from the Galactic plane is weaker here
than towards the Galactic centre. Notable structures within the
region are the Orion complex, Barnard’s arc and the Taurus,
Eridanus, and Perseus star-forming complexes. All these emit-
ting regions, including the di� use emission from the Eridanus
shell atŠ50� < b < Š30� , are at a distance within 500 pc from
us and thus they belong to the local inter-stellar medium (ISM)
associated with the Gould Belt (e.g.Reynolds & Ogden 1979;
Boumis et al. 2001).

In Fig.2 we show the CMB-subtractedPlanckdata at 1� res-
olution, compared with theHaslam et al.(1982) 408 MHz map,
which mostly traces the synchrotron component, theDickinson
et al.(2003) H� map, tracing free-free emission, and the 100µm
map from Schlegel et al.(1998), tracing the dust emission.
The visual inspection reveals dust-correlated features at low fre-
quency, which could be attributed to AME. There is also promi-
nent free-free emission, especially strong in the Barnard’s arc
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Fig. 2.Gnomonic projections of the region of interest.Top panels: Haslam et al.(1982) 408 MHz map (left); H� map fromDickinson et al.(2003)
(middle); and 100µm map fromSchlegel et al.(1998) (right) at native resolution.Middle panels(left to right): PlanckCMB-subtracted 30, 44,
and 70 GHz maps at 1� resolution.Bottom panels(left to right): PlanckCMB-subtracted 143, 353, and 857 GHz at 1� resolution.

region (towardsl = 207� , b = Š18� ). The synchrotron compo-
nent appears to be sub-dominant with respect to the free-free
emission and the AME.

This work aims at separating and studying the di� use low-
frequency foregrounds, in particular AME and free-free emis-
sion, in the region of interest. This requires estimating the spec-
tral behaviour of the AME (carried out in Sect.4). We compare
this spectrum with predictions for spinning dust emission, one
of the mechanisms that is most often invoked to explain AME
(Sect.7). After reconstructing the free-free emission, we esti-
mate the free-free electron temperature (Sect.6), which relates
free-free brightness to emission measure, and investigate the de-
pendence of this result on the dust absorption fraction.

3. Description of the analysis

3.1. Input data

Planck(Tauber et al. 2010; Planck Collaboration 2011a) is the
third-generation space mission that measures the anisotropy of
the cosmic microwave background (CMB). It observes the sky
in nine frequency bands covering 30–857 GHz with high sensi-
tivity and angular resolution from 31� to 5� . The Low Frequency
Instrument (LFI;Mandolesi et al. 2010; Bersanelli et al. 2010;
Mennella et al. 2011) covers the 30, 44, and 70 GHz bands
with ampli�ers cooled to 20 K. The High Frequency Instrument
(HFI; Lamarre et al. 2010; Planck HFI Core Team 2011a) cov-
ers the 100, 143, 217, 353, 545, and 857 GHz bands with
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Table 1.Summary ofPlanck data.

Central frequency Instrument Resolution
[GHz] [arcmin]

28.5 PlanckLFI 32.�65
44.1 PlanckLFI 27.�92
70.3 PlanckLFI 13.�01
100 PlanckHFI 9.�88
143 PlanckHFI 7.�18
217 PlanckHFI 4.�87
353 PlanckHFI 4.�65
545 PlanckHFI 4.�72
857 PlanckHFI 4.�39

bolometers cooled to 0.1 K. Polarization is measured in all but
the highest two bands (Leahy et al. 2010; Rosset et al. 2010).
A combination of radiative cooling and three mechanical cool-
ers produces the temperatures needed for the detectors and op-
tics (Planck Collaboration 2011b). Two data-processing centres
(DPCs) check and calibrate the data and make maps of the sky
(Planck HFI Core Team 2011b; Zacchei et al. 2011). Planck’s
sensitivity, angular resolution, and frequency coverage make it a
powerful instrument for galactic and extragalactic astrophysics
as well as cosmology. Early astrophysics results are given in
Planck Collaboration 2011c,d,e,f, 2013b, based on data taken
between 13 August 2009 and 7 June 2010. Intermediate astro-
physics results are now being presented in a series of papers
based on data taken between 13 August 2009 and 27 November
2010.

The Planckdata used throughout this paper are an internal
data set known as DX7, whose properties are described in ap-
pendices to the LFI and HFI data processing papers (Planck
Collaboration 2013a,b). However, we have tested the analysis
to the extent that the results will not change if carried out on the
maps that have been released to the public in March 2013.

The speci�cations of thePlanck maps are reported in
Table 1. The dataset used for the analysis consists of full-
resolution frequency maps and the corresponding noise infor-
mation. We indicate whenever the CMB-removed version of this
dataset was used for display purposes.

When analysing the results, we applied a point source
mask based on blind detection of sources above 5� in each
Planck map, as described inZacchei et al.(2011) andPlanck
HFI Core Team(2011b). Ancillary data were used throughout
the paper for component-separation purposes, to simulate the
sky and data, or to analyse our results. The full list of ancillary
data is reported in Table2 with the main speci�cations.

3.2. Components

The main di� use components present in the data are CMB and
Galactic synchrotron emission, free-free emission, thermal dust
emission, and AME. The frequency spectrum of the CMB com-
ponent is well-known: it is accurately described by a black-body
with a temperatureTCMB = 2.7255K (Fixsen 2009).

Thermal dust emission dominates at high frequencies. Its
spectral behaviour is a superposition of modi�ed black-body
components identi�ed by temperatureTdust and emissivity in-
dex� d:

TRJ,dust(� ) � � � d+1/ [exp(h�/ kTdust) Š 1], (1)

wherek is the Boltzmann constant andh is the Planck constant.
In the approximation of a single component, over most of the

sky we haveTdust � 18 K and� d of 1.5–1.8 (Finkbeiner et al.
1999; Planck Collaboration 2011c,f).

The frequency spectrum of the free-free component is often
described by a power-law with spectral indexŠ2.14 in RJ units.
A more accurate description (see, e.g.Planck Collaboration
2011d) is given by

TRJ,� (� ) � G(� ) × (�/ 10)Š2, (2)

whereG = 3.96(T4)0.21(�/ 40)Š0.14 is the Gaunt factor, which is
responsible for the departure from a pure power-law behaviour.
T4 is the electron temperatureTe in units of 104 K (Te can
range over 2000–20000 K, but for most of the ISM it is 4000–
15 000 K).

The spectral behaviour of synchrotron radiation can be de-
scribed to �rst order by a power-law model with spectral index
� s that typically assumes values fromŠ2.5 to Š3.2, depending
on the position in the sky. Steepening of the synchrotron spec-
tral index with frequency is expected due to energy losses of the
electrons.

The frequency scaling of the AME component is the most
poorly constrained. The distinctive feature is a peak around 20–
40 GHz (Draine & Lazarian 1998; Dobler & Finkbeiner 2008b;
Dobler et al. 2009; Hoang et al. 2011). However, a power-law
behaviour is compatible with most detections above 23 GHz
(Banday et al. 2003; Davies et al. 2006; Ghosh et al. 2012). This
could be the result of a superposition of several peaked compo-
nents along the line of sight or could indicate a peak frequency
lower than 23 GHz. The most recent WMAP 9-yr results quote
a peak frequency at low latitudes ranging from 10 to 20 GHz
for the spectrum in KRŠJ units, which means 20–30 GHz when
considering �ux density units.

3.3. Component separation pipeline

Several component-separation methods adopt the linear-mixture
data model (see AppendixA for a full derivation). For each line
of sight we write

x = Hs+ n, (3)

where x and n contain the data and the noise signals. They
are vectors of dimensionNd, which is the number of frequency
channels considered. The vectors, with the dimensionNc, con-
tains theNc unknown astrophysical components (e.g. CMB, dust
emission, synchrotron emission, free-free emission, AME) and
the Nd × Nc matrix H, called the mixing matrix, contains the
frequency scaling of the components for all frequencies. The el-
ements of the mixing matrix are computed by integrating the
source emission spectra within the instrumental bandpass. When
working in the pixel domain, Eq. (3) holds under the assumption
that the instrumental beam is the same for all frequency chan-
nels. In the general case, this is achieved by equalizing the reso-
lution of the data maps to the lowest one. When working in the
harmonic or Fourier domain, the convolution for the instrumen-
tal beam is a multiplication and is linearized without assuming a
common resolution.

Within the linear model, we can obtain an estimateŝ of the
componentss through a linear mixture of the data:

ŝ = Wx, (4)

whereW is called the reconstruction matrix. Suitable recon-
struction matrices can be obtained from the mixing matrixH.
For example,

W = [HTCŠ1
n H]Š1HTCŠ1

n (5)
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Table 2.Summary of ancillary data.

Central frequency Label Resolution Reference
[GHz] [arcmin]

0.408 Haslam 60 Haslam et al.(1982)
H� 60 Dickinson et al.(2003)
H� 6–60 Finkbeiner(2003)

22.8–94 WMAP 7-yr 56.8–13.8 Jarosik et al.(2011)
94 60 Finkbeiner et al.(1999)
2997 100µm 5 Schlegel et al.(1998)
24983, 2997 IRIS Band 1, 4 4 Miville-Deschênes & Lagache(2006)

E(B Š V) 5 Schlegel et al.(1998)

is called the generalized least-squares (GLS) solution and only
depends on the mixing matrix and on the noise covarianceCn.

The mixing matrix is the key ingredient of component sep-
aration. However, as discussed in Sect.3.2, the frequency spec-
tra of the components are not known with su� cient precision to
perform an accurate separation. To overcome this problem, our
component-separation pipeline implements a �rst step in which
the mixing matrix is estimated from the data and a second one
in which this result is exploited to reconstruct the amplitudes of
the components.

3.3.1. Estimating the mixing matrix

To estimate the mixing matrix we relied on the CCA (Bonaldi
et al. 2006; Ricciardi et al. 2010), which exploits second-order
statistics of the data to estimate the frequency scaling of the com-
ponents on de�ned regions of the sky (sky patches). We used the
harmonic-domain version of the CCA, whose basic principles
of operation are reported in AppendixA. This code works on
square sky patches using Fourier transforms. It exploits the data
auto- and cross-spectra to estimate a set of parameters describing
the frequency scaling of the components. The patch-by-patch es-
timation prevents the detection of small-scale spatial variations
of the spectral properties. On the other hand, by using a large
number of samples we retain more information, which provides
good constraints, even when the components have similar spec-
tral behaviour. The CCA has been successfully used to separate
the synchrotron, free-free and AME components from WMAP
data inBonaldi et al.(2007).

We used a patch size of 20� × 20� , obtained as a trade-o�
between having enough statistics for a robust computation of
the data cross-spectra and limited spatial variability of the fore-
ground properties. Given the dimension of the region of inter-
est, we have ten independent sky patches. However, exploiting
a redundant number of patches, widely overlapping each other,
enables us to eradicate the gapsbetween them and obtain a re-
sult that is independent of any speci�c selection of patches. We
covered the region of interest with patches spaced by 2� in both
latitude and longitude. By re-projecting the results of the CCA
on a sphere and averaging theoutputs for each line of sight, we
can synthesize smooth, spatially varying maps of the spectral
parameters (seeRicciardi et al. 2010for more details).

3.3.2. Reconstruction of the component amplitudes

The amplitudes were reconstructed in pixel space at 1� resolu-
tion using Eqs. (4) and (5), exploiting the output of the previ-
ous step. To equalize the resolution of the data maps, thea� m of
each map were multiplied by a window function,W(� )

S , given
by a 1� Gaussian beam divided by the instrumental beam of

the corresponding channel (assumed to be Gaussian with a full
width half maximum (FWHM) as speci�ed in Table 1). This cor-
responds, in real space, to a convolution with a beamBS. To
obtain an estimate of the corresponding noise after smoothing,
the noise variance maps should be convolved withBN = (BS)2.
We did this again in harmonic-space, after obtaining the window
function W(� )

N , corresponding toBN, by Legendre-transforming
W(� )

S , squaring the result, and Legendre-transforming back.
The smoothing process also correlates noise between di� er-

ent pixels, which means that the rms per pixel obtained as de-
tailed above is not a complete description of the noise properties.
However, estimating of the full covariance of noise (and its prop-
agation through the separation in Eqs. (4) and (5)) is very com-
putationally demanding. In this work we took into account only
the diagonal noise covariance and neglected any correlation be-
tween noise in di� erent pixels. In a signal-dominated case, such
as the one considered here, the errors on the noise model have
only a weak impact on the results.

4. AME frequency spectrum

We modelled the mixing matrix to account for �ve components:
the CMB, the synchrotron emission, the thermal dust emission,
the free-free emission, and the AME. We neglected the CO com-
ponent by excluding the 100 and 217 GHzPlanckchannels from
the analysis, which are signi�cantly contaminated by the CO
lines J = 1 � 0 andJ = 2 � 1, respectively (Planck HFI Core
Team 2011b). CO is also present at 353 GHz, where it can con-
taminate the dust emission by up to 3% in the region of interest,
and at 545 and 857 GHz, where the contamination is negligible.
To estimate the mixing matrix we used the following datasets

– thePlanck30, 44, 70, 143 and 353 GHz channels,
– the WMAP 7-yr K band (23 GHz),
– the Haslam et al. 408 MHz map,
– the predicted free-free emission at 23 GHz based on the H�

Dickinson et al.(2003) template corrected for dust absorp-
tion with theSchlegel et al.(1998) E(BŠ V) map by assum-
ing a dust absorption fraction of 0.33.

We veri�ed that including the WMAP Ka-W bands in this anal-
ysis did not produce appreciable changes in the results. The
explored frequency range is now covered byPlanckdata with
higher angular resolution and sensitivity. Caution is needed
when using H� as a free-free tracer: dust absorption (Dickinson
et al. 2003) and scattering of H� photons from dust grains (Wood
& Reynolds 1999; Dong & Draine 2011) cause dust-correlated
errors in the free-free template, which could bias the AME spec-
trum. The impact of such biases was assessed through simula-
tions as described in Sect.4.1.
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For dust emission we used the model of Eq. (1) with Td =
18 K and estimated the dust spectral index� d. The reason why
we �xed the dust temperature is that this parameter is mostly
constrained by high-frequency data, which we do not include in
this analysis. In fact, a single modi�ed black-body model with
constant� d only poorly describes the dust spectrum across the
frequency range covered byPlanck. In particular,� d is derived to
be �atter in the microwave (� � 353 GHz) than in the millimetre
range (� > 353 GHz).

The temperatureTd = 18 K we adopted is consistent with
the one-component dust model byFinkbeiner et al.(1999) and
agrees well with the median temperature of 17.7 K estimated at
|b| > 10� by Planck Collaboration(2011c). For the dust spec-
tral index we obtained� d = 1.73± 0.09. For synchrotron radi-
ation we adopted a power-law model with a �xed spectral in-
dex� s = Š2.9 (e.g.,Miville-Deschênes et al. 2008), because the
weakness of the signal prevented a good estimation of this pa-
rameter. We veri�ed that di� erent choices for� s (up to a 10%
variation,� s from –2.6 to –3.2) changed the results for the other
parameters only by about 1%, due to the weakness of the syn-
chrotron component with respect to the AME and thermal dust.
As a spectral model for the AME we adopted the best-�t model
of Bonaldi et al.(2007), which is a parabola in the log(S)-log(� )
plane parametrized in terms of peak frequency� p

2 and slope at
60 GHzm60:

logTRJ,AME(� ) �
�

m60 log� p

log(� p/ 60)
+ 2

�
log� +

m60(log� )2

2 log(� p/ 60)
· (6)

Details of the model and justi�cation of this choice are given
in Appendix B. We also tested a pure power-law model
(TRJ,AME(� ) � � � ) for AME, �tting for the spectral index� , but
we were unable to obtain valid estimates in this case. This is
what we expect when the true spectrum presents some curvature,
as veri�ed through simulations (see Sect.4.1and AppendixC).

Our results for the AME spectrum are shown in the left pan-
els of Fig.3. On average, the AME peaks at 25.5 GHz, with a
standard deviation of 0.6 GHz, which is within estimation errors
(1.5 GHz). This means we �nd no signi�cant spatial variations
of the spectrum of the AME in the region of the sky considered
here. However, we recall that this only applies to di� use AME,
because our pipeline cannot detect small-scale spatial variations,
and we are restricted to a limited area of the sky.

Our results on the peak frequency of the AME are simi-
lar to those ofPlanck Collaboration(2011d) for Perseus and�
Ophiuchi. The WMAP 9-yr MEM analysis (Bennett et al. 2012)
measures the position of the peak for the spectrum in KRŠJ units
and �nds a typical value of 14.4 GHz for di� use AME at low
latitudes, which roughly corresponds to 27 GHz when the spec-
trum is in �ux density units. According to previous work, at
higher latitudes the peak frequency is probably lower (see e.g.
Banday et al. 2003; Davies et al. 2006; Ghosh et al. 2012).
Interestingly, the same CCA method used in this paper yields� p
around 22 GHz when applied to the North Celestial Pole region
(towardsl = 125� , b = 25� , Bonaldi & Ricciardi 2012). Spatial
variations of the physical properties of the medium could explain
these di� erences.

In the hypothesis of spinning dust emission, there are many
ways to achieve a shift in the peak frequency. Because the avail-
able data do not allow us to distinguish between them, we just
mention two main possibilities. The �rst is a change in the den-
sity of the medium, lower densities being associated with lower

2 The peak frequency� p is de�ned for the specrum in �ux density
units.

peak frequencies (see also TableB.1). Indeed, the AME spec-
trum is modelled with densities of 0.2–0.4cmŠ3 in Bonaldi &
Ricciardi(2012), while it requires higher densities in the Gould
Belt region, as discussed in Sect.7. The second possibility is a
change in the size distribution of the dust grains, smaller sizes
yielding higher peak frequencies. We return to these aspects in
Sect.7.

4.1. Assessment through simulations

The reliability of our results has been tested with simulations.
The main purposes of this assessment are

– to verify the ability of our procedure to accurately recover
the AME spectrum for di� erent input models and

– to investigate how the use of foreground templates – free-free
in particular – can bias the results.

We assessed this by applying the procedure described in Sect.4
to sets of simulated data, whose true inputs are known. For the
�rst target, we performed three separate simulations including
a di� erent AME model: two spinning-dust models, peaking at
19 GHz and 26 GHz, and a spatially varying power-law. For the
second target, we introduced dust-correlated biases in the free-
free template and quanti�ed their impact on the estimated pa-
rameters. The full description of the simulations and of the tests
performed is given in AppendixC.

The results are displayed in the right panels of Fig.3. In the
top panel we show the true spectrum (solid line) and the esti-
mated spectrum with errors (shaded area) for each of the three
tested input models. The red and blue areas distinguish between
two free-free templates (referred to as FF1 and FF2), which are
biased in a di� erent way with respect to the simulated free-free
component. In the middle and bottom panels we show the his-
tograms of the recovered spectral parameters compared with the
true inputs (vertical lines); the red and blue colours are as before.
We conclude the following:

– If the input AME is a convex spectrum, we are able to ac-
curately recover the peak frequency,� p, for both the 19 and
26 GHz input values. Our pipeline is able to distinguish very
clearly between the two input models; biases in the free-free
template do not a� ect the recovery of the peak frequency.

– The estimated spectrum can be slightly biased above 40–
50 GHz, where the AME is faint, as a result of limitations of
the spectral model we used (see AppendixB) and errors in
the free-free template. The systematic error onm60 is quan-
ti�ed as 0.5–0.6.

– If the input AME spectrum is a power-law, we obtain a good
recovery when �tting for a spectral index.

When the AME is a power-law, the parabolic model is clearly
wrong, because the parameter describing the position of the peak
is completely unconstrained and the model steepens consider-
ably with frequency. Similarly, when the AME is a curved spec-
trum, the power-law model is too inaccurate to describe it. As
expected, both these estimates fail to converge. We note that
the distribution ofm60 recovered on real data is quite di� erent
from that obtained from the simulation. This could indicate spa-
tial variability of the true spectrum, which is not included in the
simulation. It could also indicate that the systematic errors on
m60 predicted by simulations, as we just described, are di� erent
in di� erent regions of the sky, thus creating a non-uniform e� ect.
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Fig. 3. CCA estimates of the AME frequency spectrum in the region of interest for real data (left panels)and simulated data (right panels). Top:
estimated spectra including 1� errors.Middle and bottom: histograms of the spectral parametersm60 and� p on Nside = 16 estimated spectral index
maps. For the simulated case (right panels) we considered two convex spectra peaking at 19 GHz and 26 GHz and a power-law model.Top right:
the true inputs are shown as solid black lines (power-law) with triangles (19 GHz peak) and squares (26 GHz peak) and the estimates as shaded
areas. The blue and red colours show estimates derived by exploiting the free-free templates FF1 and FF2 described in AppendixC. Middle and
bottom-right panels: the true inputs are shown as solid and dotted vertical lines for the simulations peaking at 26 GHz and 19 GHz respectively;
the blue dot-dashed and red solid histograms show the estimates obtained using the FF1 and FF2 templates, and the black dashed lines show the
estimates for the 19 GHz input spectrum.

5. Reconstruction of the amplitudes

We reconstructed the amplitude of the components on the 1� res-
olution version of the dataset. We used the same frequencies as
for estimating the mixing matrix, except for the free-free tem-
plate, which was excluded to avoid possible biases in the recon-
struction. The results are shown in Fig.4. The �rst and second
rows show the components reconstructed at 30 GHz (from left
to right: synchrotron emission, free-free emission, AME, and
thermal dust emission) and the corresponding noise rms maps.

Thanks to the linearity of the problem, the noise variance maps
can be obtained by combining the noise variance maps of the
channels at 1� degree resolution with the squared reconstruction
matrixW. The noise on the synchrotron and thermal dust maps is
low compared with that for free-free and AME. This is because
the 408 MHz map and thePlanck 353 GHz channel constrain
well the amplitudes of synchrotron and thermal dust emission.

The AME component is correlated at about 60% and
70% with the 100µm and theE(B Š V) dust templates by
Schlegel et al.(1998), at about 40% withHaslam et al.(1982)
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