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ABSTRACT

We usePlanck HFI data combined with ancillary radio data to study the emissivity index of the interstellar dust emission in the frequency range
100–353 GHz, or 3–0.8 mm, in the Galactic plane. We analyse the regionl = 20◦–44◦ and|b| ≤ 4◦ where the free-free emission can be estimated
from radio recombination line data. We fit the spectra at eachsky pixel with a modified blackbody model and two spectral indices,βmm andβFIR,
below and above 353 GHz respectively. We find thatβmm is smaller thanβFIR and we detect a correlation between this low frequency power-law
index and the dust optical depth at 353 GHz,τ353. βmm increases from about 1.53 in the more diffuse regions of the Galactic disk,|b| = 3◦–4◦

andτ353 ∼ 5 × 10−5, to about 1.65 in the densest regions with an optical depth ofmore than one order of magnitude higher. We associate this
correlation with an evolution of the dust emissivity related to the fraction of molecular gas along the line of sight. This translates intoβmm ∼ 1.53
for a medium which is mostly atomic andβmm ∼ 1.65 when the medium is dominated by molecular gas. We find that both the Two-Level System
model and the emission by ferromagnetic particles can explain the results if spatial variations of the component or physical processes responsible
for the flattening of the dust emission are allowed. The results improve our understanding of the physics of interstellardust, and lead towards a
complete model of the dust spectrum from far-infrared to millimetre wavelengths.

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

1. Introduction

The frequency coverage ofPlanck1 is opening new windows in
our understanding of Galactic emission. This is especiallythe
case for the high frequency data which are providing an all-sky

∗ Corresponding author: M. I. R. Alves,marta.alves@ias.
u-psud.fr

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particularthe lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

view of the Rayleigh-Jeans regime of the thermal dust spectrum.
The emission at thePlanck high frequency bands (350µm–
3 mm) is dominated by the contribution of big grains, which
heated by stellar photons are in thermal equilibrium with the in-
terstellar radiation field (ISRF). The spectral energy distribution
(SED) of big dust grains is usually approximated by a modified
blackbody emission law of the form:

Iν = τν0

(

ν

ν0

)β

Bν(ν, Td) (1)

whereτν0 is the dust optical depth at a reference frequencyν0,
β is the spectral index of the opacity, andBν is the Planck func-
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tion, which depends on both the frequency and the dust tempera-
tureTd. However, early observations by theCosmic Background
Explorer (COBE) indicated that the modified blackbody spec-
trum does not provide a good description of the dust SED from
far-infrared (FIR) to millimetre wavelengths (Reach et al.1995).
Later works have confirmed thatβ appears to vary with fre-
quency, the SED flattening in the millimetre relative to the best
single modified blackbody fit, and also varying with environ-
ment (Finkbeiner et al. 1999; Galliano et al. 2005; Paladiniet al.
2007; Planck Collaboration 2011c,b). Studies of dust analogues
(e.g., Agladze et al. 1996; Boudet et al. 2005; Coupeaud et al.
2011) have characterized the FIR and millimetre emission ofdif-
ferent types of amorphous silicates. These showed a frequency,
as well as temperature, dependence ofβ not unlike the astronom-
ical results. The astrophysical interpretation of this flattening is
under study, as new observations become available, and some
possible explanations have been suggested. One possibility is a
description of the opacity of the big grains in terms of a Two-
Level System (TLS, Paradis et al. 2012). Alternatively, it might
be attributed to magnetic dipole emission from a distinct new
grain component, magnetic nano-particles (Draine & Hensley
2012a).

In order to study the low-frequency flattening of the dust
SED in the Galactic plane, we need to take into account free-free
emission from the ionized gas. Free-free emission is a principal
foreground contaminant of the Cosmic Microwave Background
(CMB), not only at radio frequencies, where it is comparableto
other Galactic components such as synchrotron, but also at mil-
limetre wavelengths where the thermal dust emission dominates.
It becomes a major component in the Galactic plane where it is
produced by the gas ionized by recently formed massive stars.
All-sky maps of the free-free emission, derived in the context
of CMB foreground studies, have been obtained directly from
Hα measurements (Dickinson et al. 2003; Finkbeiner 2003).
However this optical line suffers from large dust absorption
along the Galactic plane, and thus fails to provide a reliable
measure of the thermal emission at low Galactic latitudes. A
free-free map that includes the Galactic plane is essential, not
only to correctly evaluate the CMB power spectrum at low an-
gular frequency, but also for Galactic star formation studies. The
WMAP satellite has provided all-sky maps at five microwave
frequencies that have been combined to estimate the contribu-
tion of free-free, synchrotron, thermal dust and anomalousmi-
crowave emission (AME) using a maximum entropy method
(MEM, Bennett et al. 2012).

Another approach using hydrogen radio recombination lines
(RRLs) has been presented recently by Alves et al. (2010, 2012).
In contrast to Hα these radio lines at a frequency of 1.4 GHz are
optically thin and are not absorbed by dust or the radio emit-
ting plasma. The RRL method has provided the first direct mea-
sure of the diffuse free-free emission along the Galactic plane,
in the longitude rangel = 20◦–44◦ and for latitudes|b| ≤ 4◦

(Alves et al. 2012).
Free-free emission from thermal electrons has a flat intensity

spectral index given byI ∝ να, where

α = −
1

10.48+ 1.5 ln(Te/8000K)− ln(ν/GHz)
(2)

with Te the electron temperature (Bennett et al. 1992;
Dickinson et al. 2003). For the high-frequency range of
Planck and the typical values of electron temperature, 7000 K,
α varies between−0.18 and−0.23. Variations in the electron
temperature of 2000 K do not change the free-free spectral

index by more than 0.02. The free-free emission domi-
nates at frequencies between 60 and 100 GHz, but there the
other Galactic components, namely synchrotron, dust and
AME, also contribute to the total intensity. The AME is an
additional Galactic component observed in the frequency
range 10–60 GHz (e.g., Kogut et al. 1996; Leitch et al. 1997;
de Oliveira-Costa et al. 1997; Planck Collaboration 2011e,
2013a; Planck Collaboration Int. XII 2013) which cannot
be explained by free-free, synchrotron or vibrational dust
emission and is thought to arise from small spinning dust
grains (Draine & Lazarian 1998; Ali-Haı̈moud et al. 2009;
Ysard & Verstraete 2010). In a spectral decomposition of
the four Galactic emission components along the plane,
Planck Collaboration (2013b) find that the AME contribution
is comparable to that of the free-free in the frequency range
20–40GHz. On the other hand, and due to its steeper spectral
index,−1.2 <∼ α <∼ −1.7 (Davies et al. 1996; Ghosh et al. 2012),
the synchrotron emission is mostly dominant at frequenciesless
than a few gigahertz.

This paper aims to characterize for the first time the dust
emissivity in the frequency range 100–353GHz of the diffuse
emission in the Galactic plane. For this purpose, we remove the
free-free emission contribution using the RRL data (Sect. 3.1).
We start by describing thePlanck and ancillary data used in this
work in Sects. 2 and 3. In Sect. 4 we present the data analysis
techniques, followed by the main results of the paper in Sect. 5.
These are further discussed and interpreted in Sect. 6, followed
by the conclusions in Sect. 7.

2. Planck HFI data

Planck (Tauber et al. 2010; Planck Collaboration 2011a;
Planck Collaboration I 2013) is the third-generation space
mission to measure the anisotropy of the CMB. It ob-
served the sky in nine frequency bands covering 28.5–
857 GHz with high sensitivity and angular resolution
from 32.′24 to 4.′33. The Low Frequency Instrument (LFI;
Mandolesi et al. 2010; Bersanelli et al. 2010; Mennella et al.
2011; Planck Collaboration II 2013) covered the 28.4, 44.1,
and 70.4 GHz bands with amplifiers cooled to 20 K. The
High Frequency Instrument (HFI; Lamarre et al. 2010;
Planck HFI Core Team 2011; Planck Collaboration VI 2013)
covered the 100, 143, 217, 353, 545, and 857 GHz bands with
bolometers cooled to 0.1 K. Polarization is measured in all but
the highest two bands (Leahy et al. 2010; Rosset et al. 2010).

In the present work we use data from thePlanck 2013
data release which can be obtained from thePlanck Legacy
Archive2. We use the HFI data acquired between 13
August 2009 and 27 November 2010. These are converted
from units of thermodynamic temperature to intensity units
(MJy sr−1, Planck Collaboration IX 2013). ThePlanck CMB
map, derived with theSMICA component separation method
(Planck Collaboration XII 2013), has been inpainted in the thin
disk of the Galaxy3 to reproduce the CMB signal which cannot
be correctly separated from the much brighter Galactic emis-
sion. For this reason we derive our results using the non-CMB
subtracted data, which we compare with those obtained when
theSMICA CMB map is removed from the data. The lowest HFI
frequency band also has the lowest angular resolution, of 9.′65.

2 http://www.sciops.esa.int/index.php?

project=planck&page=Planck_Legacy_Archive
3 This region is masked out and filled with a constrained realization

of CMB anisotropies.
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However we smooth thePlanck data to a common resolution of
15′, assuming Gaussian beams, to match the lower resolution of
the RRL data (Sect. 3.1).

The 100 GHz data are significantly contaminated by the
CO J=1→0 line at 115 GHz and the 217 GHz data by the
CO J=2→1 line at 230 GHz. At 353 GHz the contribution
of the CO J=3→2 line is small, but not negligible com-
pared to dust emission. The CO line emission is subtracted us-
ing the Planck type 1 CO maps from the MILCA (Modified
Independent Linear Combination Algorithm, Hurier et al. 2010)
bolometer solution (Planck Collaboration XIII 2013). These are
converted from line integrated units to intensity units as de-
scribed in Planck Collaboration XIII (2013). The calibration un-
certainties on these maps are of 10, 2, and 5 % at 100, 217,
and 353 GHz, respectively. The 100 GHz MILCA map has been
compared with ground-based data, in particular the Dame et al.
(2001)12CO J=1→0 survey along the Galactic plane, for which
there is an overall agreement of 16 % (Planck Collaboration XIII
2013). However, in the Galactic plane region of the present
study, both datasets agree within 25 %. This discrepancy can
be explained by the shifting of the CO line frequency due to
Doppler effects, that is to say, the rotation of the Galactic disk
(Planck Collaboration XIII 2013).

The overall calibration uncertainties for thePlanck HFI
maps are 10 % at 857 and 545 GHz, 1.2 % at 353 GHz, and 0.5 %
at lower frequencies. These values are increased at the low-
est frequencies due to the subtraction of the CO and free-free
emission. We did not subtract the zodiacal light emission from
the maps, because it is a negligible contribution in the Galactic
plane (Planck Collaboration XIV 2013). Moreover, the cosmic
infrared background (CIB) monople was removed from all the
HFI maps as described in Planck Collaboration (2013c).

3. Ancillary data

Along with Planck HFI we need to use ancillary data, namely
RRL observations for the removal of the free-free emission and
IRAS data to constrain the dust temperature. All data sets are
in HEALPix format (Górski et al. 2005) and are smoothed to a
common resolution of 15′.

3.1. Radio Recombination Line data

A fully-sampled map of the free-free emission in the Galactic
plane region l = 20◦–44◦ and |b| ≤ 4◦ has been de-
rived by Alves et al. (2012) using RRL data. These data are
from the Hi Parkes All-Sky Survey and associated Zone of
Avoidance Survey (Staveley-Smith et al. 1996, 1998) at 1.4 GHz
and 15′ resolution, and have an overall calibration uncertainty of
10 %. There are possible systematic biases in the free-free es-
timate due to the assumed electron temperature: increasingthe
adopted mean value of 6000 K by 1000 K would increase the
brightness temperature by 19 %. There is also a 10–20% correc-
tion due to the conversion of antenna to brightness temperature
(Alves et al. 2012). This correction is scale-dependent, thus it
varies with the fraction of point source emission relative to dif-
fuse emission.

3.2. IRAS data

We use the IRIS (Improved Reprocessing of theIRAS survey)
data at 100µm (Miville-Deschênes & Lagache 2005) to con-
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Fig. 1. HFI 353 GHz map of the Galactic plane regionl = 20◦–
44◦, |b| ≤ 4◦, in units of MJy sr−1 and at 15′ resolution.

strain the peak of the thermal dust emission. The calibration un-
certainty for these data is 13.5 %.

4. Analysis

The aim here is to determine the power-law index of the inter-
stellar dust opacity at the lowest HFI frequencies, which wedo
by fitting the dust SED.

As mentioned in Sect. 1,β appears to be frequency de-
pendent with a break observed at frequencies around 600 GHz,
or λ ∼ 500µm (Paradis et al. 2009; Gordon et al. 2010;
Galliano et al. 2011). Planck Collaboration (2011g) also found
that a single modified blackbody curve accurately fits the FIR
spectrum of Galactic molecular clouds, but leaves large residu-
als at frequencies below 353 GHz. For this reason we decided to
fit the dust SED using a modified blackbody model, but allowing
β to vary with frequency, havingβ = βFIR for ν ≥ 353 GHz and
β = βmm for ν < 353 GHz. Using thePlanck HFI bands along
with the IRAS 100µm data, we also solve for the other parame-
ters in Eq. (1), namelyTd andτ353, where we take the reference
frequency as 353 GHz for the dust optical depth.

The Planck maps at frequencies above 353 GHz contain
mainly dust emission and also CIB emission. The CIB fluc-
tuations have a power spectrum flatter than that of the inter-
stellar dust (Miville-Deschênes et al. 2002; Lagache et al. 2007;
Planck Collaboration 2011d), thus contributing mostly at small
angular scales and producing a statistically homogeneous sig-
nal. This signal only represents a significant fraction of the total
brightness in the most diffuse high-latitude regions of the sky,
and thus can be neglected in the Galactic plane.

At frequencies below 353 GHz, even though most of the
emission comes from interstellar dust, both the CMB and free-
free components also contribute to the total brightness. The fluc-
tuations of the CMB are faint, rms of about 80µK at scales of
15′, compared to the brightest emission in the Galactic plane.
Therefore, we can neglect the contribution from the CMB, since
its rms temperature is about 5 % of the total emission in the thin
disk of the Galaxy. However, at latitudes|b| >∼ 2◦ the CMB emis-
sion at 100 GHz is about 10 times that of the free-free. The ef-
fects of neglecting the CMB component at these higher latitudes
will be investigated via simulations in Sect. 5.1, as well asusing
theSMICA CMB map in Sect. 5.2.

At |b| <∼ 1◦, the contribution of the free-free emission can be
as high as 20–40% to the total emission at 100 GHz, from both
the diffuse and the individual Hii regions. Therefore, we need
to remove the free-free emission if we are to fit the dust spec-
trum only with a modified blackbody model. For this purpose,
we use the free-free map estimated from the RRLs (Sect. 3.1),
as this is currently the only direct measure of this emissionin
the Galactic plane, in particular in the 24◦ × 8◦ region cen-
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Fig. 2.Spectra towards the Hii region complex W42 (red) and a
diffuse region in the Galactic plane centred at (l,b) = (40.◦5,0.◦0)
(blue). The circles show the total intensity (corrected forCO
emission) and the squares show the same data after subtraction
of the free-free contribution. All the data points are shownwith
their corresponding uncertainties.

tred on (l,b) = (32◦,0◦). This region is shown in Fig. 1, in the
Planck 353 GHz channel. The RRL map is scaled from 1.4 GHz
to the HFI frequencies using an average intensity spectral index
of −0.2 (Sect. 1) and then subtracted from eachPlanck map. The
RRL data are similarly used in the work of Planck Collaboration
(2013b) to separate the different emission components in the
Galactic plane, and to determine the contribution of the AME. In
that work the radio data are scaled up by 10 % after comparison
with two other free-free solutions given by thePlanck fastMEM
(Planck Collaboration 2013b) andWMAP MEM (Bennett et al.
2012) component separation methods, as well as for the reasons
discussed in Sect. 3.1. ThefastMEM andWMAP results agree
within 2 % but they are about 20 % higher than the RRL solu-
tion. In this paper we adopt the same scaling for the RRL data
as in Planck Collaboration (2013b); as will be discussed in the
next section, this does not significantly change the main results
onβmm.

We used theIDL MPFIT routine to fit the final SEDs pixel-by-
pixel in the 24◦×8◦ region. This routine performs weighted least-
squares fitting of the data (Markwardt 2009), taking into account
the noise (both statistical noise and systematic uncertainties) for
each spectral band. We also include a noise term from the CMB
fluctuations, typically 80µK, which will be dominant outside the
Galactic plane and at the lowest frequencies. These uncertainties
are used to give weights to the spectral points. Colour corrections
based on the local spectral index across each band were applied
to bothPlanck andIRAS data during the model-fitting procedure
(Planck Collaboration IX 2013).

5. Results from spectral fits

Fig. 2 shows the spectra at the position of a complex of Hii re-
gions, G24.5+0.0 (W42), and towards a diffuse region in the
Galactic plane centred at (l,b) = (40.◦5,0.◦0). The fitted mod-
els are also shown. The effect of subtracting the free-free emis-
sion is clearly visible at 100 GHz in the spectrum of the Hii re-
gion (compare the circles with the squares); at frequenciesabove
143 GHz this subtraction is negligible. The spectral indices of
the Hii region areβFIR = 1.9± 0.2 andβmm = 1.7± 0.2, while

for the diffuse region,βFIR = 1.9 ± 0.2 andβmm = 1.6 ± 0.2.
These values suggest that the diffuse region has a flatter mil-
limetre spectrum than the Hii region. The uncertainties on the
parameters reflect the likely mixture of dust components along
the line of sight, which have a range of temperatures and differ-
ent properties. Theχ2 values of the fits are 2.7 and 1.2, for the
H ii region and the diffuse region respectively, withNdof = 34.
Similarly to the examples in Fig. 2, the reducedχ2 values across
the map are systematically lower than one, meaning that the fits
are within the uncertainties of each point. The uncertainties on
the data at frequencies of 217 GHz and above are dominated
by the calibration uncertainties, which are correlated across the
channels. At these frequencies, the median value of our fit resid-
uals across the map is close to zero and within the overall uncer-
tainties of the data, thus indicating that the fits are a good rep-
resentation of the data. This is not the case at 100 and 143 GHz,
where the histograms of the percentage residual emission are
centred at 3 % and−3 %, respectively. These values are higher
than the 0.5 % overall calibration uncertainty at these frequen-
cies but lower than the final uncertainties once the noise contri-
bution from CMB and the uncertainties associated with free-free
and CO templates are included.

The distributions of temperature and spectral indices fitted
for the 24◦ × 8◦ region under study are shown in Fig. 3. The
dust temperature ranges from 16 to 24 K, with a median value of
19 K. Even though we are describing the SED with only a single
temperature whilst a range of temperatures are expected along
the line of sight especially in the Galactic plane, the higher tem-
perature regions found here are associated with Hii regions, as
expected from local heating by their OB stars. Similarly, colder
regions are associated with molecular clouds.

The histograms ofβFIR andβmm are compared in Fig. 3(b)
for the whole 24◦ × 8◦ region. TheβFIR distribution has a me-
dian value of 1.76 and a standard deviation (σ, corresponding
to the 68.3 % confidence interval) of 0.08 and that ofβmm has a
median value of 1.55 withσ = 0.12. This indicates that heβmm
distribution is centred at a lower value and is also broader.If we
select the pixels within|b| <∼ 1◦, which represents regions with
an optical depthτ353 ≥ 4×10−4, the correspondingβFIR andβmm
histograms, shown as dashed lines, have median values of 1.88,
σ = 0.08, and 1.60,σ = 0.06 respectively. Theβmm values fit-
ted outside the narrow Galactic plane are affected by the CMB
which becomes brighter than the free-free and is not taken into
account in the fit. The impact of the CMB in theβmm results will
be further analysed in Sects. 5.1 and 5.2.

The histogram ofβFIR in Fig. 3 does not include the effects
of the calibration uncertainties, namely its width only takes into
account the variations across the map. This is an important point
when assessing the difference betweenβFIR andβmm, as given
by Fig. 3. At frequencies of 353 GHz and above, where the con-
tribution of CO, free-free and CMB are negligible compared to
dust emission, the data uncertainties are dominated by calibra-
tion uncertainties. We performed Monte Carlo simulations to es-
timate this effect onβFIR and found that, in 1000 simulations,
the dispersion around an input value of 1.75 is 0.17. This value
is about twice that measured from theβFIR histograms of Fig. 3.
Nevertheless, in the thin Galactic disk, this does not affect the
difference measured betweenβFIR andβmm. A further check on
the quality of the SED fits and the importance of including a
second spectral index,βmm, is given by comparing the residuals
with those resulting from a model with a singleβ. When only
one spectral index is fit for from 100 to 3000 GHz, the median

4 Degrees of freedom (dof= Npoints− Nparameters).
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Fig. 3. Histograms of the dust temperature (a) and dust opacity indices (b) for the 24◦ × 8◦ region. The dashed lines in panel (b)
correspond to the pixels whereτ353 ≥ 4× 10−4.

value of the residuals across the map is larger at all frequencies,
relative to the two-βmodel. In particular, the median value of the
residuals at 857 GHz, 11 %, is higher than the calibration uncer-
tainty. We also note that, if we choose the reference frequency of
545 GHz, instead of 353 GHz for the break in the spectral index,
the fits also result in larger residuals at all frequencies.

We tested the robustness of the fittedβmm against calibra-
tion uncertainties in both the CO and the free-free templates by
varying the correction of the CO and RRL contributions, at all
frequencies, by 10 % (Sects. 2 and 3.1). An under-correctionof
either the CO or the free-free emission could in principle result
in a lowerβmm. However, as Fig. 4(a) illustrates,βmm is essen-
tially insensitive to these variations. This is due to the fact that
dust is the dominant emission component at these frequencies,
combined with the higher uncertainties of the data at 143 and
100 GHz.

In order to investigate the impact of the dust temperature on
βmm, we compare the results whenTd is fixed to 19 K with those
whenTd is allowed to vary in the SED fit. These are shown in
Fig. 4(b), where it is seen that the distribution ofβmm is unaf-
fected when using a constant or varying value ofTd across the
region.

We find a correlation betweenβmm and the optical depth
τ353, which is shown in Fig. 5. We note that this relates an in-
trinsic property of the dust,βmm, with an extrinsic one,τ353.
In Sect. 6 we will describe this empirical correlation in terms
of the type of matter rather than the quantity of matter along
the line of sight, given byτ353. The scatter inβmm at low op-
tical depth values, or|b| >∼ 1◦, is due to the CMB, as dis-
cussed above. Forτ353 ≥ 4 × 10−4, βmm increases in the high-
est optical depth regions, as foreshadowed by the results of
Fig. 2, which showed an increase ofβmm from the diffuse to the
H ii region. A linear fit to the data, forτ353 ≥ 4 × 10−4, gives
βmm = (1.52± 0.01)+ (121± 2)× τ353, where we have used the
IDL routineregress to perform the linear regression fit, includ-
ing only the errors onβmm. We note that the errors onτ353 are
much lower than those onβmm. Moreover, the correlation coeffi-
cient5 between these two parameters forτ353 ≥ 4×10−4, as given
by theMPFIT routine, varies between 0.0 and 0.1. This indicates
that it is unlikely that the correlation observed is due to the fitted
model.

5 The correlation matrix is computed from the covariance matrix; it
measures the intrinsic correlation between the fit parameters.

The uncertainty onβmm is statistical; including the system-
atic uncertainties introduced by the CMB, CO and free-free com-
ponents, which are presented in Sect. 5.1, the correlation is

βmm = (1.52± 0.02)+ (120± 23)× τ353. (3)

5.1. Simulations

In order to test the robustness of our fitting procedure against
possible biases onβmm associated with the separation of dust
emission from CMB, free-free and CO, we apply our routine to
simulated maps.

The first simulated maps include dust emission and CMB.
We fix Td to 19 K,βFIR to 1.75 andβmm to 1.52 across the region.
The distribution ofτ353 is that obtained from the fit to the data.
We reproduce the dust maps at each frequency with a modified
blackbody law and add them to the CMB map, reproduced from
the best-fitΛCDM model. We then apply the SED fitting routine
and recoverβmm as a function of the input optical depth as shown
in Fig. 6(a). A linear fit to the points withτ353 ≥ 4× 10−4 gives
βmm = 1.53− 8× τ353. As discussed in Sect. 5, the scatter on the
βmm values forτ353 <∼ 4× 10−4 is created by the CMB when this
component is not taken into account in the fit. Moreover, even
though it is a minor contributor in the Galactic disk, the CMB
also affects the results for higher values ofτ353, broadening the
βmm distribution around the input value of 1.52 by 0.01. Thus this
result shows that if there is no intrinsic correlation between these
two parameters only a limited correlation will be detected.More
importantly, Fig. 6(a) shows that the CMB is not responsiblefor
theβmm–τ353 correlation derived in the previous section.

We also tested our results for a possible bias introduced by
incorrect subtraction of CO and free-free emission from simu-
lated dust maps produced as described above. For that we use
the MILCA CO maps (Sect. 2) and subtract 10 % of their emis-
sion at 100, 217, and 353 GHz. Similarly we remove 10 % of the
RRL free-free emission from the simulated dust maps at all fre-
quencies. Such a correction steepens the dust spectrum, as we
can see from the results of Fig. 6(b). A linear fit to the points
givesβmm = 1.53+ 22× τ353. This is not, however, capable of
reproducing the much steeper slope ofβmm with the dust optical
depth. For that to be the case, both the CO and RRL maps would
have to be systematically underestimated by 30 %.

We thus conclude that neither the uncertainty in the CO and
free-free correction of the maps nor omitting the CMB in the
spectral fits is responsible for the correlation ofβmm with τ353.
Finally, Fig. 7 shows the map ofβmm, estimated using Eq. (3),
which presents the same structure as the map ofτ353. On the
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Fig. 4. Comparison of the results onβmm. (a) When the CO and free-free corrections vary by 10 %. (b) WhenTd is allowed to vary
in the fit and also whenTd is fixed to a single value of 19 K.
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Fig. 5. βmm as a function ofτ353, for the whole region. The red
line gives the best linear fit forτ353 ≥ 4 × 10−4 (see text). The
colour scale is logarithmic and it represents the density ofpoints.
The three contours show the densities for a cumulated fraction
of 11, 31, and 61 % of the data points, from red to yellow.

other hand, there is no apparent correlation between the maps of
βmm andTd, as it will be discussed in Sect. 6.

5.2. Using the Planck SMICA CMB map

In this section we compare our results with those obtained when
theSMICA CMB map is subtracted from each channel map be-
fore fitting the dust spectra with a modified blackbody. The re-
sultingβmm as a function ofτ353 is shown in Fig. 8. As expected,
the scatter onβmm at low values ofτ353 decreases, due to the sub-
traction of the CMB from the total emission, showing a tighter
correlation betweenβmm andτ353 at all values of optical depth.
A linear fit to the data givesβmm = (1.52±0.01)+(114±1)×τ353.
This result confirms that the CMB is indeed a small contribution
in the Galactic disk, here measured with theSMICA solution,
and that it does not affect the main results of the work.

6. Towards a physical interpretation of the
millimetre dust emissivity

In this section we compare our results with predictions fromcur-
rent dust models and interpret the empirical relation foundbe-
tweenβmm andτ353.

An anti-correlation betweenβ and Td has been de-
tected in previous observations in a variety of Galactic re-
gions (Dupac et al. 2003; Désert et al. 2008; Paradis et al. 2010;
Planck Collaboration 2011g). This seems to indicate that the
dust opacity index decreases with temperature, even if partof
this effect can be attributed to data noise, to the intrinsic cor-
relation introduced in the analysis methods, and to temperature
mixing along the line of sight (Sajina et al. 2006; Shetty et al.
2009b,a; Juvela & Ysard 2012b,a). Fig. 9(a) showsβFIR as a
function of Td, for all the points in the 24◦ × 8◦ region. The
correlation coefficient between these two parameters, from the
MPFIT routine, is around−0.95 across the map. This implies that
the fitted model is creating an anti-correlation betweenβFIR and
Td. However, such a strong anti-correlation is not observed in
Fig. 9(a), nor in Fig. 9(b), whereβFIR − Td is plotted for the
thin Galactic disk,|b| <∼ 1◦. Therefore, there is a real variation of
βFIR across this region which decreases the anti-correlation trend
generated by the model.

Fig. 9(c) showsβmm as a function ofTd, for the thin Galactic
disk, whereτ353 ≥ 4× 10−4. For this region, the correlation co-
efficient betweenβmm andTd varies between−0.05 and−0.02,
meaning that there is no significant correlation between these
two parameters. The expected intrinsic anti-correlation between
βmm and Td is detected outside the Galactic disk, where the
signal-to-noise ratio decreases due to the CMB noise term in-
cluded in the data uncertainties. Thus, Fig. 9(c) indicatesthat
there is no evident trend ofβmm with Td, as it is also seen by com-
paring the corresponding maps in Fig. 9. We note the reader that
the range of temperatures that we are probing is limited, about
6 K, which may be due to temperature mixing along the line of
sight and local temperature increases around the heating sources
present in the Galactic plane.

6.1. Dust models

6.1.1. Silicate-carbon models

We start by comparing our results with the predictions of two
commonly used dust models, DL07 (Draine & Li 2007) and
DustEM (Compiègne et al. 2011). In particular, we want to in-
vestigate whether such models, with two populations of grains
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Fig. 6. βmm recovered from the simulated maps, as a function of the inputτ353. The simulated maps in (a) have dust emission and
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dominating the emission at long wavelengths, can explain the
flattening of the dust spectrum detected in the present work.Both
models use the same optical properties for silicates, for which
the opacity scales asν1.6, for λ >∼ 250µm or ν <∼ 1200 GHz. For
the carbon grains DL07 uses the optical properties of graphite,
with a spectral index of 2, whereas DustEM uses the labora-
tory measurements of amorphous carbon, for which the spec-
tral index is 1.6. We use both models to predict the emission
in the photometric bands considered in this work, namelyIRAS
100µm and HFI, taking the standard size distribution for the dif-
fuse Galactic emission. In order to reproduce conditions closer
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Fig. 8.βmm as a function ofτ353, for the whole region, when the
SMICA CMB map is subtracted from each channel map. The red
line gives the best linear fit. The colour scale is logarithmic and
it represents the density of points. The three contours showthe
densities for a cumulated fraction of 13, 37, and 63 % of the data
points, from red to yellow.

to those in the Galactic plane, we generate the SEDs forG0 val-
ues of 1, 2 and 4, whereG0 is the scaling applied to the standard
ISRF of Mathis et al. (1983). We then fit the spectra in the same
way as the data, namely with a modified blackbody law and two
spectral indices,βFIR andβmm. The results are shown in Table 1.
First we note that when the radiation field is higher, the peakof
the SED is moved to higher frequencies, where the opacity spec-
tral index of silicate grains is larger than 1.6. This can explain the
slight increase inβFIR with G0. The results also show thatβmm is
lower thanβFIR, for both models. Moreover,βmm does not seem
to vary withG0 or with Td. We find that such models, including
two dust components with different opacities can in principle
explain the flattening of the dust emission, even if theβ values
recovered from their spectra are lower than those measured from
the data.
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Fig. 9. Dust spectral indices as a function of temperature. (a)βFIR versusTd for the whole 24◦ × 8◦ region. (b)βFIR versusTd for
points whereτ353 ≥ 4 × 10−4. (c) βmm versusTd for points whereτ353 ≥ 4 × 10−4. The triangle and square in panels (b) and (c)
indicate the values obtained by fitting the emissivities predicted by the TLS model (Paradis et al. 2011) forTd = 17 and 25 K (see
text). The colour scale is logarithmic and it represents thedensity of points. The contours show the densities for the cumulated
fractions, given by the values in each panel, of the data points, from red to yellow.

Table 1.Results from a modified blackbody fit to the DL07 and
DustEM spectra for different scalings of the ISRF, given byG0.

DL07 DustEM

G0 Td [K] βFIR βmm Td [K] βFIR βmm

1 . . . . . . . . . 21.8 1.65 1.43 20.1 1.58 1.48
2 . . . . . . . . . 24.1 1.70 1.43 22.4 1.62 1.47
4 . . . . . . . . . 26.7 1.73 1.43 25.0 1.64 1.46

6.1.2. Two-Level System

The Two-level System (TLS, Meny et al. 2007) model has been
proposed to explain the flattening of the dust emission and its
evolution with temperature. This model consists of three mech-
anisms which describe the interaction of electromagnetic waves
with an amorphous solid. These are temperature-dependent and
important in the sub-millimetre, for the range of temperatures
relevant to this work. Paradis et al. (2011) use the TLS model
to fit the spectrum of the diffuse Galactic emission as well as
the spectra of the Archeops sources (Désert et al. 2008). Within
this model, the opacity spectral index decreases with increasing
temperature. We compare the emissivities predicted by TLS and
given in Paradis et al. (2011) with our results for the relevant
photometric bands. In particular, we select two spectra, with Td
of 17 and 25 K, within the range of temperatures probed in the
present work. We apply our fitting routine to the TLS SEDs to re-
coverβFIR andβmm, which are shown in Figs. 9(b) and (c). The
resultingβFIR values are within the range found in this work,
showing a small variation with temperature. However, that is not
the case forβmm. The values predicted by the TLS model are not
within the range of values found in the Galactic disk, and show a
steep dependence with temperature. We note that the TLS emis-
sivities used here were computed for a given set of parameters,
derived from the best fit to the diffuse Galactic emission spec-
trum. Moreover, they are derived for a single grain, rather than
for a grain size distribution. We could argue that the dust tem-
perature estimated from the modified blackbody fit used here is
not comparable with that derived from the TLS model. However
Paradis et al. (2012) show that both temperatures agree up to
about 25 K. Still, we note thatTd obtained from their modified

blackbody fit assumesβFIR = 2. We conclude that the TLS model
predicts variations ofβmm which are not apparent in the data.
We note, however, that the range of temperatures sampled by the
data is limited and that, if spatial variations of the TLS ampli-
tude related to the degree of dust amorphization were allowed,
they could easily hide the temperature dependence ofβmm in the
data.

6.1.3. Magnetic Dipole Emission

Draine & Hensley (2012b) have proposed a dust model in
which metallic nanoparticles can explain the excess emis-
sion at millimetre wavelengths, such as that observed in the
Small Magellanic Cloud (SMC) (Planck Collaboration 2011c;
Draine & Hensley 2012c). According to their model the iron
missing from the gas phase can be locked up in solid grains,
either as inclusions in larger grains, in which case they areat
the same temperature as the diffuse interstellar medium (ISM),
Td ≈ 18 K, or as free-flying nanoparticles, which then have a
higher temperature,Td ≈ 40 K. The emission by these parti-
cles above their resonance frequency,ν ∼ 15 GHz, and below
353 GHz, is that of a blackbody. In order to test this model, we
fit the dust SEDs in the region under study with a modified black-
body of a single opacity indexβFIR. Its value is determined using
the IRAS and HFI 857, 545, and 353 GHz points and then used
to extrapolate the emission to lower frequencies. We include a
blackbody spectrum, at the same temperatureTd, to represent the
metallic particles as inclusions in larger grains, which will ac-
count for the excess emission. We find that, at 100 GHz, the ratio
between the emission from the iron dust particles and that from
the modified blackbody has a median of 27 % across the 24◦×8◦

region. Fig. 10 shows the results for the same Hii and diffuse re-
gions as in Fig. 2, for which this ratio is 35 % and 47 %, respec-
tively. The contribution by the metallic particles is higher for the
diffuse region since its SED is flatter at lower frequencies than
that of the Hii region (Sect. 5). Draine & Hensley (2012b) show
that 100 % of the iron is allowed to be in the form of nanopar-
ticles without exceeding the observed diffuse Galactic emission;
their contribution relative to that of the DL07 model, at 100GHz,
is of the same order as the value found here. Therefore, we con-
clude that our results are within the range of plausible models,
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Fig. 10.Spectra towards the Hii region complex W42 (red) and a
diffuse region in the Galactic plane centred at (l,b) = (40.◦5,0.◦0)
(blue). The circles show the total intensity, with their corre-
sponding uncertainties. The dotted lines represent the modified
blackbody model, where one single opacity spectral index isfit-
ted toIRAS 100µm and HFI 857, 545, and 353 GHz data. The
solid lines represent the emission from the metallic dust parti-
cles (Draine & Hensley 2012b), at the same temperatureTd. The
contribution by iron particles to the total emission at 100 GHz is
35 % and 47 % for the Hii and diffuse regions, respectively.

although suggesting a fraction of cosmic iron in magnetic parti-
cles lower than 100 %.

6.2. Correlation between βmm and τ353

In this section we attempt to provide a phenomenological inter-
pretation of the empirical correlation detected betweenβmm and
τ353. As mentioned in Sect. 5, the dust optical depth provides a
measure of the quantity of matter along the line of sight, which
may be atomic or molecular and which has the contribution of
both dense clumps and diffuse media. We suggest that this vari-
ation of βmm with the dust optical depth can be translated into
an evolution with the fraction of molecular gas along the line of
sight.

The fraction of molecular gas is given byfH2 = 2NH2/N
tot
H .

The column density of molecular hydrogen can be estimated
by using the conversion factorXCO = NH2/ICO, whereICO is
the 12CO J=1→0 integrated line intensity. The GalacticXCO
conversion factor has been estimated in a variety of ways, in-
cluding the use of optically thin tracers of column density such
as dust emission, molecular and atomic lines, as well as us-
ing γ-ray emission. Bolatto et al. (2013) giveXCO = 2.0 ×
1020 cm−2 (K km s−1)−1, with 30 % uncertainty, as the recom-
mended value to use in Galactic studies. We can obtain an esti-
mate ofXCO with the present data using the dust optical depth
and the CO emission provided by the MILCA map. For that
we need to include the opacity per unit gas column density of
the molecular gas. Dust properties are known to evolve from
the diffuse ISM to the higher density environment of molecular
clouds due to grain coagulation, giving rise to an enhancement
of the dust emissivity (Stepnik et al. 2003; Köhler et al. 2012).
It is a factor of 2–4 times higher than the average value in the
high Galactic latitude diffuse atomic ISM (Planck Collaboration
2011f,g; Martin et al. 2012). In the present work we assume that
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Fig. 11.The MILCA CO line intensity as a function of the dust
optical depthτ353, alongb = 0◦ in the l = 20◦–44◦ region. The
line represents the linear fit to the points, from which the conver-
sion factorXCO = 1.7× 1020 cm−2 (K km s−1)−1 is derived (see
text).

the opacity in the molecular medium is twice that in the atomic
gas. Hence, the conversion factor can be written as

XCO =
τ353

ICO

1
4

NH i

τ353
(4)

where τ353/NH i = 8 × 10−27 cm2 H−1 (Planck Collaboration
2013c).

Fig. 11 shows the correlation between CO intensity and dust
optical depth. The points correspond to the data alongb = 0◦ in
the l = 20◦–44◦ region, where we assume that the variations in
the opacity along the line of sight are dominated by molecular
gas. A linear fit to the data, combined with Eq. (4), givesXCO =

1.4 × 1020 cm−2 (K km s−1)−1. The uncertainty on this value is
of 16 %, estimated from the scatter of the points. The fit has an
offset ofτ353 ∼ 2.3 × 10−4 for ICO = 0 K km s−1, which could
be attributed to the mean contribution by the atomic medium.
We note that the MILCA CO data in this region of the Galactic
plane are about 25 % higher than the CO data from Dame et al.
(2001) (Sect. 2). Since theXCO values in the literature refer to
the Dame et al. data, we scale our result by 25 % which gives
XCO = 1.7× 1020 cm−2 (K km s−1)−1. Therefore, the value found
here using our conversion fromτ353 to NH2, is consistent with
the recommended value for the Galaxy given by Bolatto et al.
(2013).

With an estimate ofXCO for the region under study, along
with the assumption that the dust opacity in the molecular gas is
twice that in the atomic gas, we are able to derivefH2. Fig. 12
shows thatβmm increases withfH2, showing an evolution of the
millimetre dust emission from atomic to molecular dominated
regions. A linear fit to the data givesβmm = (1.53± 0.01) +
(0.12± 0.01)fH2, meaning thatβmm = 1.53 and 1.65 at low and
high values offH2, respectively. We note that we have assumed a
singleTd value in the SED fit, ignoring the fact thatTd is likely to
be systematically lower in molecular clouds than in the diffuse
atomic medium (Planck Collaboration 2011b). However, since
Td andβmm are anti-correlated, using a lowerTd in the fit would
result in an even higherβmm in molecular media. This would thus
increase the difference inβmm between atomic and molecular
dominated regions.
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Fig. 12. βmm as a function of fH2, the fraction of molecular
gas along the line of sight. Note that the points correspond
to the thin Galactic disk,|b| <∼ 1◦ or τ353 ≥ 4 × 10−4. Here
fH2 is estimated assuming that the dust opacity in the molec-
ular phase is twice as that of the atomic medium and using
XCO = 1.7× 1020 cm−2 (K km s−1)−1. The distribution of points
is relatively even across the x and y axes.

If we assume that the opacity in the molecular medium
is 1.5 times higher than that in the atomic gas, instead of
two times higher, then we derive anXCO value of 1.8 ×
1020 cm−2 (K km s−1)−1 or 2.3×1020cm−2 (K km s−1)−1 with re-
lation to the Dame et al. (2001) CO survey. Despite the 30 %
difference, this result is still within the range of typical values
for the Galaxy (Bolatto et al. 2013). More importantly, the cor-
relation betweenβmm and fH2 is essentially unchanged, with a
best linear fit given byβmm = (1.52± 0.01)+ (0.13± 0.01)fH2.

Finally we note that the evolution ofβmm found here could
be related to the change in dust opacity observed from diffuse
to molecular media (Stepnik et al. 2003). Coagulation models
indicate that dust aggregation produces an overall increase of
the opacity but does not significantly change the apparentβmm
(Köhler et al. 2012). Therefore, the correlation with the molec-
ular material observed here remains phenomenological and its
origin does not rely on a physical model.

7. Conclusions

We have usedPlanck HFI data to derive the power-law index
of the interstellar dust opacity in the frequency range 100 to
353 GHz, in a 24◦(l) × 8◦(b) region of the Galactic plane. This
is possible to achieve after the removal of the free-free emission
contribution at these frequencies, which can be as high as 20–
40 % of the total emission in the thin and ionized disk of the
Galaxy. Here we summarize our results:

– The spectral index of the dust opacity in the millimetre wave-
length range,βmm, and in the Galactic plane has a median
value of 1.60± 0.06. Thusβmm is smaller than that at FIR
frequencies,βFIR, for which we determine a median value of
1.88± 0.08.

– We find that there is no apparent trend ofβmm with temper-
ature, as opposed toβFIR, for which the anti-correlation has
been examined in several previous studies.

– We find thatβmm is, however, correlated with the derived dust
optical depth at 353 GHz. We interpret this correlation as an
evolution ofβmm with the fraction of molecular gas along the
line of sight, fH2. Within this scenario,βmm ∼ 1.53 when the
medium is mostly atomic, whereas it increases to about 1.65
when the medium is predominantly molecular.

– The results onβmm are compared with predictions from two
different physical models, TLS and emission by ferromag-
netic grains, which have been suggested to explain the flat-
tening of the dust emission observed at long wavelengths.
We find that both models can in principle explain the results.
The same applies to the standard, two dust component mod-
els, such as DL07 and DustEM.

These results are important for understanding the dust emis-
sion from FIR to millimetre wavelengths. They are key for
Galactic component separation, in particular for determining the
spectral shape of the AME at high frequencies. Knowledge of
the dust spectrum is also critical for estimates of the free-free
emission from microwave CMB data.
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Cité, 10, rue Alice Domon et Léonie Duquet, 75205 Paris Cedex
13, France

2 Aalto University Metsähovi Radio Observatory, Metsähovintie 114,
FIN-02540 Kylmälä, Finland
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