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Fig. 9. The nine Planck frequency maps show the broad frequency response of the individual channels. The colour scale, based on inversion of the function y = 10x � 10�x, is tailored to show the
full dynamic range of the maps.
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Model of dust emission

• Goals
! Produce an all-sky map of dust optical depth

! structure of the ISM from all gas phase
! all-sky map of reddening (E(B-V))

! Evaluate the shape of the dust SED.
! Dust emissivity from the di"use ISM to mol. clouds
! Provide an improved dust model for comp. separation

• Advantage of Planck
! Higher angular resolution
! Frequency coverage allows to estimate the optical 

depth at low frequency, where it is less sensitive to the 
parametrization of the SED
! 353 GHz : calibration precise to 2.5%
! An error on T of 1 K implies an error on Tau353 of 

only 6%
! Previous normalization of dust emission / extinction 

were done at 100 micron (3000 GHz)
! An error on T of 1 K implies an error on Tau3000 of 

30%

I⇥ = NH B⇥(T )�⇥
�

�353 =
I353

B353(T )
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Planck collaboration: All-sky model of thermal dust emission

the radiation field strength, parametrized by the scaling fac-
tor, U, of the mean interstellar radiation field (ISRF) in the
Solar Neighbourhood from (Mathis et al. 1983); note that in
dense regions, U is decreased because of attenuation. Second,
the grain size distribution (Mathis et al. 1977; Weingartner &
Draine 2001) is important; exposed to the same ISRF, bigger
grains have a lower equilibrium temperature than smaller ones.
Third, the dust structure and composition determine not only the
optical and UV absorption cross section, but also the emission
cross-section, the frequency-dependent e�ciency to emit radia-
tion, usually modelled as above as a power law (0 ⌫�) but pos-
sibly more complex depending on dust properties (� could vary
with frequency and/or grain size and/or grain temperature). In
a given volume element along the line of sight, the distribution
of dust grain sizes will naturally create a distribution of equilib-
rium temperatures. In addition, dust properties might vary along
the line of sight. Furthermore, U might also change along some
lines of sight. Therefore, the observed dust SED is a mixture of
emission modified by these e↵ects, the sum of several di↵erent
MBBs. Nevertheless, it is common to model the observed dust
SED on any given line of sight using an empirical single MBB:

I⌫ = ⌧⌫0 B⌫(Tobs)
 
⌫

⌫0

!�obs

, (6)

where ⌫0 is a reference frequency at which the optical depth ⌧⌫0 is
estimated (⌫0 = 353 GHz in our SED applications in this paper).

It was shown by many authors (Blain et al. 2003; Shetty et al.
2009; Kelly et al. 2012; Juvela & Ysard 2012a,b; Ysard et al.
2012) that, in general, the values of Tobs and �obs recovered from
a MBB fit cannot be related simply to the mass-weighted average
along the line of sight of the dust temperature and spectral index.
Even for dust with a spectral index constant in frequency (i.e., �
does not depend on ⌫), the distribution of grain sizes and the
variations of U along the line of sight could introduce a broad-
ening of the SED relative to the case of a single dust size and
single U. In addition, the dust luminosity is proportional to T 4+�

and so dust that is hotter for any reason, including e�ciency
of absorption, will contribute more to the emission at all fre-
quencies than colder dust. Therefore, the observed SED is not
a quantity weighted by mass alone. The dust SED is wider than
the a single MBB due to the distribution of T , and so the fit is
bound to find a solution where �obs < � and, in consequence,
where Tobs is biased toward higher values. This results in dust
optical depth that is generally underestimated: ⌧obs < ⌧. This
e↵ect is somewhat mitigated when lower frequency data are in-
cluded. In the Rayleigh-Jeans limit the e↵ect of temperature is
low and the shape of the spectrum is dominated by the true �.
For T =15–25 K dust, this range is at frequencies lower than
⌫ = k T/h =310–520 GHz.

Models like the ones of Draine & Li (2007) and Compiègne
et al. (2011) o↵er solutions to go beyond the simple MBB
parametrization by incorporating the variation of the equilibrium
temperature of grains due to the size distribution. The model of
Draine & Li (2007) also includes a prescription for the variation
of U along the line of sight, but assumes fixed dust properties.

This work is an early exploration of the dust SED over the
whole sky, at 50 resolution and down to 353 GHz (850 µm).
There are still many uncertainties concerning the properties of
dust (the exact size distribution of big grains, the structure of
grains and its evolution from di↵use to denser clouds) and the
variation of the radiation field strength along the line of sight.
Therefore, before before using more physical models that rest on
specific hypotheses, we believe that it is useful initially to fit the

dust SED using an empirical approach, keeping in mind that the
relationship between the estimated dust parameters and physi-
cal quantities is complex. The three parameters ⌧⌫0 , Tobs and �obs
obtained from the MBB fit need to be seen as a way to fit the
data empirically; any relationship between these recovered pa-
rameters needs to be studied in detail with dedicated simulations
(e.g., Ysard et al. 2012).

3.2. SED fitting algorithm

The fit of the dust SED with a MBB model has been traditionally
done using a �2 minimization approach. Recently, alternative
methods based on Bayesian or hierarchical models have been
proposed (Veneziani et al. 2010; Kelly et al. 2012; Juvela et al.
2013; Veneziani et al. 2013). These new methods were devel-
oped to limit the impact of instrumental noise on the determi-
nation of the fit parameters. Even though these methods o↵er
interesting avenues, we chose to use the standard �2 fit mostly
to be able to compare our results with the ones of previous stud-
ies that used the same methodology. Based on exploratory work
described next in Sect. 3.3, we developed our own strategy to
mitigate the impact of instrumental noise on the retrieved pa-
rameters. See Sect. 3.4 for the implementation of the fit over the
whole sky.

Adopting a reference frequency ⌫0 = 353 GHz, the param-
eters ⌧⌫0 , Tobs and �obs (see Eq. 6) were found at each sky po-
sition p by fitting the Planck and IRAS data I⌫(p). The MPFIT
�2 minimization routine was used (Markwardt 2009). Colour
corrections due to finite bandpasses (Planck and IRAS) were
taken into account explicitly at each iteration of the fit. To speed
up the convergence of the fit, initial estimates of the parame-
ters are provided: �obs is initialized to 1.65, Tobs is initialized
to the colour temperature T3000�857 obtained from the ratio of
I3000/I857 and assuming �obs = 1.65, and ⌧353 is initialized to
I3000/[B3000(T3000�857)⇥ (3000/353)1.65] for frequencies in GHz.

The fit takes into account the calibration uncertainty of the
data (c⌫ I⌫(p) – see Table 1), the uncertainty of the CMB re-
moval estimated to be c⌫CMB(p) where CMB is the SMICAmap
(Planck Collaboration XII 2013), the uncertainty of the o↵set
(�O⌫ – see Table 1), and the instrumental noise n⌫(p). For both
IRAS and Planck, the instrumental noise is modulated inversely
by the square root of the coverage map (number of times a sky
pixel p has been observed). All sources of uncertainty are added
in quadrature:

N⌫(p) =
q

c2
⌫ I⌫(p)2 + c2

⌫ CMB(p)2 + (�O⌫)2 + n⌫(p)2 . (7)

3.3. Impact of potential biases and errors

In developing the methodology to fit the dust SED over the
whole sky we have explored various avenues using data de-
graded to lower resolution and smaller Nside. Three aspects were
looked at in detail: the impact of zodiacal light on the results,
the fact that the peak of the dust SED is not sampled directly
with IRAS plus Planck data, and the impact of noise and the CIB
anisotropies (the CIBA), on the recovered parameters. This sec-
tion presents the results of this exploration.

3.3.1. Zodiacal emission

Zodiacal emission is a component that is di�cult to remove from
the data as it is changing with sky position as well as time of ob-
servation. A detailed model has been built to correct the Planck
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Fig. 11. Normalized distribution function of (Data �Model)/Noise for
the four frequencies used in the fit.

the other two frequencies might suggest that the adopted model
does not adequately describe the data. However, these o↵sets are
well within the calibration uncertainties of the data; the overall
reduced �2 is lower than unity and these o↵sets might be re-
moved by a small systematic change in the relative calibration of
the data. Given the actual precision of the calibration, it would
be premature to conclude that a more complex model is required
to fit the data.

We compared the reduced �2 with that from a fit of the data
at 50 with ⌧353, Tobs, and �obs as free parameters. We were look-
ing for pixels on the sky for which the two-step fitting procedure
provides a reduced �2 greater than unity (i.e., a relatively bad
fit) while fitting the three parameters simultaneously at full res-
olution would provide a better solution with a lower reduced �2.
This occurred for only 0.3% of the pixels. These pixels, possibly
dominated by galaxies, are grouped in small-scale structures lo-
cated at high Galactic latitude and away from bright interstellar
areas.

3.4. Dust radiance

In the previous sections we have described the properties of the
parameters that define the shape of the dust SED. Now we ex-
amine the dust radiance or dust integrated intensity defined as

R =
Z

⌫
I⌫ d⌫. (8)

Because the grains are in thermal equilibrium, this also repre-
sents the energy absorbed. Here we estimate R at each sky posi-
tion by integrating the MBB fit:

R =
Z

⌫
⌧353 B⌫(Tobs)

✓ ⌫
353

◆�obs

d⌫. (9)

This can be done analytically in terms of the Gamma (�) and
Riemann zeta functions (⇣):

R = ⌧353
�S

⇡
T 4

obs

 
kTobs

h⌫0

!�obs �(4 + �obs) ⇣(4 + �obs)
�(4) ⇣(4)

, (10)

where �S is the Stefan-Boltzmann constant, k is the Boltzmann
constant, h is the Planck constant, and ⌫0 = 3.53⇥1011 Hz. Using
the fit parameters described above we produced the all-sky map
of R shown in Fig. 12, expressed in units of W m�2 sr�1.

Note that even though the calculation of R uses the dust pa-
rameters (Tobs, �obs, ⌧353), R does not su↵er from any degener-
acy in the fit parameters. In this context the MBB should be seen
as an interpolating function; R is not very sensitive to the as-
sumptions made in fitting the SED as long as the fit accounts for
the data, including the high-frequency turnover. The uncertainty
of R arises mostly from the calibration uncertainty of the data
and, to a lesser extent, from the limited number of bands used in
the fit7.

In thermal equilibrium, R is equal to the amount of light ab-
sorbed by dust. Assuming constant properties along the line of
sight, including the dust-to-gas ratio,

R / U �a NH, (11)

where �a is the absorption opacity defined similarly to the emis-
sion opacity in Eq. (3), averaged over the size distribution and
also, in this case, over the spectrum of the ISRF.

This is complementary to ⌧353, which is also used as a proxy
for NH:

⌧353 =
I353

B353(Tobs)
= �e 353 NH. (12)

Division by the Planck function factors out any e↵ects due to
spatial variations of the dust temperature (potentially linked to
spatial variations of U), but ⌧353 is only proportional to NH if
the dust opacity �e 353 is constant. This limitation does not apply
to R, which is independent of �e 353 because of thermal equilib-
rium; R is simply the energy emitted by dust (Eq. (8)), whatever
the shape of the SED and regardless of how e�cient the grain
cooling is. Thus R is closer to a measured quantity, while ⌧353 is
a parameter deduced from a model.

At high Galactic latitudes, where the spatial variations of U
and �e 353 are expected to be minimal so that both ⌧353 and R
should be proportional to dust column density, comparison of
maps of ⌧353 and R reveals another fundamental di↵erence, as
illustrated in Fig. 13 for one of the faintest areas in the sky: the
map of ⌧353 shows surprisingly strong small-scale fluctuations
that are absent in the map of R.

This significant di↵erence is due to the impact of the CIBA,
especially its decorrelation in frequency. On the one hand, ⌧353
is the division of I353 by B353(Tobs) (Eq. (12)) and so is contami-
nated by the CIBA at not only 353 GHz but also 3000 GHz; i.e.,
because the 3000 GHz band is the only one in the Wien range,
it has a strong weight in the determination of Tobs. Furthermore,
the CIBA at 3000 GHz and the CIBA in the Planck bands are
weakly correlated, so that Tobs contains most of the informa-
tion on the CIBA at 3000 GHz. Therefore, through I353 and
B353(Tobs), the map of ⌧353 is a↵ected by the CIBA on both the
Rayleigh-Jeans and Wien sides, respectively, resulting in strong
small scale fluctuations. On the other hand, because R is ob-
tained by integrating I⌫ over frequency, it benefits from the fact
that the CIBA decorrelates in frequency; i.e., the integral over
frequency of the CIBA is close to zero.

In order to relate Planck dust emission to Galactic reddening
(Sect. 6), we also made a fit of the dust model to a version of
the Planck and IRAS data from which point sources had been
7 For example, a larger number of bands could reveal that a single-
temperature MBB is not an adequate fitting function, a conclusion that
cannot be reached with the four bands used here.
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the other two frequencies might suggest that the adopted model
does not adequately describe the data. However, these o↵sets are
well within the calibration uncertainties of the data; the overall
reduced �2 is lower than unity and these o↵sets might be re-
moved by a small systematic change in the relative calibration of
the data. Given the actual precision of the calibration, it would
be premature to conclude that a more complex model is required
to fit the data.

We compared the reduced �2 with that from a fit of the data
at 50 with ⌧353, Tobs, and �obs as free parameters. We were look-
ing for pixels on the sky for which the two-step fitting procedure
provides a reduced �2 greater than unity (i.e., a relatively bad
fit) while fitting the three parameters simultaneously at full res-
olution would provide a better solution with a lower reduced �2.
This occurred for only 0.3% of the pixels. These pixels, possibly
dominated by galaxies, are grouped in small-scale structures lo-
cated at high Galactic latitude and away from bright interstellar
areas.

3.4. Dust radiance

In the previous sections we have described the properties of the
parameters that define the shape of the dust SED. Now we ex-
amine the dust radiance or dust integrated intensity defined as

R =
Z

⌫
I⌫ d⌫. (8)

Because the grains are in thermal equilibrium, this also repre-
sents the energy absorbed. Here we estimate R at each sky posi-
tion by integrating the MBB fit:

R =
Z

⌫
⌧353 B⌫(Tobs)
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◆�obs

d⌫. (9)

This can be done analytically in terms of the Gamma (�) and
Riemann zeta functions (⇣):
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obs

 
kTobs
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, (10)

where �S is the Stefan-Boltzmann constant, k is the Boltzmann
constant, h is the Planck constant, and ⌫0 = 3.53⇥1011 Hz. Using
the fit parameters described above we produced the all-sky map
of R shown in Fig. 12, expressed in units of W m�2 sr�1.

Note that even though the calculation of R uses the dust pa-
rameters (Tobs, �obs, ⌧353), R does not su↵er from any degener-
acy in the fit parameters. In this context the MBB should be seen
as an interpolating function; R is not very sensitive to the as-
sumptions made in fitting the SED as long as the fit accounts for
the data, including the high-frequency turnover. The uncertainty
of R arises mostly from the calibration uncertainty of the data
and, to a lesser extent, from the limited number of bands used in
the fit7.

In thermal equilibrium, R is equal to the amount of light ab-
sorbed by dust. Assuming constant properties along the line of
sight, including the dust-to-gas ratio,

R / U �a NH, (11)

where �a is the absorption opacity defined similarly to the emis-
sion opacity in Eq. (3), averaged over the size distribution and
also, in this case, over the spectrum of the ISRF.

This is complementary to ⌧353, which is also used as a proxy
for NH:

⌧353 =
I353

B353(Tobs)
= �e 353 NH. (12)

Division by the Planck function factors out any e↵ects due to
spatial variations of the dust temperature (potentially linked to
spatial variations of U), but ⌧353 is only proportional to NH if
the dust opacity �e 353 is constant. This limitation does not apply
to R, which is independent of �e 353 because of thermal equilib-
rium; R is simply the energy emitted by dust (Eq. (8)), whatever
the shape of the SED and regardless of how e�cient the grain
cooling is. Thus R is closer to a measured quantity, while ⌧353 is
a parameter deduced from a model.

At high Galactic latitudes, where the spatial variations of U
and �e 353 are expected to be minimal so that both ⌧353 and R
should be proportional to dust column density, comparison of
maps of ⌧353 and R reveals another fundamental di↵erence, as
illustrated in Fig. 13 for one of the faintest areas in the sky: the
map of ⌧353 shows surprisingly strong small-scale fluctuations
that are absent in the map of R.

This significant di↵erence is due to the impact of the CIBA,
especially its decorrelation in frequency. On the one hand, ⌧353
is the division of I353 by B353(Tobs) (Eq. (12)) and so is contami-
nated by the CIBA at not only 353 GHz but also 3000 GHz; i.e.,
because the 3000 GHz band is the only one in the Wien range,
it has a strong weight in the determination of Tobs. Furthermore,
the CIBA at 3000 GHz and the CIBA in the Planck bands are
weakly correlated, so that Tobs contains most of the informa-
tion on the CIBA at 3000 GHz. Therefore, through I353 and
B353(Tobs), the map of ⌧353 is a↵ected by the CIBA on both the
Rayleigh-Jeans and Wien sides, respectively, resulting in strong
small scale fluctuations. On the other hand, because R is ob-
tained by integrating I⌫ over frequency, it benefits from the fact
that the CIBA decorrelates in frequency; i.e., the integral over
frequency of the CIBA is close to zero.

In order to relate Planck dust emission to Galactic reddening
(Sect. 6), we also made a fit of the dust model to a version of
the Planck and IRAS data from which point sources had been
7 For example, a larger number of bands could reveal that a single-
temperature MBB is not an adequate fitting function, a conclusion that
cannot be reached with the four bands used here.
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Fig. 9. All-sky maps of the parameters of the MBB fit of Planck 353, 545, and 857 GHz and IRAS 100 µm data. Upper: optical depth
at 353 GHz, ⌧353, at 50 resolution, displayed logarithmically (the range shown corresponds to �6.5 < log10(⌧353) < �3). Middle:
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Fig. 13. Maps of ⌧353 (left) and R (right) of a di↵use area of the sky, centered on l = 90�, b = �80�.

The maps of Tobs and ⌧353 presented here should be com-
pared with the ones published as Planck early results by Planck
Collaboration XIX (2011). Apart from the facts that we use a
more recent release of Planck data (with a di↵erent calibration
of the 545 and 857 GHz and with ZE removed) and a slightly
di↵erent approach to the o↵set determination,8 the main dif-
ference is that we fit for �obs while Planck Collaboration XIX
(2011) used a fixed value, �obs = 1.8, a convention shared among
all the Planck Early Papers dedicated to dust emission (Planck
Collaboration XXV 2011; Planck Collaboration XXIV 2011;
Planck Collaboration XXI 2011). Even with these di↵erences
in data and methodology, the maps of Tobs are remarkably simi-
lar. The map of Tobs presented here is higher by about 1 K than

as low as 7 K. These clumps were identified after removing a hotter
background/foreground emission. We do not obtain such low values of
Tobs because we model the observed specific intensity on each line of
sight.

8 Both studies use the correlation with H i to set the o↵sets but Planck
Collaboration XIX (2011) used a higher threshold in column density
(NH i < 1.2 ⇥ 1021 cm�2) than adopted here (NH i < 2 ⇥ 1020 cm�2).

that of Planck Collaboration XIX (2011), due principally to the
modification of the calibration of the 545 and 857 GHz channels.

Like in Planck Collaboration XIX (2011), the lowest Tobs
values are found in the outer Galaxy and in molecular clouds.
In general the well-known molecular clouds have a lower Tobs
(15–17 K) and higher �obs (around 1.8) than in the di↵use ISM.
This trend is compatible with the result of Planck Collaboration
XXV (2011) who reported a steepening of the SED from di↵use
to molecular areas in the Taurus molecular cloud.

Small-scale regions of higher Tobs are seen along the
Galactic plane and in many of the Gould Belt clouds, most prob-
ably related to the local production of dust-heating photons in
Galactic star forming regions. The Magellanic Clouds are clearly
visible in the parameter maps with a higher Tobs and lower �obs
(Planck Collaboration XVII 2011).

The main noticeable di↵erence with respect to the early re-
sults of Planck Collaboration XIX (2011) is the lower Tobs found
here in the inner Galactic plane. This is due to the fact that we
fit for �obs, which appears to have a systematically higher value
in the inner Galactic plane, in the range 1.8–2.0. The impact of
noise and CIBA is obviously negligible in this bright area of the
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the other two frequencies might suggest that the adopted model
does not adequately describe the data. However, these o↵sets are
well within the calibration uncertainties of the data; the overall
reduced �2 is lower than unity and these o↵sets might be re-
moved by a small systematic change in the relative calibration of
the data. Given the actual precision of the calibration, it would
be premature to conclude that a more complex model is required
to fit the data.

We compared the reduced �2 with that from a fit of the data
at 50 with ⌧353, Tobs, and �obs as free parameters. We were look-
ing for pixels on the sky for which the two-step fitting procedure
provides a reduced �2 greater than unity (i.e., a relatively bad
fit) while fitting the three parameters simultaneously at full res-
olution would provide a better solution with a lower reduced �2.
This occurred for only 0.3% of the pixels. These pixels, possibly
dominated by galaxies, are grouped in small-scale structures lo-
cated at high Galactic latitude and away from bright interstellar
areas.

3.4. Dust radiance

In the previous sections we have described the properties of the
parameters that define the shape of the dust SED. Now we ex-
amine the dust radiance or dust integrated intensity defined as

R =
Z

⌫
I⌫ d⌫. (8)

Because the grains are in thermal equilibrium, this also repre-
sents the energy absorbed. Here we estimate R at each sky posi-
tion by integrating the MBB fit:

R =
Z

⌫
⌧353 B⌫(Tobs)

✓ ⌫
353

◆�obs

d⌫. (9)

This can be done analytically in terms of the Gamma (�) and
Riemann zeta functions (⇣):

R = ⌧353
�S

⇡
T 4

obs

 
kTobs

h⌫0

!�obs �(4 + �obs) ⇣(4 + �obs)
�(4) ⇣(4)

, (10)

where �S is the Stefan-Boltzmann constant, k is the Boltzmann
constant, h is the Planck constant, and ⌫0 = 3.53⇥1011 Hz. Using
the fit parameters described above we produced the all-sky map
of R shown in Fig. 12, expressed in units of W m�2 sr�1.

Note that even though the calculation of R uses the dust pa-
rameters (Tobs, �obs, ⌧353), R does not su↵er from any degener-
acy in the fit parameters. In this context the MBB should be seen
as an interpolating function; R is not very sensitive to the as-
sumptions made in fitting the SED as long as the fit accounts for
the data, including the high-frequency turnover. The uncertainty
of R arises mostly from the calibration uncertainty of the data
and, to a lesser extent, from the limited number of bands used in
the fit7.

In thermal equilibrium, R is equal to the amount of light ab-
sorbed by dust. Assuming constant properties along the line of
sight, including the dust-to-gas ratio,

R / U �a NH, (11)

where �a is the absorption opacity defined similarly to the emis-
sion opacity in Eq. (3), averaged over the size distribution and
also, in this case, over the spectrum of the ISRF.

This is complementary to ⌧353, which is also used as a proxy
for NH:

⌧353 =
I353

B353(Tobs)
= �e 353 NH. (12)

Division by the Planck function factors out any e↵ects due to
spatial variations of the dust temperature (potentially linked to
spatial variations of U), but ⌧353 is only proportional to NH if
the dust opacity �e 353 is constant. This limitation does not apply
to R, which is independent of �e 353 because of thermal equilib-
rium; R is simply the energy emitted by dust (Eq. (8)), whatever
the shape of the SED and regardless of how e�cient the grain
cooling is. Thus R is closer to a measured quantity, while ⌧353 is
a parameter deduced from a model.

At high Galactic latitudes, where the spatial variations of U
and �e 353 are expected to be minimal so that both ⌧353 and R
should be proportional to dust column density, comparison of
maps of ⌧353 and R reveals another fundamental di↵erence, as
illustrated in Fig. 13 for one of the faintest areas in the sky: the
map of ⌧353 shows surprisingly strong small-scale fluctuations
that are absent in the map of R.

This significant di↵erence is due to the impact of the CIBA,
especially its decorrelation in frequency. On the one hand, ⌧353
is the division of I353 by B353(Tobs) (Eq. (12)) and so is contami-
nated by the CIBA at not only 353 GHz but also 3000 GHz; i.e.,
because the 3000 GHz band is the only one in the Wien range,
it has a strong weight in the determination of Tobs. Furthermore,
the CIBA at 3000 GHz and the CIBA in the Planck bands are
weakly correlated, so that Tobs contains most of the informa-
tion on the CIBA at 3000 GHz. Therefore, through I353 and
B353(Tobs), the map of ⌧353 is a↵ected by the CIBA on both the
Rayleigh-Jeans and Wien sides, respectively, resulting in strong
small scale fluctuations. On the other hand, because R is ob-
tained by integrating I⌫ over frequency, it benefits from the fact
that the CIBA decorrelates in frequency; i.e., the integral over
frequency of the CIBA is close to zero.

In order to relate Planck dust emission to Galactic reddening
(Sect. 6), we also made a fit of the dust model to a version of
the Planck and IRAS data from which point sources had been
7 For example, a larger number of bands could reveal that a single-
temperature MBB is not an adequate fitting function, a conclusion that
cannot be reached with the four bands used here.
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the other two frequencies might suggest that the adopted model
does not adequately describe the data. However, these o↵sets are
well within the calibration uncertainties of the data; the overall
reduced �2 is lower than unity and these o↵sets might be re-
moved by a small systematic change in the relative calibration of
the data. Given the actual precision of the calibration, it would
be premature to conclude that a more complex model is required
to fit the data.

We compared the reduced �2 with that from a fit of the data
at 50 with ⌧353, Tobs, and �obs as free parameters. We were look-
ing for pixels on the sky for which the two-step fitting procedure
provides a reduced �2 greater than unity (i.e., a relatively bad
fit) while fitting the three parameters simultaneously at full res-
olution would provide a better solution with a lower reduced �2.
This occurred for only 0.3% of the pixels. These pixels, possibly
dominated by galaxies, are grouped in small-scale structures lo-
cated at high Galactic latitude and away from bright interstellar
areas.

3.4. Dust radiance

In the previous sections we have described the properties of the
parameters that define the shape of the dust SED. Now we ex-
amine the dust radiance or dust integrated intensity defined as

R =
Z

⌫
I⌫ d⌫. (8)

Because the grains are in thermal equilibrium, this also repre-
sents the energy absorbed. Here we estimate R at each sky posi-
tion by integrating the MBB fit:

R =
Z

⌫
⌧353 B⌫(Tobs)

✓ ⌫
353

◆�obs

d⌫. (9)

This can be done analytically in terms of the Gamma (�) and
Riemann zeta functions (⇣):

R = ⌧353
�S

⇡
T 4

obs

 
kTobs

h⌫0

!�obs �(4 + �obs) ⇣(4 + �obs)
�(4) ⇣(4)

, (10)

where �S is the Stefan-Boltzmann constant, k is the Boltzmann
constant, h is the Planck constant, and ⌫0 = 3.53⇥1011 Hz. Using
the fit parameters described above we produced the all-sky map
of R shown in Fig. 12, expressed in units of W m�2 sr�1.

Note that even though the calculation of R uses the dust pa-
rameters (Tobs, �obs, ⌧353), R does not su↵er from any degener-
acy in the fit parameters. In this context the MBB should be seen
as an interpolating function; R is not very sensitive to the as-
sumptions made in fitting the SED as long as the fit accounts for
the data, including the high-frequency turnover. The uncertainty
of R arises mostly from the calibration uncertainty of the data
and, to a lesser extent, from the limited number of bands used in
the fit7.

In thermal equilibrium, R is equal to the amount of light ab-
sorbed by dust. Assuming constant properties along the line of
sight, including the dust-to-gas ratio,

R / U �a NH, (11)

where �a is the absorption opacity defined similarly to the emis-
sion opacity in Eq. (3), averaged over the size distribution and
also, in this case, over the spectrum of the ISRF.

This is complementary to ⌧353, which is also used as a proxy
for NH:

⌧353 =
I353

B353(Tobs)
= �e 353 NH. (12)

Division by the Planck function factors out any e↵ects due to
spatial variations of the dust temperature (potentially linked to
spatial variations of U), but ⌧353 is only proportional to NH if
the dust opacity �e 353 is constant. This limitation does not apply
to R, which is independent of �e 353 because of thermal equilib-
rium; R is simply the energy emitted by dust (Eq. (8)), whatever
the shape of the SED and regardless of how e�cient the grain
cooling is. Thus R is closer to a measured quantity, while ⌧353 is
a parameter deduced from a model.

At high Galactic latitudes, where the spatial variations of U
and �e 353 are expected to be minimal so that both ⌧353 and R
should be proportional to dust column density, comparison of
maps of ⌧353 and R reveals another fundamental di↵erence, as
illustrated in Fig. 13 for one of the faintest areas in the sky: the
map of ⌧353 shows surprisingly strong small-scale fluctuations
that are absent in the map of R.

This significant di↵erence is due to the impact of the CIBA,
especially its decorrelation in frequency. On the one hand, ⌧353
is the division of I353 by B353(Tobs) (Eq. (12)) and so is contami-
nated by the CIBA at not only 353 GHz but also 3000 GHz; i.e.,
because the 3000 GHz band is the only one in the Wien range,
it has a strong weight in the determination of Tobs. Furthermore,
the CIBA at 3000 GHz and the CIBA in the Planck bands are
weakly correlated, so that Tobs contains most of the informa-
tion on the CIBA at 3000 GHz. Therefore, through I353 and
B353(Tobs), the map of ⌧353 is a↵ected by the CIBA on both the
Rayleigh-Jeans and Wien sides, respectively, resulting in strong
small scale fluctuations. On the other hand, because R is ob-
tained by integrating I⌫ over frequency, it benefits from the fact
that the CIBA decorrelates in frequency; i.e., the integral over
frequency of the CIBA is close to zero.

In order to relate Planck dust emission to Galactic reddening
(Sect. 6), we also made a fit of the dust model to a version of
the Planck and IRAS data from which point sources had been
7 For example, a larger number of bands could reveal that a single-
temperature MBB is not an adequate fitting function, a conclusion that
cannot be reached with the four bands used here.
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the other two frequencies might suggest that the adopted model
does not adequately describe the data. However, these o↵sets are
well within the calibration uncertainties of the data; the overall
reduced �2 is lower than unity and these o↵sets might be re-
moved by a small systematic change in the relative calibration of
the data. Given the actual precision of the calibration, it would
be premature to conclude that a more complex model is required
to fit the data.

We compared the reduced �2 with that from a fit of the data
at 50 with ⌧353, Tobs, and �obs as free parameters. We were look-
ing for pixels on the sky for which the two-step fitting procedure
provides a reduced �2 greater than unity (i.e., a relatively bad
fit) while fitting the three parameters simultaneously at full res-
olution would provide a better solution with a lower reduced �2.
This occurred for only 0.3% of the pixels. These pixels, possibly
dominated by galaxies, are grouped in small-scale structures lo-
cated at high Galactic latitude and away from bright interstellar
areas.

3.4. Dust radiance

In the previous sections we have described the properties of the
parameters that define the shape of the dust SED. Now we ex-
amine the dust radiance or dust integrated intensity defined as

R =
Z

⌫
I⌫ d⌫. (8)

Because the grains are in thermal equilibrium, this also repre-
sents the energy absorbed. Here we estimate R at each sky posi-
tion by integrating the MBB fit:

R =
Z

⌫
⌧353 B⌫(Tobs)

✓ ⌫
353

◆�obs

d⌫. (9)

This can be done analytically in terms of the Gamma (�) and
Riemann zeta functions (⇣):

R = ⌧353
�S

⇡
T 4

obs

 
kTobs

h⌫0

!�obs �(4 + �obs) ⇣(4 + �obs)
�(4) ⇣(4)

, (10)

where �S is the Stefan-Boltzmann constant, k is the Boltzmann
constant, h is the Planck constant, and ⌫0 = 3.53⇥1011 Hz. Using
the fit parameters described above we produced the all-sky map
of R shown in Fig. 12, expressed in units of W m�2 sr�1.

Note that even though the calculation of R uses the dust pa-
rameters (Tobs, �obs, ⌧353), R does not su↵er from any degener-
acy in the fit parameters. In this context the MBB should be seen
as an interpolating function; R is not very sensitive to the as-
sumptions made in fitting the SED as long as the fit accounts for
the data, including the high-frequency turnover. The uncertainty
of R arises mostly from the calibration uncertainty of the data
and, to a lesser extent, from the limited number of bands used in
the fit7.

In thermal equilibrium, R is equal to the amount of light ab-
sorbed by dust. Assuming constant properties along the line of
sight, including the dust-to-gas ratio,

R / U �a NH, (11)

where �a is the absorption opacity defined similarly to the emis-
sion opacity in Eq. (3), averaged over the size distribution and
also, in this case, over the spectrum of the ISRF.

This is complementary to ⌧353, which is also used as a proxy
for NH:

⌧353 =
I353

B353(Tobs)
= �e 353 NH. (12)

Division by the Planck function factors out any e↵ects due to
spatial variations of the dust temperature (potentially linked to
spatial variations of U), but ⌧353 is only proportional to NH if
the dust opacity �e 353 is constant. This limitation does not apply
to R, which is independent of �e 353 because of thermal equilib-
rium; R is simply the energy emitted by dust (Eq. (8)), whatever
the shape of the SED and regardless of how e�cient the grain
cooling is. Thus R is closer to a measured quantity, while ⌧353 is
a parameter deduced from a model.

At high Galactic latitudes, where the spatial variations of U
and �e 353 are expected to be minimal so that both ⌧353 and R
should be proportional to dust column density, comparison of
maps of ⌧353 and R reveals another fundamental di↵erence, as
illustrated in Fig. 13 for one of the faintest areas in the sky: the
map of ⌧353 shows surprisingly strong small-scale fluctuations
that are absent in the map of R.

This significant di↵erence is due to the impact of the CIBA,
especially its decorrelation in frequency. On the one hand, ⌧353
is the division of I353 by B353(Tobs) (Eq. (12)) and so is contami-
nated by the CIBA at not only 353 GHz but also 3000 GHz; i.e.,
because the 3000 GHz band is the only one in the Wien range,
it has a strong weight in the determination of Tobs. Furthermore,
the CIBA at 3000 GHz and the CIBA in the Planck bands are
weakly correlated, so that Tobs contains most of the informa-
tion on the CIBA at 3000 GHz. Therefore, through I353 and
B353(Tobs), the map of ⌧353 is a↵ected by the CIBA on both the
Rayleigh-Jeans and Wien sides, respectively, resulting in strong
small scale fluctuations. On the other hand, because R is ob-
tained by integrating I⌫ over frequency, it benefits from the fact
that the CIBA decorrelates in frequency; i.e., the integral over
frequency of the CIBA is close to zero.

In order to relate Planck dust emission to Galactic reddening
(Sect. 6), we also made a fit of the dust model to a version of
the Planck and IRAS data from which point sources had been
7 For example, a larger number of bands could reveal that a single-
temperature MBB is not an adequate fitting function, a conclusion that
cannot be reached with the four bands used here.
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the other two frequencies might suggest that the adopted model
does not adequately describe the data. However, these o↵sets are
well within the calibration uncertainties of the data; the overall
reduced �2 is lower than unity and these o↵sets might be re-
moved by a small systematic change in the relative calibration of
the data. Given the actual precision of the calibration, it would
be premature to conclude that a more complex model is required
to fit the data.

We compared the reduced �2 with that from a fit of the data
at 50 with ⌧353, Tobs, and �obs as free parameters. We were look-
ing for pixels on the sky for which the two-step fitting procedure
provides a reduced �2 greater than unity (i.e., a relatively bad
fit) while fitting the three parameters simultaneously at full res-
olution would provide a better solution with a lower reduced �2.
This occurred for only 0.3% of the pixels. These pixels, possibly
dominated by galaxies, are grouped in small-scale structures lo-
cated at high Galactic latitude and away from bright interstellar
areas.

3.4. Dust radiance

In the previous sections we have described the properties of the
parameters that define the shape of the dust SED. Now we ex-
amine the dust radiance or dust integrated intensity defined as

R =
Z

⌫
I⌫ d⌫. (8)

Because the grains are in thermal equilibrium, this also repre-
sents the energy absorbed. Here we estimate R at each sky posi-
tion by integrating the MBB fit:

R =
Z

⌫
⌧353 B⌫(Tobs)

✓ ⌫
353

◆�obs

d⌫. (9)

This can be done analytically in terms of the Gamma (�) and
Riemann zeta functions (⇣):

R = ⌧353
�S

⇡
T 4
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kTobs

h⌫0

!�obs �(4 + �obs) ⇣(4 + �obs)
�(4) ⇣(4)

, (10)

where �S is the Stefan-Boltzmann constant, k is the Boltzmann
constant, h is the Planck constant, and ⌫0 = 3.53⇥1011 Hz. Using
the fit parameters described above we produced the all-sky map
of R shown in Fig. 12, expressed in units of W m�2 sr�1.

Note that even though the calculation of R uses the dust pa-
rameters (Tobs, �obs, ⌧353), R does not su↵er from any degener-
acy in the fit parameters. In this context the MBB should be seen
as an interpolating function; R is not very sensitive to the as-
sumptions made in fitting the SED as long as the fit accounts for
the data, including the high-frequency turnover. The uncertainty
of R arises mostly from the calibration uncertainty of the data
and, to a lesser extent, from the limited number of bands used in
the fit7.

In thermal equilibrium, R is equal to the amount of light ab-
sorbed by dust. Assuming constant properties along the line of
sight, including the dust-to-gas ratio,

R / U �a NH, (11)

where �a is the absorption opacity defined similarly to the emis-
sion opacity in Eq. (3), averaged over the size distribution and
also, in this case, over the spectrum of the ISRF.

This is complementary to ⌧353, which is also used as a proxy
for NH:

⌧353 =
I353

B353(Tobs)
= �e 353 NH. (12)

Division by the Planck function factors out any e↵ects due to
spatial variations of the dust temperature (potentially linked to
spatial variations of U), but ⌧353 is only proportional to NH if
the dust opacity �e 353 is constant. This limitation does not apply
to R, which is independent of �e 353 because of thermal equilib-
rium; R is simply the energy emitted by dust (Eq. (8)), whatever
the shape of the SED and regardless of how e�cient the grain
cooling is. Thus R is closer to a measured quantity, while ⌧353 is
a parameter deduced from a model.

At high Galactic latitudes, where the spatial variations of U
and �e 353 are expected to be minimal so that both ⌧353 and R
should be proportional to dust column density, comparison of
maps of ⌧353 and R reveals another fundamental di↵erence, as
illustrated in Fig. 13 for one of the faintest areas in the sky: the
map of ⌧353 shows surprisingly strong small-scale fluctuations
that are absent in the map of R.

This significant di↵erence is due to the impact of the CIBA,
especially its decorrelation in frequency. On the one hand, ⌧353
is the division of I353 by B353(Tobs) (Eq. (12)) and so is contami-
nated by the CIBA at not only 353 GHz but also 3000 GHz; i.e.,
because the 3000 GHz band is the only one in the Wien range,
it has a strong weight in the determination of Tobs. Furthermore,
the CIBA at 3000 GHz and the CIBA in the Planck bands are
weakly correlated, so that Tobs contains most of the informa-
tion on the CIBA at 3000 GHz. Therefore, through I353 and
B353(Tobs), the map of ⌧353 is a↵ected by the CIBA on both the
Rayleigh-Jeans and Wien sides, respectively, resulting in strong
small scale fluctuations. On the other hand, because R is ob-
tained by integrating I⌫ over frequency, it benefits from the fact
that the CIBA decorrelates in frequency; i.e., the integral over
frequency of the CIBA is close to zero.

In order to relate Planck dust emission to Galactic reddening
(Sect. 6), we also made a fit of the dust model to a version of
the Planck and IRAS data from which point sources had been
7 For example, a larger number of bands could reveal that a single-
temperature MBB is not an adequate fitting function, a conclusion that
cannot be reached with the four bands used here.
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Fig. 12. All-sky map of dust radiance at 50 resolution. The range shown corresponds to �7.8 < log10(R) < �4.7.
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Fig. 13. Maps of ⌧353 (left) and R (right) of a di↵use area of the sky, centred on l = 90�, b = �80�.

removed (Appendix D). From this fit we have also made maps
of ⌧353 and R.

4. The Galactic dust emission observed by Planck

4.1. Spatial variations of the dust parameters and R

The all-sky maps of Tobs, �obs, and ⌧353 in Fig. 9 – represented as
well in a polar orthographic projection in in Figs. 14 and 15 to
show details in the high-latitude sky – represent the first attempt
to fit these three parameters at the same time over the whole sky.
Together, these maps of the fit parameters provide information
on the dust SED and, quite likely, on the dust properties and their
variations with interstellar environment. They are complemented
by the map of R in Figs. 12 and 14. Here we discuss only some
broad features of these maps, leaving more detailed analysis to
future work.

The mean and standard deviation of Tobs, �obs, ⌧353, and R
are given in Table 3 for several di↵erent masks ranked in order of
decreasing dust contamination, using �(⌧353) as a proxy, and so
(mostly) of decreasing sky coverage. These include some masks

used in Planck cosmology papers (e.g., Planck Collaboration
XV 2014). Note how the ranking is reflected in the means and
standard deviations listed.

Over the whole sky, the mean of �obs is 1.62 and its standard
deviation is 0.10. The mean of Tobs is 19.7 K and its standard
deviation is 1.4 K. The distribution function of Tobs is slightly
positively skewed with a high tail that extends up to 60 K. Only
about 100 out of the more than 50 million pixels of the Nside =
2048 map have Tobs < 13 K8.

The maps of Tobs and ⌧353 presented here should be com-
pared with the ones published as Planck early results by Planck
Collaboration XIX (2011). Apart from the facts that we use a
more recent release of Planck data (with a di↵erent calibration
of the 545 and 857 GHz and with ZE removed) and a slightly

8 This is not in contradiction with the cold clumps detected in the
Planck data (Planck Collaboration XXIII 2011), some with tempera-
ture as low as 7 K. These clumps were identified after removing a hot-
ter background/foreground emission. We do not obtain such low values
of Tobs because we model the observed specific intensity on each line of
sight.
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Fig. 12. All-sky map of dust radiance at 50 resolution. The range shown corresponds to �7.8 < log10(R) < �4.7.
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Fig. 13. Maps of ⌧353 (left) and R (right) of a di↵use area of the sky, centred on l = 90�, b = �80�.

removed (Appendix D). From this fit we have also made maps
of ⌧353 and R.

4. The Galactic dust emission observed by Planck

4.1. Spatial variations of the dust parameters and R

The all-sky maps of Tobs, �obs, and ⌧353 in Fig. 9 – represented as
well in a polar orthographic projection in in Figs. 14 and 15 to
show details in the high-latitude sky – represent the first attempt
to fit these three parameters at the same time over the whole sky.
Together, these maps of the fit parameters provide information
on the dust SED and, quite likely, on the dust properties and their
variations with interstellar environment. They are complemented
by the map of R in Figs. 12 and 14. Here we discuss only some
broad features of these maps, leaving more detailed analysis to
future work.

The mean and standard deviation of Tobs, �obs, ⌧353, and R
are given in Table 3 for several di↵erent masks ranked in order of
decreasing dust contamination, using �(⌧353) as a proxy, and so
(mostly) of decreasing sky coverage. These include some masks

used in Planck cosmology papers (e.g., Planck Collaboration
XV 2014). Note how the ranking is reflected in the means and
standard deviations listed.

Over the whole sky, the mean of �obs is 1.62 and its standard
deviation is 0.10. The mean of Tobs is 19.7 K and its standard
deviation is 1.4 K. The distribution function of Tobs is slightly
positively skewed with a high tail that extends up to 60 K. Only
about 100 out of the more than 50 million pixels of the Nside =
2048 map have Tobs < 13 K8.

The maps of Tobs and ⌧353 presented here should be com-
pared with the ones published as Planck early results by Planck
Collaboration XIX (2011). Apart from the facts that we use a
more recent release of Planck data (with a di↵erent calibration
of the 545 and 857 GHz and with ZE removed) and a slightly

8 This is not in contradiction with the cold clumps detected in the
Planck data (Planck Collaboration XXIII 2011), some with tempera-
ture as low as 7 K. These clumps were identified after removing a hot-
ter background/foreground emission. We do not obtain such low values
of Tobs because we model the observed specific intensity on each line of
sight.
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Fig. 24. Estimates of E(B � V) in the ⇢ Ophiuchi molecular cloud. Clockwise from upper left: from 2MASS data, from ⌧353, from Schlegel et al.
(1998), and from R.
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of Tobs, for the Taurus (left) and ⇢ Ophiuchi (right) molecular clouds. The maps used are those shown in Figs. 23 and 24.

E(B � V)R/E(B � V)2MASS decreases. This greatly reduces the
contrast across the map of E(B � V)R.

In ⇢ Ophiuchi, there is a similar scale di↵erence in the typ-
ical E(B � V)⌧353/E(B � V)2MASS and an upturn toward lower
Tobs. Unlike in Taurus, LH is not generally depressed. There is a
correlation of E(B � V)R/E(B � V)2MASS with Tobs as expected
if Tobs reflects changes in the strength of radiation. Without an

independent measure of changes in the ISRF, R is not a reliable
quantitative tracer of the dust column density.

6.3. Discussion

As in the comparison of column density measures from dust
emission with gas column density, the comparison with dust
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Fig. 7. Gas column-density maps in the DNM (in cm�2) obtained from the �-ray (upper row) and the dust (lower row) data after subtraction of
the best-fit NH i and WCO contributions and other components unrelated to gas. The dust tracers are respectively AVQ, ⌧353, and R from left to right.

flux in the atomic gas of the Chamaeleon complex and of the
IVA clouds is respectively (22± 5) % and (8± 4) % higher than
the solar-circle average. The concordance is remarkable given
the large di↵erences in size, mass, and linear resolution between
these small clouds and the broad Galactic ring. The emissivities
in the Chamaeleon clouds and in the less massive and velocity-
sheared IVA also compare well, within 20 % at all energies. It
will be important to determine the distance of the IVA in order
to investigate whether the 20 % di↵erence is due to the unusual
dynamical state of the cloud or to a larger altitude above the
Galactic disc. Both cases would bring important constraints on
CR di↵usion.

In order to compare with previous measurements in the
solar neighbourhood, we have calculated the integral emis-
sivity of the H i gas above 250 MeV for a spin tempera-
ture of 125 K. The values of (10.8± 0.4)⇥ 10�27� s�1 sr�1

H�1 for the Chamaeleon complex and of (9.6± 0.4)⇥ 10�27�
s�1 sr�1 H�1 for the IVA cloud compare very well with
those of (10.2± 0.4)⇥ 10�27� s�1 sr�1 H�1 in the RCrA region,
(9.1± 0.3)⇥ 10�27� s�1 sr�1 H�1 in the Cepheus and Polaris
flares (Ackermann et al. 2012a), and (8.8± 0.4)⇥ 10�27� s�1 sr�1

H�1 in Orion (Ackermann et al. 2012e). They indicate that an
equivalent CR flux pervades all these nearby clouds. Note that
the low CR flux anomaly reported earlier for the Chamaeleon
complex from shorter observations was due to an error in evalu-
ating the exposure (Ackermann et al. 2012a, 2013).

The uniformity of the CR spectrum across the di↵erent gas
phases gives weight to the total-gas tracing capability of the �-
ray map. Various mechanisms can alter the CR flux inside dense
clouds, but most are ine�cient for particle energies in the GeV-
TeV range corresponding to the LAT observations. The parti-
cles can di↵use e�ciently on magnetic irregularities with wave-
lengths commensurate with their gyroradii (⌧ 1 mpc), but the
required power to maintain the Alfvén waves against ion fric-
tion with the predominant gas neutrals inside dense clouds (Ce-
sarsky & Volk 1978) would be too large. Particle depletion in-

side a dense core may also happen because of increased �-ray
losses in dense gas. It leads to a net CR streaming flux inward,
which in turn generates Alfven waves on the outskirts of the
core, on the flux tubes connected to the surrounding medium.
These waves impede particle progression into the core (Skilling
& Strong 1976). The exclusion is strongly energy dependent
and only e�cient at particle energies below 0.1 GeV if one ig-
nores the magnetic field compression inside the dense cloud or
1 GeV if one includes it (Skilling & Strong 1976; Cesarsky &
Volk 1978). In the Chamaeleon region, with a CR flux inferred
to be near the local ISM average and with maximum NH2 col-
umn densities around 2⇥ 1022 cm�2, exclusion is predicted to be
negligible (< 2 %) for the particles that produce � rays in the
LAT band (Skilling & Strong 1976). Random magnetic mirrors
in the clouds have also been investigated, but they a↵ect only
CR particles at low energies, invisible to the LAT (Cesarsky &
Volk 1978; Padovani & Galli 2011). Only CR trapping in the
magnetic bottles created between dense cores might a↵ect the
emerging �-ray intensity if the trapped particles die owing to
radiative then ionization losses before escaping the bottles or be-
fore being replenished by residual di↵usion. The prediction of
a 3- to 5-fold increase in contrast in �-ray intensity, compared
to that in gas density (Cesarsky & Volk 1978), would strongly
bias the XCO factor upward. However, more detailed numeri-
cal simulations indicate that TeV particles e↵ectively scatter o↵
magnetic turbulence and smoothly di↵use throughout the com-
plex uniform and turbulent field of a molecular cloud (Fatuzzo et
al. 2010). All these concentration and exclusion processes would
leave an energy-dependent signature that we do not detect.

6. Gas column-densities in the dark neutral medium

The qDNM coe�cients of the �-ray model (Eq. 3) provide spec-
tral information on the radiation produced in the DNM. The lack
of energy dependence of these coe�cients (see Fig. 6) indicates
that the spectrum of the DNM-related �-ray emission closely

Article number, page 13 of 33

L
at

it
u

d
e 

[d
eg

]

 

 

−35

−30

−25

−20

−15

−10 log(N
γ
)

0.2

0.4

0.6

0.8

1

 

 
log(N

γISM
)

0

0.5

1

L
at

it
u

d
e 

[d
eg

] 

 

 

−35

−30

−25

−20

−15

−10
log(A

VQ
)

−1

−0.5

0

0.5

 

 
l og(ÃV Q)
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Fig. 1. Maps toward the Chamaeleon region of the �-ray counts recorded in the 0.4�100 GeV band and of the dust quantities (modified extinction
AVQ in magnitudes, optical depth ⌧353, and radiance R in W m�2 sr�1). The total �-ray photon counts are shown on the left and those spawned by
cosmic-ray interactions with gas (after subtraction of other ancillary components) on the right. The �-ray maps have been constructed on a 70.5
pixel grid and smoothed with a Gaussian kernel of 0�.1 for display. The dust quantities are shown at 50 resolution in the left panels, and at the
Fermi LAT resolution on the right (after convolution with the energy-dependent response function of the LAT, assuming the local interstellar �-ray
spectrum over the 0.4–100 GeV band, tilded variables). Regions excluded from the analysis have been masked out.

(see e.g., at latitudes b > �15�). The radiance has 3 times less
dynamical range than the optical depth, in particular toward the
densest molecular zones. The dynamical range of AVQ is inter-
mediate between that in R and ⌧353. These di↵erences are still
present when seen at the LAT resolution. They signal poten-

tial variations of the dust properties per gas nucleon that can be
tested against the independent � rays.
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Fig. 1. Maps toward the Chamaeleon region of the �-ray counts recorded in the 0.4�100 GeV band and of the dust quantities (modified extinction
AVQ in magnitudes, optical depth ⌧353, and radiance R in W m�2 sr�1). The total �-ray photon counts are shown on the left and those spawned by
cosmic-ray interactions with gas (after subtraction of other ancillary components) on the right. The �-ray maps have been constructed on a 70.5
pixel grid and smoothed with a Gaussian kernel of 0�.1 for display. The dust quantities are shown at 50 resolution in the left panels, and at the
Fermi LAT resolution on the right (after convolution with the energy-dependent response function of the LAT, assuming the local interstellar �-ray
spectrum over the 0.4–100 GeV band, tilded variables). Regions excluded from the analysis have been masked out.

(see e.g., at latitudes b > �15�). The radiance has 3 times less
dynamical range than the optical depth, in particular toward the
densest molecular zones. The dynamical range of AVQ is inter-
mediate between that in R and ⌧353. These di↵erences are still
present when seen at the LAT resolution. They signal poten-

tial variations of the dust properties per gas nucleon that can be
tested against the independent � rays.
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Fig. 1. Maps toward the Chamaeleon region of the �-ray counts recorded in the 0.4�100 GeV band and of the dust quantities (modified extinction
AVQ in magnitudes, optical depth ⌧353, and radiance R in W m�2 sr�1). The total �-ray photon counts are shown on the left and those spawned by
cosmic-ray interactions with gas (after subtraction of other ancillary components) on the right. The �-ray maps have been constructed on a 70.5
pixel grid and smoothed with a Gaussian kernel of 0�.1 for display. The dust quantities are shown at 50 resolution in the left panels, and at the
Fermi LAT resolution on the right (after convolution with the energy-dependent response function of the LAT, assuming the local interstellar �-ray
spectrum over the 0.4–100 GeV band, tilded variables). Regions excluded from the analysis have been masked out.

(see e.g., at latitudes b > �15�). The radiance has 3 times less
dynamical range than the optical depth, in particular toward the
densest molecular zones. The dynamical range of AVQ is inter-
mediate between that in R and ⌧353. These di↵erences are still
present when seen at the LAT resolution. They signal poten-

tial variations of the dust properties per gas nucleon that can be
tested against the independent � rays.
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cally thin H i, the value of XCO�, and the dust
DNM template calibrated in mass with the �
rays.

0.1 and 0.7 up to AV ' 2.6 (Rachford et al. 2009). Figure 14
exhibits rather steep CO edges that occur in an NH regime where
an equilibrium set of reactions involving C+ and OH leads to
CO formation (She↵er et al. 2008). So the DNM variations at
lower NH may conversely reflect the non-equilibrium chemistry
that prevails in more di↵use gas. They may also reflect local
variations in the H i optical thickness that could not be taken into
account in our analyses.

We have followed the variation of the CO-dark to total H2 ra-
tio in column density, assuming that the DNM consists of 50 %
or 100 % molecular hydrogen. Figure 15 shows the trend with
NH in the individual clouds and Fig. 16 displays the average evo-
lution with AV over the whole complex of local and IVA clouds.
To compute the latter, we have subtracted the extinction asso-
ciated with the Galactic background NH i using the NH/AV ra-
tio of FUSE. We obtain substantially the same profiles with the
“�+⌧353” and “�+R” analyses. As expected, the dark-H2 frac-
tion steeply rises to 80 % in regions heavily exposed to the ISRF
and the CO-bright phase rapidly takes over the molecular frac-
tion once CO is fully shielded, at AV > 1.2. This is deeper into
the clouds than the theoretical prediction of AV & 0.5 � 0.7 for
optically thick CO in a 105 M� cloud with an incident UV flux
extrapolated to the local ISRF (see Fig. 7 of Wolfire et al. 2010).
The DNM contributes more than half of the molecular gas up to
AV ' 0.9. It retains 10–30 % of the molecular column densities
to high AV as the lines of sight intersect envelopes of the CO-
bright clouds. This is consistent with the theoretical finding that
20 % of H2 is not traced by CO even at the density peak (Levrier
et al. 2012).

The fractions of CO-dark to total H2 in mass, fdark H2 , are
listed for each cloud in Table 4 for the two choices of DNM com-
position. The fractions indicate there is often as much molecular
mass in the inconspicuous DNM as in the CO-bright cores. They
also often exceed the 32 % prediction for CO cloudlets exposed
to the local ISRF (Levrier et al. 2012), or the 25 % prediction
based on the PDR modelling of the outer layers of a 105 M�
spherical cloud if we extrapolate its illumination to the local
ISRF (Wolfire et al. 2010). The latter model suggests that the
extinction di↵erence, �AV , between the H i-H2 and the H2-CO
transitions is a weak function of the outside UV flux. However,

as the mean extinction, AV , through the cloud measures the total
molecular mass, the dark-H2 mass fraction should decline with
increasing AV . It is di�cult to transpose the mean extinction
in the homogenous, spherical, and giant (106 M�) cloud of the
model with the average extinction in the observations. To help
the comparison, we have taken averages, X, within the well-
defined CO edges at WCO > 1 K km s�1. The model predicts
fdark H2 > 70 % for the 0.4 . AV . 0.9 range of the present
clouds. We find lower fractions in the observations in Table 4.
The model also predicts a strong decline in fdark H2 with increas-
ing AV , whereas the data in Table 4 hint at an opposite trend,
with a Pearson’s correlation coe�cient of 0.81 for a rise.

The DNM contains 10 % to 24 % of the total gas mass in
individual clouds as well as in the whole complex (see fDNM
in Table 4). These mass fractions do not depend on the DNM
chemical composition. The fraction for the whole complex is
consistent with the early estimate based on more limited, but
independent data (EGRET in � rays and DIRBE-IRAS for the
dust; Grenier et al. 2005). It is, however, lower than the mean
(43± 18) % fraction derived from C+ lines in CO clouds of the
Galactic disc for a comparable sensitivity in 12CO (Langer et al.
2014). The early �-ray analyses suggested that fDNM decreases
as the mass locked in the CO phase grows. The recent C+ line re-
sults also indicate reduced fractions of 18 % toward dense 13CO
clouds and 13 % toward the denser C18O cores (Langer et al.
2014). In the Chamaeleon complex, we find no correlation be-
tween fDNM and any of the cloud masses (correlation coe�cients
of 0.1, 0.2, and 0.3, respectively for the H i, CO-bright, and total-
cloud mass). Figure 17, however, exhibits a correlation, with a
Pearson’s coe�cient of 0.98, between fDNM and the Xextinction
averaged inside the CO contours. We stress that the mass frac-
tions and extinctions are based on independent data. Whereas a
decline of fDNM or fdark H2 with increasing AV can be explained
by a shorter screening length to protect the CO phase against
photo-dissociation, a rising trend with Xis unexpected. It is con-
firmed for both fDNM and fdark H2 in the “�+⌧353” analysis. Five
clouds constitute too scarce a sample to claim a definite increase
in DNM abundance with X, but the correlation in Fig. 17 calls
for the observation of other test cases in more massive molec-

Article number, page 22 of 33

L
at

it
u

d
e 

[d
eg

]

 

 

−35

−30

−25

−20

−15

−10 log(N
γ
)

0.2

0.4

0.6

0.8

1

 

 
log(N

γISM
)

0

0.5

1
L

at
it

u
d

e 
[d

eg
] 

 

 

−35

−30

−25

−20

−15

−10
log(A

VQ
)

−1

−0.5

0

0.5

 

 
l og(ÃV Q)
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Fig. 1. Maps toward the Chamaeleon region of the �-ray counts recorded in the 0.4�100 GeV band and of the dust quantities (modified extinction
AVQ in magnitudes, optical depth ⌧353, and radiance R in W m�2 sr�1). The total �-ray photon counts are shown on the left and those spawned by
cosmic-ray interactions with gas (after subtraction of other ancillary components) on the right. The �-ray maps have been constructed on a 70.5
pixel grid and smoothed with a Gaussian kernel of 0�.1 for display. The dust quantities are shown at 50 resolution in the left panels, and at the
Fermi LAT resolution on the right (after convolution with the energy-dependent response function of the LAT, assuming the local interstellar �-ray
spectrum over the 0.4–100 GeV band, tilded variables). Regions excluded from the analysis have been masked out.

(see e.g., at latitudes b > �15�). The radiance has 3 times less
dynamical range than the optical depth, in particular toward the
densest molecular zones. The dynamical range of AVQ is inter-
mediate between that in R and ⌧353. These di↵erences are still
present when seen at the LAT resolution. They signal poten-

tial variations of the dust properties per gas nucleon that can be
tested against the independent � rays.
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Fig. 1. Maps toward the Chamaeleon region of the �-ray counts recorded in the 0.4�100 GeV band and of the dust quantities (modified extinction
AVQ in magnitudes, optical depth ⌧353, and radiance R in W m�2 sr�1). The total �-ray photon counts are shown on the left and those spawned by
cosmic-ray interactions with gas (after subtraction of other ancillary components) on the right. The �-ray maps have been constructed on a 70.5
pixel grid and smoothed with a Gaussian kernel of 0�.1 for display. The dust quantities are shown at 50 resolution in the left panels, and at the
Fermi LAT resolution on the right (after convolution with the energy-dependent response function of the LAT, assuming the local interstellar �-ray
spectrum over the 0.4–100 GeV band, tilded variables). Regions excluded from the analysis have been masked out.

(see e.g., at latitudes b > �15�). The radiance has 3 times less
dynamical range than the optical depth, in particular toward the
densest molecular zones. The dynamical range of AVQ is inter-
mediate between that in R and ⌧353. These di↵erences are still
present when seen at the LAT resolution. They signal poten-

tial variations of the dust properties per gas nucleon that can be
tested against the independent � rays.
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A&A 565, A103 (2014)

Fig. 7. Maps of example sources with significant (σAME > 5) excess emission. Each row is a gnomic map in Galactic coordinates, 5◦ on a side,
and centred on each source, labelled in the 0.408 GHz map. The maps from left to right are 0.408, 1.42, 22.7, 28.4, 44.1, and 143 GHz. The
WMAP/Planck maps have been CMB-subtracted. The colour-scale is linear, and ranges from the minimum to maximum value within each map.
The aperture is shown as a solid line; the background annulus as dashed lines. The strong AME at frequencies around 30 GHz is evident.
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Planck Collaboration: P. A. R. Ade et al.: A study of AME in Galactic clouds

Fig. 8. SEDs for the sources with very significant AME and f UCH ii
max < 0.25. Data points are shown as circles with errors and are

colour-coded for radio data (light blue), WMAP (red), Planck (blue), and DIRBE/ IRAS (black). The best-fitting model of free-free
(dotted line), thermal dust (short dashed line), CMB (triple-dot dashed line), and spinning dust (dot-dashed line) is shown. Data
included in the fit are shown as filled circles, while the other data are unfilled. The residual spectrum, after subtraction of free-free,
synchrotron, CMB, and thermal dust components, is shown as the insert. The best-fitting spinning dust model is also shown.

For most sources, we find the CMB fluctuation tempera-
tures are within the expected range �150 < �TCMB < 150 µK.
From Monte Carlo simulations, one would expect a fluctuation
outside this range only 0.7 % of the time; however, in some
cases the fitted CMB temperatures (see Table 3) are found to
be larger than expected. Furthermore, a correlation between
the AME amplitude and CMB is observed. Figure 9 shows
the correlation between the AME amplitude and CMB fluctu-
ation temperature for the entire sample. The AME regions (solid
filled circles) are mostly within the expected range, with rela-
tively small uncertainties; however, the highest AME amplitudes
(Asp > 20⇥1020 cm�2) also have the highest CMB temperatures,
which are well above what can be reasonably expected from
the CMB alone (�TCMB > 150 µK). As discussed in Sect. 3.6,
some regions exhibit a flattening of the thermal dust spectral in-
dex at frequencies in the range 100–353 GHz (Planck Collabo-
ration 2013a) that can be artificially accounted for by a stronger
positive CMB fluctuation. This then results in a positive bias at
frequencies < 100 GHz, which increases the AME amplitude.
Some of the sources with high CMB temperatures also have high
f UCH ii
max ; these are shown as star symbols in Fig. 9. We do not be-

lieve this is a major e⇥ect on our most significant AME sample
(i.e., ⇥AME > 5 and f UCH ii

max < 0.25), since none of the AME
sources has an anomalously high CMB temperature. Although
the CMB has a stronger e⇥ect on the semi-significant AME re-
gions, the uncertainties associated with it are larger than for the
rest of the sample, as can be seen in Fig. 9.

To test robustness, the entire analysis was repeated with-
out fitting for a CMB component (�TCMB = 0 µK); the results
do not change substantially. We do find an additional source in
G102.88�00.69 with a significance of ⇥AME = 6.9, but this is
clearly due to a negative CMB fluctuation (�TCMB = �50 ±
19 µK). For the largest fitted CMB temperature of �TCMB =
626 ± 163 µK in G353.16+00.74, we find an AME amplitude
of (89 ± 26) ⇥ 1020 cm�2 (3.4⇥). Without a CMB component
(�TCMB = 0), the AME amplitude is (77 ± 25) ⇥ 1020 cm�2

(3.0⇥). In this case the CMB does not appear to be causing a
large bias, although there is a ⌅1–2⇥ bias in a few sources. This
justifies our high cut-o⇥ threshold of 5⇥. We also verify that
the general trends presented in our analysis still hold when not
taking into account the CMB.

In summary, we are confident in the robustness of our AME
detections, particularly those at ⇥AME > 5. We have been conser-
vative with the uncertainties in the photometry, and in most cases
our SEDs do not change appreciably when changing the details
of the analysis. In fact, we believe that many of the regions with
⇥AME = 2–5 (“semi-significant”) are likely to be “real” detec-
tions of AME, which can be seen in many of the subsequent
plots to be consistent with the higher-significance AME sources.

5. Statistical study of AME regions

In this section we study statistically a number of the
observational-based parameters and correlations in AME and
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Fig. 30.— Residual map (Figure 22, top right) overplotted with the edge of the bubbles. The direction of the bars

perpendicular to the edge corresponds to the local gradient in the residual map; the length of the bars represents

the width of the edge. The location of the curve along the edge corresponds to the locus of the best fit values of

'

0

(Equation 15).

all models of foreground emission and templates of the bubbles is �' = 3.4 ± 2.0[stat]+3.1
�1.7[syst] deg.

The systematic uncertainty boundaries are estimated as values which enclose ±34% of the values above

and below the median value. We take the median instead of the mean in order to avoid bias due to

outliers with large values of the width either due to oversubtractions in the foreground modeling or poor

convergence of the width estimation.

6.4. Spectrum in latitude strips

The spectra for northern and southern bubbles are shown in Figure 32. These spectra are derived

similarly to the overall spectrum of the bubbles, but instead of one template of the bubbles, we fit two

independent templates: for the northern and southern bubbles. We find that the spectra in the North

and in the South agree with each other within the uncertainties. The southern bubbles has a region of

enhanced emission, the cocoon, while the brightness in the northern bubbles is more uniform. The overall

intensities of the two bubbles are consistent with each other.

The spectra in latitude strips are shown in Figure 33. For the derivation of the spectra in strips we

separated the template of the bubbles into 6 independent templates according to latitude. The latitude

boundaries of the stripes are �60� to �40�, �40� to �20� and �20� to �10� in the South and 10� to 20�,

20� to 40� and 40� to 60� in the North. With the current level of statistical and systematic uncertainties,

we cannot detect a variation of the spectrum with latitude. Our results agree with Hooper & Slatyer

(2013) at latitudes |b| > 20�, but we do not find a significant variation of the spectrum of the bubbles

Ackermann	
  et	
  al.	
  (ApJ	
  2014)	
  

•  Microwave	
  haze	
  found	
  arer	
  subtrac<on	
  
of	
  other	
  (known)	
  Galac<c	
  components	
  
(Finkbeiner	
  2004,	
  Dobler	
  &	
  Finkbeiner	
  
2008)	
  

	
  
•  Fermi	
  bubbles,	
  extend	
  to	
  about	
  55°	
  

above	
  and	
  below	
  the	
  Galac<c	
  centre	
  
(Dobler	
  et	
  al.	
  2010,	
  Su	
  et	
  al.	
  2010,	
  
Ackermann	
  et	
  al.	
  2014)	
  

Origin?	
  	
  
Star	
  forma<on	
  driven	
  (e.g.,	
  winds	
  from	
  
supernova	
  explosions)	
  or	
  associated	
  to	
  
central	
  massive	
  black	
  hole	
  (e.g.,	
  ouulows	
  or	
  
shocks	
  from	
  different	
  accre<on	
  events)?	
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Planck Collaboration: Detection of the Galactic haze with Planck

Fig. 9. Top: The microwave haze at Planck 30GHz (red, −12 µK < ∆TCMB < 30 µK) and 44GHz (yellow, 12 µK < ∆TCMB < 40
µK). Bottom: The same but including the Fermi 2-5 GeV haze/bubbles of Dobler et al. (2010) (blue, 1.05 < intensity [keV cm−2
s−1 sr−1] < 1.25; see their Fig. 11). The spatial correspondence between the two is excellent, particularly at low southern Galactic
latitude, suggesting that this is a multi-wavelength view of the same underlying physical mechanism.
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Fig. 8. Left: The southern Planck 30GHz haze from Fig. 5. Right: The same but with contours of the Fermi gamma-ray haze/bubbles
(Su et al. 2010) overlaid in white. Above b = −35◦ (orange dashed line), the morphological correspondence is very strong suggesting
that the two signals are generated by the same underlying phenomenon.

complete data set. While the template analysis allows us to de-
rive the βH = −2.55 spectrum with high confidence, spectral de-
termination with the Gibbs approach is more difficult given that
noise must be added to the analysis to ensure convergence in the
sampling method, and that a significantly more flexible model
(in particular, one in which the spectrum of synchrotron is al-
lowed to vary with each pixel) is used. However, not only is the
spatial correspondence of the haze derived with the two methods
excellent, but the Gibbs method allows us to show conclusively
that the microwave haze is a separate component and not merely
a variation in the spectral index of the synchrotron emission.

The morphology of the microwave haze is nearly identical
from 23 to 44GHz, implying that the spectrum does not vary
significantly with position. Although detection of the haze in po-
larisation with WMAP remains unlikely given the noise level of
the data (Dobler 2012), future work with Planckwill concentrate
on using its enhanced sensitivity to search for this component.
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Power-­‐law	
  
spectrum	
  	
  
β=	
  -­‐	
  2.56±0.05,	
  
(-­‐	
  3.1	
  elsewhere)	
  
	
  

Planck	
  intermediate	
  results.	
  IX.	
  (A&A	
  2013)	
  

•  Microwave	
  haze	
  consistent	
  with	
  IC	
  from	
  a	
  popula<on	
  of	
  electrons	
  with	
  energy	
  spectrum	
  
required	
  to	
  reproduce	
  β=-­‐2.56,	
  dN/dE	
  α	
  E-­‐2.1	
  (so	
  are	
  the	
  Fermi	
  bubbles,	
  Ackermann	
  et	
  al.	
  2014)	
  

•  Strong	
  spa<al	
  coincidence	
  between	
  Planck	
  haze	
  and	
  Fermi	
  bubbles	
  at	
  low	
  la<tude,	
  |b|<35°	
  
	
  
à	
  The	
  magne<c	
  field	
  within	
  the	
  haze	
  decreases	
  ~5	
  kpc	
  away	
  from	
  the	
  Galac<c	
  plane,	
  whereas	
  the	
  
CR	
  distribu<on	
  extends	
  to	
  ~10	
  kpc	
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Planck Pol. Amplitude Fermi, E > 10 GeV

FermiFermi bubble outline in  bubble outline in PlanckPlanck data data

Preliminary!

M.	
  Vidal,	
  Planck	
  
conference,	
  
Ferrara	
  2014	
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FermiFermi bubble outline in  bubble outline in PlanckPlanck data data

Flatter spectral index 

Preliminary!

Spectral	
  index	
  of	
  Planck+WMAP	
  polarized	
  
emission	
  (between	
  23	
  and	
  30	
  GHz):	
  
Bubble	
  β	
  =	
  -­‐2.3±0.1	
  
Control	
  region	
  β	
  =	
  -­‐2.9±0.3	
   Polarized*radio*lobes*(2)*

S"PASS%and%Giant%Magnetised%Outflows%from%the%Centre%of%the%Milky%Way%%|%%E.%Carretti%10%%|%

Northern%Lobe%

Southern%Lobe%

Carretti%et%al.,%2013,%Nature,%493,%66%

S-­‐PASS	
  (Carre{	
  et	
  al.	
  2013):	
  
survey	
  of	
  the	
  polarized	
  emission	
  at	
  2.3	
  GHz	
  
	
  
Crocker	
  et	
  al.	
  (2014):	
  star	
  forma<on	
  
powered	
  ouulow	
  that	
  drives	
  internal	
  shocks	
  M.	
  Vidal,	
  Planck	
  

conference,	
  
Ferrara	
  2014	
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Optical/NIR Polarization

•

– Dust grains

aligned by

– ISM’s Magnetic Field, B

•

– Dust properties
! size distribution, composition

– Bsky

! B component projected on the sky 
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adapted from Ponthieu, Lagache; www.planck.fr

	
  
•  Dust	
  proper<es	
  &	
  dust	
  alignment	
  

efficiency:	
  
-­‐  Which	
  dust	
  components	
  contribute	
  

to	
  polariza<on?	
  
-­‐  Where	
  in	
  the	
  ISM	
  are	
  grains	
  aligned	
  

and	
  with	
  what	
  efficiency?	
  
	
  

Alignment of dust grains

‣Interstellar grains spin like tops around their axis of 
maximal inertia. 

‣Their rotation axis precesses around the magnetic 
field lines.

‣Dissipation of precession energy leads to alignment 
with the field.  Alignment may be associated with 
paramagnetic dissipation (Davis-Greenstein 1951) or 
radiative torques (Lazarian & Hoang 2007). 

‣Alignment mechanisms are opposed by grain-gas 
collisions.

Where in the ISM and with what 
efficiency are the grains aligned ?

ESLAB 20139

M.I.R.	
  Alves	
  -­‐	
  Ins)tute	
  for	
  Theore)cal	
  Physics,	
  Hamburg	
  University,	
  19.01.2015	
  

•  Galac<c	
  magne<c	
  field:	
  
What	
  is	
  the	
  interplay	
  
between	
  the	
  structure	
  of	
  the	
  
magneAc	
  field	
  and	
  that	
  of	
  
interstellar	
  maber?	
  

Dust	
  polariza<on	
  holds	
  informa<on	
  on:	
  

 

ESLAB Symposium, 4th April 2013  -  Planck Collaboration - V. Guillet : Comparing dust polarization at 353GHz and in the visible            3 / 21

Basic physics of grain alignment

Competition between 
● alignment processes : various torques (magnetic, radiative, 

mechanical) 
● disalignment processes : mainly gas collisions

Suprathermal rotation (=> gyroscopic effect)
● H2 formation on the surface of grains drive grain rotation to 

suprathermal velocities (rocket thrust)
● Radiative torques

 => Andersson & Potter (2012) for a recent review

B



Dust	
  polarizaAon	
  

Planck	
  gives,	
  for	
  the	
  first	
  Ame,	
  the	
  possibility	
  to	
  study	
  the	
  GalacAc	
  magneAc	
  field	
  
through	
  a	
  tracer	
  of	
  the	
  interstellar	
  maber	
  

•  Synchrotron	
  radiaAon:	
  traces	
  the	
  field	
  over	
  the	
  whole	
  volume	
  of	
  the	
  Galaxy	
  including	
  
the	
  thick	
  disk	
  and	
  halo.	
  The	
  volume	
  emissivity	
  scales	
  as	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ;	
  polarized	
  emission	
  
gives	
  informa<on	
  on	
  how	
  ordered	
  the	
  field	
  is	
  

	
  
•  Faraday	
  RotaAon:	
  traces	
  the	
  amplitude	
  of	
  BII	
  in	
  ionized	
  gas;	
  it	
  scales	
  as	
  
	
  
•  	
  Dust	
  polarizaAon:	
  traces	
  the	
  magne<c	
  field	
  over	
  the	
  thin	
  disk	
  where	
  ma>er	
  is	
  

concentrated.	
  The	
  volume	
  emissivity	
  scales	
  as	
  nH.	
  The	
  observed	
  polariza<on	
  is	
  the	
  sum	
  
of	
  two	
  contribu<ons:	
  

	
  
-­‐  The	
  warm	
  medium	
  (WIM/WNM)	
  with	
  a	
  significant	
  volume	
  filling	
  factor	
  (>20%).	
  

This	
  contribu<on	
  traces	
  the	
  mean	
  direc<on/structure	
  of	
  the	
  field	
  averaged	
  along	
  
the	
  line	
  of	
  sight.	
  

-­‐  The	
  cold	
  medium	
  (CNM)	
  with	
  a	
  small	
  volume	
  filling	
  factor	
  (<	
  1%).	
  This	
  contribu<on	
  
traces	
  the	
  direc<on/structure	
  of	
  the	
  field	
  within	
  localized	
  clouds.	
  

• Synchrotron emission traces the field over the whole volume of the Galaxy 
including the thick disk and Galactic halo.  The volume emissivity scales as ncr x B⊥2 .

• Faraday rotation traces the amplitude of B// in ionized gas. The rotation measure 
scales as ∫ne x B// ds. 

• Dust polarisation traces the magnetic field over the thin disk where matter is 
concentrated. The volume emissivity scales as nH.  The contribution from dust in the thick 
Galactic disk is minor. Observed polarization is the sum of two contributions:

‣The warm medium (WNM/WIM) with a significant volume filling factor (fWNM/WIM ≳ 
0.2). This contribution traces the mean direction/structure of the field averaged along 
the line of sight. 

‣The cold medium (CNM) with a small volume filling factor (fCNM ≲ 0.01). This 
contribution traces the direction/structure of the field within localized  clouds.

! Dust polarization is best suited to characterize the interplay between 
the structure of the Galactic magnetic field  and that of interstellar 
matter

7
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GalacAc	
  magneAc	
  field	
  

-­‐  Large	
  scale	
  direc<on	
  consistent	
  with	
  magne<c	
  field	
  in	
  the	
  plane	
  of	
  the	
  Galaxy.	
  
-­‐  Field	
  homogeneous	
  over	
  large	
  regions,	
  with	
  strong	
  polariza<on	
  degree.	
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ψ =1/ 2 tan−1(U,Q) ψ + 90° Magne<c	
  field	
  orienta<on	
  Planck collaboration: The Planck dust polarization sky

Fig. 5. Upper: Map of the apparent magnetic field (hB?i) orientation. The normalized lines were obtained by rotating the measured
353 GHz polarization angles by 90�. The length of the polarization vectors is fixed and does not reflect polarization fraction. The
colour map shows the 353 GHz emission in log10 scale and ranges from 10�2 to 10 MJy sr�1. Lower: Map of the 353 GHz polarization
angle uncertainty (� ) at 1� resolution. The scale is linear from � = 0� to � = 52.3�. The polarization angle is obtained
using the Bayesian method with a mean posterior estimator (see Sect. 2.3). The uncertainty map includes statistical and systematic
contributions. The same mask as in Fig. 1 is applied.

and outer (Q2 and Q3) MW regions, respectively. The di↵er-
ence in sign is due to the di↵erence in average detector orien-
tation during Galaxy crossings, resulting from the relative ori-
entation of the scanning strategy and the Galactic plane. Using
the two methods discussed above for the determination of the
coupling coe�cients leads to similar BPM leakage estimates.
Note also that, since the magnetic field is expected to be statis-

tically aligned with the Galactic plane (see, e.g., Ferrière 2011),
we expect the polarization direction towards the plane to be on
average around  = 0�. The fact that both correction methods
bring the peak of the histograms toward this value confirms the
validity of the BPM correction method used here. In the follow-
ing, we adopted the coe�cients from method B. We note, how-
ever, that although the situation is clearly improved by the BPM
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Planck collaboration: The Planck dust polarization sky

Fig. 4. Upper: Map of the 353 GHz polarization fraction p at 1� resolution. The colour scale is linear and ranges from 0 % to
20 %. Lower: Map of the 353 GHz polarization fraction uncertainty, �p, at 1� resolution in log10 scale. The colour scale is from
�p = 0.1 % to �p = 10 %. The data are not shown in the grey areas where the dust emission is not dominant or where residuals
were identified comparing individual surveys (see Sect. 2.4). The polarization fraction is obtained using the Bayesian method with
a mean posterior estimator (see Sect. 2.3). The uncertainty map includes statistical and systematic contributions. The same mask as
in Fig. 1 is applied.

from dust. Since we do not concentrate on regions with strong
molecular emission in this paper, no correction was applied for
the CO emission BPM leakage.

Figure 3 shows the e↵ect of the correction for BPM on the
observed distribution of polarization angles toward the plane of

the Milky Way (|bII| < 5�) in the four Galactic quadrants (Q1,
Q2, Q3 and Q4, defined by 0� < `II < 90�, 90� < `II < 180�,
180� < `II < 270�, and 270� < `II < 360�, respectively). When
no BPM leakage correction is applied, angles are observed to
be distributed around +20� and �5� for the inner (Q1 and Q4)

6

Polariza<on	
  frac<on	
   p = P / I = p0 cos
2(γ ) P = Q2 +U 2
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Fig. 6. Map of polarization fraction p from Fig. 4 with selected regions marked; statistics of these regions are given in Table 1.

Table 1. Polarization characteristics of individual regions shown in Fig. 6, computed at 1� resolution. The table gives the region
name (column 1), the Galactic coordinates and extent of the region (columns 2–5), the minimum, mean, median, maximum, and
standard deviation of p over the region (columns 6–10) and the median and standard deviation of  (columns 11–12). Note that the
values of  are given in the IAU convention. Regions are ordered by increasing median p.

Region `II bII �`II �bII min(p) mean(p) med(p) max(p) stdev(p) med( ) stdev( )
[�] [�] [�] [�] [%] [%] [%] [%] [%] [�] [�]

Polaris Flare.................... 120.0 27.0 12.0 12.0 0.10 3.11 2.94 7.40 1.50 176.72 46.23
Orion................................ 211.0 �16.0 12.0 12.0 0.08 3.22 2.97 10.23 1.73 177.17 42.87
Pipe .................................. 0.0 4.5 5.5 5.5 0.31 3.85 3.53 8.45 1.90 143.13 16.85
Ophiuchus....................... �6.0 15.0 12.0 12.0 0.11 5.11 4.59 12.22 2.60 0.84 20.69
Taurus .............................. 173.0 �15.0 12.0 12.0 0.16 5.08 4.83 11.62 2.19 129.00 60.11
RCrA................................ 10.0 �22.0 15.0 17.0 0.30 6.80 6.71 13.97 2.94 11.62 15.42
Cham-fil .......................... 315.0 �22.0 12.0 12.0 1.40 6.95 6.78 15.29 2.22 14.32 8.56
Pyxis ................................ �120.0 12.0 25.0 15.0 0.34 7.09 6.96 16.71 3.03 171.04 15.33
Aquila .............................. 42.0 �15.0 10.0 10.0 0.88 7.71 7.10 14.63 3.00 58.61 12.94
Auriga.............................. 145.0 0.0 50.0 30.0 0.12 7.55 7.58 18.64 2.76 1.69 12.20
RCrA-Tail ....................... 25.0 �22.0 15.0 17.0 1.66 8.63 8.40 15.53 3.16 170.71 14.65
Hercules........................... 40.0 45.0 15.0 50.0 0.37 8.67 8.59 37.49 3.69 65.26 58.68
Libra................................. �10.0 40.0 30.0 30.0 0.34 9.35 9.90 21.39 3.42 20.03 23.72
Chamaeleon-Musca....... 300.0 �13.0 12.0 12.0 0.89 9.29 9.98 15.08 3.15 15.06 10.80
Aquila Rift ...................... 18.0 24.0 25.0 30.0 0.12 10.25 10.21 20.15 3.55 50.91 13.09
Ara.................................... 336.0 �14.0 12.0 12.0 3.15 11.18 10.85 21.09 2.99 177.49 8.90
Pisces ............................... 133.0 �37.0 12.0 12.0 4.32 12.10 11.72 20.81 3.22 15.60 4.99
Microscopium ................ 15.0 �40.0 12.0 12.0 6.20 11.78 11.76 18.63 2.27 24.66 10.80
Triangulum ..................... �35.0 �14.0 10.0 7.0 5.21 12.12 12.12 17.14 2.82 6.66 4.95
Perseus............................. 143.0 �25.0 12.0 12.0 5.66 12.68 12.68 21.10 3.20 9.68 5.96
Pavo.................................. 336.0 �28.0 12.0 12.0 3.60 14.13 14.33 21.77 3.61 14.29 7.99

tracted from the intensity map we use, which therefore does not
contain the CIB monopole. We added the corresponding uncer-
tainty to the intensity variance, so that the statistical uncertainties
on p include the uncertainty on the CIB subtraction.

The zodiacal light (ZL) has a smooth distribution on the
sky. From the model constrained by its detection in the Planck
bands (Planck Collaboration XIV 2014), its median intensity at
353 GHz is 1.9 ⇥ 10�2 MJy sr�1 over the sky area studied here,

and reaches ' 4.3 ⇥ 10�2 MJy sr�1) in dust lanes near the eclip-
tic plane. Its polarization in the submillimetre is currently un-
constrained observationally. Since this intensity is subdominant
over most of the sky fraction and the polarization level of ZL is
currently unknown, we apply no correction for the possible con-
tribution of ZL. We note that, if ZL was assumed unpolarized,
subtracting its intensity would raise the observed polarization
levels by about 0.5 % of the observed polarization fraction, on
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Fig. 6. Map of polarization fraction p from Fig. 4 with selected regions marked; statistics of these regions are given in Table 1.

Table 1. Polarization characteristics of individual regions shown in Fig. 6, computed at 1� resolution. The table gives the region
name (column 1), the Galactic coordinates and extent of the region (columns 2–5), the minimum, mean, median, maximum, and
standard deviation of p over the region (columns 6–10) and the median and standard deviation of  (columns 11–12). Note that the
values of  are given in the IAU convention. Regions are ordered by increasing median p.

Region `II bII �`II �bII min(p) mean(p) med(p) max(p) stdev(p) med( ) stdev( )
[�] [�] [�] [�] [%] [%] [%] [%] [%] [�] [�]

Polaris Flare.................... 120.0 27.0 12.0 12.0 0.10 3.11 2.94 7.40 1.50 176.72 46.23
Orion................................ 211.0 �16.0 12.0 12.0 0.08 3.22 2.97 10.23 1.73 177.17 42.87
Pipe .................................. 0.0 4.5 5.5 5.5 0.31 3.85 3.53 8.45 1.90 143.13 16.85
Ophiuchus....................... �6.0 15.0 12.0 12.0 0.11 5.11 4.59 12.22 2.60 0.84 20.69
Taurus .............................. 173.0 �15.0 12.0 12.0 0.16 5.08 4.83 11.62 2.19 129.00 60.11
RCrA................................ 10.0 �22.0 15.0 17.0 0.30 6.80 6.71 13.97 2.94 11.62 15.42
Cham-fil .......................... 315.0 �22.0 12.0 12.0 1.40 6.95 6.78 15.29 2.22 14.32 8.56
Pyxis ................................ �120.0 12.0 25.0 15.0 0.34 7.09 6.96 16.71 3.03 171.04 15.33
Aquila .............................. 42.0 �15.0 10.0 10.0 0.88 7.71 7.10 14.63 3.00 58.61 12.94
Auriga.............................. 145.0 0.0 50.0 30.0 0.12 7.55 7.58 18.64 2.76 1.69 12.20
RCrA-Tail ....................... 25.0 �22.0 15.0 17.0 1.66 8.63 8.40 15.53 3.16 170.71 14.65
Hercules........................... 40.0 45.0 15.0 50.0 0.37 8.67 8.59 37.49 3.69 65.26 58.68
Libra................................. �10.0 40.0 30.0 30.0 0.34 9.35 9.90 21.39 3.42 20.03 23.72
Chamaeleon-Musca....... 300.0 �13.0 12.0 12.0 0.89 9.29 9.98 15.08 3.15 15.06 10.80
Aquila Rift ...................... 18.0 24.0 25.0 30.0 0.12 10.25 10.21 20.15 3.55 50.91 13.09
Ara.................................... 336.0 �14.0 12.0 12.0 3.15 11.18 10.85 21.09 2.99 177.49 8.90
Pisces ............................... 133.0 �37.0 12.0 12.0 4.32 12.10 11.72 20.81 3.22 15.60 4.99
Microscopium ................ 15.0 �40.0 12.0 12.0 6.20 11.78 11.76 18.63 2.27 24.66 10.80
Triangulum ..................... �35.0 �14.0 10.0 7.0 5.21 12.12 12.12 17.14 2.82 6.66 4.95
Perseus............................. 143.0 �25.0 12.0 12.0 5.66 12.68 12.68 21.10 3.20 9.68 5.96
Pavo.................................. 336.0 �28.0 12.0 12.0 3.60 14.13 14.33 21.77 3.61 14.29 7.99

tracted from the intensity map we use, which therefore does not
contain the CIB monopole. We added the corresponding uncer-
tainty to the intensity variance, so that the statistical uncertainties
on p include the uncertainty on the CIB subtraction.

The zodiacal light (ZL) has a smooth distribution on the
sky. From the model constrained by its detection in the Planck
bands (Planck Collaboration XIV 2014), its median intensity at
353 GHz is 1.9 ⇥ 10�2 MJy sr�1 over the sky area studied here,

and reaches ' 4.3 ⇥ 10�2 MJy sr�1) in dust lanes near the eclip-
tic plane. Its polarization in the submillimetre is currently un-
constrained observationally. Since this intensity is subdominant
over most of the sky fraction and the polarization level of ZL is
currently unknown, we apply no correction for the possible con-
tribution of ZL. We note that, if ZL was assumed unpolarized,
subtracting its intensity would raise the observed polarization
levels by about 0.5 % of the observed polarization fraction, on
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4 Planck Collaboration: Comparison of polarized dust emission in nearby fields with MHD simulations

fractions. This feature, which is already noticed at 1◦ resolu-
tion in Planck Collaboration PIP75 (2013), is discussed later on
in section 2.4. A final qualitative aspect of these maps is that
regions with higher column densities tend to be less polarized
than their surroundings. This is especially apparent in the Musca
molecular cloud (Fig. A.1, near l = 301◦, b = −9◦), where
p ≃ 8%, which is surrounded by more diffuse material with
p ≃ 14%. In this particular case, it cannot be an effect of noise,
as p/σp ∼ 100 over the whole region.

2.3. Polarization fraction vs. column density

To quantify this decrease of polarization fraction with increasing
column density, we now consider the distributions of p and NH

using maps at 15’. We show these distributions for a few fields in
Fig. 4 and for all other fields in appendix A. The mean and max-
imum polarization fractions in these fields are listed in Table 1.
The decrease in maximum polarization fraction pmax at higher
column densities is apparent for all fields.

The values found for pmax ought to be compared to the
ones in Planck Collaboration PIP75 (2013), although the res-
olution and precise field selection are different - given to JPB.

To quantify the decrease in maximum polarization fraction
pmax with increasing NH , we consider the 0.01% upper percentile
of the p distribution for each given NH bin, and fit a function of
the form pmax = a log10 (NH) + b through these points above a
given threshold in column densities, which is either 1021 cm−2,
7 × 1021 cm−2 or 1022 cm−2 depending on the range of column
densities in the field considered. Results of these fits are shown
as blue solid lines on each panel of Fig. 4. Values of the decre-
ments ∆pmax/∆ log10 (NH) are listed in Table 1 and range be-
tween −0.055 for Orion and −0.31 for Pavo.

Regarding robustness, note that the pixels selected for plot-
ting Fig. 4 are those for which the polarization signal-to-noise
ratio is p/σp > 3. The effect of that selection is to remove points
below the lower percentile curve, but leaves the upper percentile
unchanged. Consequently, both the absolute value of the maxi-
mum polarization fraction pmax and the slopes of the decrease of
p at the high end of column densities are quite robust.

2.4. Polarization angle coherence vs. polarization fraction

We show on the bottom rows of Figs. A.1 to A.3 the maps of the
local dispersion of polarization angles ∆ψ in the selected fields.
We recall that this function, defined in Planck Collaboration
PIP75 (2013), is

∆ψ2(r, l) =
1

N

N
∑

i=1

[

ψ (r) − ψ (r + li)
]2

where the sum extends over pixels at a distance l = |li| from the
central pixel r. Here they are computed at a lag l = 15′ equal
to the size of the beam’s FWHM. One can readily see filamen-
tary structures that correspond to regions where the polariza-
tion angle is less ordered or changes abruptly. These filaments
are already noted in Planck Collaboration PIP75 (2013) over
long distances. These regions of large angular dispersions cor-
respond to regions of low polarization fractions, as can be seen
for instance by comparing the top and bottom panels of Fig. 3.
[Planck Collaboration PIP75 (2013) consider only pixels for
which ∆ψ/σ∆ψ > 3 with σ∆ψ from their Bayesian analysis.
Shouldn’t a comparison to the uncertainty σψ be necessary ?
If it is comparable to ∆ψ, some of the large values of ∆ψmay
come from those uncertainties, rather than from boundaries

Fig. 3. Ophiuchus field. The top panel shows the total intensity
at 353 GHz in logarithmic scale (units are MJy.sr−1). The mid-
dle panel shows the polarization fraction p in colour scale, to-
tal gas column density NH (contours are indicated in units of
1021 cm−2), and the orientation of the projection of the magnetic
field on the plane of the sky as blue segments of constant length.
The bottom panel shows the local dispersion of polarization an-
gles ∆ψ with lag l = 15′ (units of ∆ψ are degrees) with contours
and segments identical to the top panel. In all subplots, the 15’
beam is indicated in the lower-left corner of the map.
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Ophiuchus
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Polaris

Fig. 14. Maps of a few selected regions, illustrating the relation between polarization fraction and polarization angle dispersion
function. Left: intensity at 353GHz. Centre: polarization fraction. Right: polarization angle dispersion function, ∆ψ, shown in log
scale. Regions are from top to bottom: Taurus, Orion, Ophiuchus, and Polaris.

polarized source of emission, such as free-free or spinning dust
emission, can only decrease p. Therefore, derived values of pmax
can only be lower limits to the intrinsic polarization fraction p0.

Here, we use the Planck maps at 353GHz to evaluate pmax.
Since p is a biased quantity and since noise depends upon the
data resolution, the observed maximum polarization fraction de-

16

||:	
  B	
  orienta<on	
  
Colour:	
  Polar.	
  frac<on	
  

||:	
  B	
  orienta<on	
  
Colour:	
  Polar.	
  angle	
  dispersion	
  

Bernard J.Ph.,  ESLAB 2013
10

A
ngular Structure Function

M
easure of polarization direction hom

ogeneity at scale l :

- C
om

puted on Full survey on 1° resolution m
ap at l=

30’.
- M

asked w
here SN

(Δψ
)<

3 (uncertainties using M
C

)
- Sim

ilar m
aps for all 5 individual surveys and 2 half-ring surveys

- Spaghetti shaped regions of high polarization rotation

Δψ=0°Δψ=42°Δψ=90°

(H
ildebrand et al. 2009)

Δψ
 (log scale)

0°
90°

m
ercredi 3 avril 13

Bernard J.Ph.,  ESLAB 2013
10

A
ngular Structure Function

M
easure of polarization direction hom

ogeneity at scale l :

- C
om

puted on Full survey on 1° resolution m
ap at l=

30’.
- M

asked w
here SN

(Δψ
)<

3 (uncertainties using M
C

)
- Sim

ilar m
aps for all 5 individual surveys and 2 half-ring surveys

- Spaghetti shaped regions of high polarization rotation

Δψ=0°Δψ=42°Δψ=90°

(H
ildebrand et al. 2009)

Δψ
 (log scale)

0°
90°

m
ercredi 3 avril 13



M.I.R.	
  Alves	
  -­‐	
  Ins)tute	
  for	
  Theore)cal	
  Physics,	
  Hamburg	
  University,	
  19.01.2015	
  

Planck	
  polarizaAon	
  at	
  353	
  GHz	
  

Planck	
  intermediate	
  results.	
  XXXIII.	
  (A&A	
  sub.)	
  

Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds 3

Fig. 1: Magnetic field and column density measured by Planck towards the Taurus region. The colours represent column density,
while the striations indicate the direction of magnetic field lines. This image was obtained using the line integral convolution (LIC,
Cabral & Leedom 1993)

The present work uses the Planck1 observations of polarized1
thermal emission from Galactic dust, which provide the most2
complete survey of the magnetic field morphology around and3
inside MCs by a single instrument and with a common cali-4
bration scheme. Planck provides an unprecedented data set for5
the study of the ISM by measuring the dust polarized emission6
over the whole sky and down to scales that probe the interior of7
nearby MCs, as illustrated for the Taurus region in Fig. 1. We8
present a quantitative analysis of the relative orientation in a set9
of nearby (d < 450 pc) well-known MCs to quantify the role of10
the magnetic field in the formation of density structures in phys-11
ical scales ranging from tens of parsecs and approximately one12
parsec in the nearest clouds.13

This work is an extension of previous findings reported by14
the Planck collaboration in the study of the polarized thermal15
emission from Galactic dust. Previous studies by the Planck col-16
laboration include an overview of the polarized thermal emis-17
sion from Galactic dust (Planck Collaboration Int. XIX 2014),18
which reported dust polarization fractions up to 20% and sys-19
tematic decrease in the dust polarization fraction with increas-20

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 particular the 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.

ing column density for regions with NH > 1022 cm�2. Planck 21
Collaboration Int. XX (2014) presented a comparison of the po- 22
larized thermal emission from Galactic dust with simulations of 23
MHD turbulence, focusing on the statistics of the polarization 24
fractions and angles. Both studies reported that the largest po- 25
larization fractions are reached in the most di↵use regions of 26
the sky. Additionally, they reported an anti-correlation between 27
the polarization fraction and the dispersion of the polarization 28
angle. This finding is well reproduced by synthetic observations 29
obtained under the assumption of homogeneous dust grain align- 30
ment e�ciency, indicating that this property is essentially due to 31
the turbulent structure of the magnetic field. 32

Planck Collaboration Int. XXXII (2014) presented the anal- 33
ysis of the relative orientation between density structures, char- 34
acterized by the Hessian matrix, and magnetic field structures, 35
inferred from polarization observations over the whole sky, re- 36
vealing that most of the elongated structures, or ridges, have 37
counterparts in the Stokes Q and U. This implies that in these 38
structures the magnetic field has a well defined mean direction 39
at the scales probed by Planck. Furthermore, the ridges are pref- 40
erentially aligned with the magnetic field measured on the struc- 41
tures. This statistical trend becomes more striking for increasing 42
polarization fraction and decreasing column density, as expected 43
from projection e↵ects. There is no alignment for the highest 44
column density ridges in their sample (NH & 1022 cm�2). Planck 45
Collaboration Int. XXXIII (2014) presented a study of the polar- 46



M.I.R.	
  Alves	
  -­‐	
  Ins)tute	
  for	
  Theore)cal	
  Physics,	
  Hamburg	
  University,	
  19.01.2015	
  

MagneAc	
  field	
  in	
  interstellar	
  filaments	
  

Planck	
  intermediate	
  results.	
  XXXIII.	
  (A&A	
  sub.)	
  Taurus	
  molecular	
  cloud	
  
(||	
  B	
  orientaiton;	
  colour	
  polar.	
  frac<on)	
  

Planck collaboration: Signature of the magnetic field geometry of interstellar filaments in dust polarization maps

Fig. 10. Observed total polarized emission (in MJy sr�1) of the Musca (left) and Taurus (right) clouds. The polarized emission is
debiased as explained in Sect. 2. The maps are at the resolution of 9.06 for better visualization. The black segments show the �
angles, i.e., the polarization angles rotated by 90�. The length of the pseudo-vectors is proportional to the polarization fraction. The
blue contours show the total intensity at levels of 3 and 6 MJy sr�1. The white boxes show the length of the filaments and their
background, which is used in the modelling and shown in Fig. 9.

of the pseudo-vectors is proportional to the observed (debiased)
polarization fraction. We use P and p here only for visual inspec-
tion and no quantitative analyses are performed on these quan-
tities. These maps show that the Musca and B211 filaments are
detected in polarized emission, while the L1506 filament is not.
The filaments are surrounded by an ordered magnetic field. The
orientation of the magnetic field observed towards the Musca
and B211 filaments is close to being orthogonal to the orientation
of the filaments on the POS, while the field observed towards the
L1506 filament is approximatly parallel to its main axis.

4. Modelling the observed polarization properties

Planck observations of the polarized dust emission give an es-
timate of the magnetic field orientation projected onto the 2D
plane of the sky. In the following we model the 3D magnetic field
structure of an interstellar filament from the observed polarized
dust emission. A 3D magnetic field can be described with a pair
of angles (�, �), where � is the angle on the POS and � is the 3D
angle4, which gives the inclination of the magnetic field relative
to the POS (Fig. 11). The 3D angle influences the observed po-
larization fraction: maximal and no polarization for � = 0� and
90�, respectively.

4.1. Assumptions of the model

As mentioned before, the observed polarized dust emission de-
pends on the geometry of the magnetic field and on the efficiency
of dust grains to emit polarized light. The modelling presented
now focuses on studying how much the observed polarized light
depends on the mean orientation of the magnetic field in the fil-

4 By “3D angle” we mean the angle between the magnetic field and
the POS, as opposed to the 2D magnetic field angle observed on the
POS and orthogonal to the polarization angle ( ).

ament and in the background. Hence we assume that p0 is the
same in the filament and in the background, ignoring any other
mechanism, which could also affect the observations, such as
different dust polarization properties and/or grain alignment in
the filament and in the background. Our modelling of the mean
orientation of the magnetic field assumes that the small-scale
structure of the field averages out within the Planck beam.

The observed interstellar filament width of approximately
0.1 pc (e.g., Arzoumanian et al. 2011) is not resolved by the
353 GHz Planck observations. Nevertheless, with Planck data
the outer radii of the filaments, 0.5 to 1 pc, are resolved and we
can study the variation of the magnetic field in the filaments
with respect to that of their background regions. However, in
this analysis we assume that the field in the filament is uniform
and we do not try to model any small-scale variations or tangling
of the field lines. Modelling the observed intensity variations
of the background, which in the case of the Musca filament
corresponds to neighbouring structures/filaments, is also beyond
the scope of this work.

4.2. A two-layer model

We describe the dust emission observed towards the filaments
as a two-layer model. One layer corresponds to the filament,
for |r| < Rout, where r = 0 is the filament’s main axis. The
other layer represents the background, which corresponds
to the emission observed around the filaments for |r| � Rout
as detailed in Sect. 3.4. The model does not assume that the
filaments lie on the POS, albeit the 3D orientation in the cloud
of these parsec-long-filaments may probably be close to the
POS. For |r| � Rout (see Sect. 3.4), the emission traces only the
background, while for |r| < Rout the observed emission is the
sum of the emission of the filament (Ifil) and of the background
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Fig. 18. Same as Fig. 17 for the Taurus B211 and L1506 filaments, on the left and right hand sides, respectively.

6.2. Filaments in the molecular clouds

Characterizing the B-field geometry in the filaments is important
for understanding the role that the magnetic field plays in their
formation and evolution. The picture of a uniform orientation
of the magnetic field from large to small scales in MCs (see
e.g., Li et al. 2014) may not describe the relationship between
the field and the interstellar structures. The analysis presented
in this paper, which separates the contribution to the total
emission from the filament and from the background, shows
that the mean B-field at the position where a filament is detected
in total intensity is different from that of its background. In
this discussion, we assume that the background emission is
dominated by that of the filament’s MC (see Sect. 3.4).

The analysis presented in this paper shows that the geome-
try of the magnetic field in the background of the filaments has
an ordered component with a mean orientation that we can infer
from Planck polarization data. Numerical MHD simulations of
ISM structure formation have shown that a well-defined mean B-
field orientation is sustained in sub-Alfvénic turbulence and that
the B-field is randomized if turbulence is only slightly super-
Alfvénic (e.g., Ostriker et al. 2001; Falceta-Gonçalves et al.
2008; Soler et al. 2013). The observed organized magnetic field
structure surrounding the filaments is compatible with the de-
scription of the clouds being in the sub-Alfvénic regime.

Molecular line observations show velocity gradients on both
sides of the filaments’ main axes (Palmeirim et al. 2013; Lee
et al. 2014). These velocity gradients, parallel to the magnetic
field lines, have been suggested to indicate mass accretion of sur-
rounding material onto dense filaments, channeled by the mag-
netic field (see detailed explanations in Palmeirim et al. 2013,
for the B211 filament).

Accretion channeled by magnetic fields will concentrate
matter into clouds and filaments perpendicular to the field lines.
However, the results of our modelling show that the field in the
filaments differ from that of their parent cloud. The variation
of the orientation of the field could have several explanations.
Firstly, when the flow is not aligned with the local magnetic field
and the dynamical pressure is larger than the magnetic pressure,
the B-field component perpendicular to the flow is enhanced and
matter tends to align with the field. This scenario could describe
the configuration of the field in L1506. However, in such a con-
figuration, due to magnetic flux freezing into matter, magnetic

pressure will increase, limiting the accumulation of material
(Heitsch et al. 2009; Inoue & Inutsuka 2009). Secondly, where
the velocity of the filament and the surrounding gas differ, due to
flux freezing, the relative motion will create a change in the field
orientation. Such a bending of the field lines7 could be associated
with the magnetic field orientation derived from our modelling
(cf. Fig.18), as well as the velocity gradients observed on both
sides of the B211 filament (Palmeirim et al. 2013). However, the
distortion of the field lines will depend on the ratio between the
mass in the filament and in the surrounding cloud, and on the
boundary conditions describing the anchoring of the field lines
(e.g., Kim et al. 2002, for a description at the scale of a galaxy).

If dense molecular filaments only form by accumulation of
matter along field lines, unlike the filaments observed in the
diffuse ISM (cf. Planck Collaboration Int. XXXII 2014), they
should always be perpendicular to the field lines. The fact that
the fields in the filament and its background are not the same sug-
gests that the field orientation changes as filamentary structures
form and relative motions between the cloud and the filaments
evolve.

7. Conclusions

We have presented and analysed the Planck dust polarization
maps observed towards three nearby filaments and their sur-
roundings: the Musca; B211; and L1506 filaments. We model
the observations with a simple 3D magnetic field structure in the
filament and in the background, with constant dust polarization
(p0) in both components. The polarization properties observed
towards the filaments and their backgrounds are successfully
modelled with mean orientations of the B-fields that are
different inside and outside the filaments. Our analysis shows
that the decrease of the polarization fraction observed towards
the filaments may be accounted for solely by the 3D structure
of the B-field, assuming uniform p0 in the filaments and their
background. Moreover, our modelling sets lower limits on
the polarization fraction within filaments at the resolution of
Planck. Our model gives an alternative to dust models that
consider variations of the dust alignment efficiency alone to
explain the decrease of p in dense structures/filaments. The

7 For an illustration of such a bending of the field lines see figure 1
in Zweibel (1990), which shows the distortion of the lines induced by a
moving clump in a lower mass inter-cloud medium.
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Planck Collaboration: Coherent structures in polarization maps of the di↵use ISM

Fig. 17. Left: maps of the visual extinction AV derived from the sub-mm dust opacity from Planck Collaboration XI (2014) at the
150 resolution of our analysis for the Taurus molecular cloud (top), and the Chamaeleon molecular complex including the Musca
filament (bottom). The vectors tracing the magnetic field orientation, computed from QDif

353 and UDif
353, are plotted with a fixed length.

Right: corresponding maps of the relative orientation between matter structures and magnetic field quantified by cos 2⇥ for the
selected structures (Sect. 4). This figure shows coherent structures where the cosine is either positive or negative, corresponding to
a magnetic field aligned with, or perpendicular to the structures.
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Planck Collaboration: Coherent structures in polarization maps of the di↵use ISM

Fig. 18. Same as in Fig. 17 but for two fields at intermediate Galactic latitudes sampling the di↵use ISM. The central pixel for the
top panels corresponds to (l, b)=(6�, 37�). The central pixel for the bottom panels corresponds to (l, b)=(295�,�40�). The Magellanic
Clouds in the bottom extinction map (left) are masked. Most of the structures in the relative orientation maps appear as parallel to
the magnetic field.
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Planck Collaboration: Coherent structures in polarization maps of the di↵use ISM

Fig. 9. Distribution function of � str, the di↵erence between the
polarization angles with and without background subtraction,
 Dif

353 and  353 respectively, computed over the selected pixels.
The three curves show the DFs when we compute the local back-
ground among the 10 (red), 20 (black), and 40 % (orange) lowest
values of D353 (see Sect. 3.2).

1953; Hildebrand et al. 2009; Ostriker et al. 2001). This result is
in agreement with the gas velocity dispersion and the magnetic
field strength in the di↵use ISM inferred from H i Zeeman ob-
servations (Myers et al. 1995; Heiles & Troland 2005). It shows
that turbulence in the CNM is trans-Alfvénic (Alfvénic Mach
number about 1, Falceta-Gonçalves et al. 2008).

6. Alignment of the magnetic field and the matter
structures in the diffuse ISM

We quantify the relative orientation between the magnetic field
and ridges in the dust emission map. We present and discuss the
statistical results from our data analysis in light of the Gaussian
model in Appendix B, which takes into account projection ef-
fects. The global statistics presented in this section refer to the
di↵use ISM because only a small fraction of the selected struc-
tures are within molecular clouds.

6.1. The alignment between the magnetic field and the
matter structures

In order to calculate the relative orientation between the mag-
netic field and the ridges, we make a pixel-by-pixel comparison
of the polarization angle  and the orientation angle ✓ of the
ridges. We compute the di↵erence, ⇥, between the orientation of
the ridge and that of the magnetic field inferred from the polar-
ization angle, using Eq. (15) with ↵ =  � 90� and � = ✓. In
Fig. 10, we show the DFs of ⇥ for the selected pixels, computed
with  =  Dif

353,  353, and  BG
353.

A preferred alignment is observed for the two DFs com-
puted with  Dif

353 and  353, while that computed with  BG
353 is much

broader. The comparison of the DFs in Fig. 10 leads to two main
conclusions. First, the similarity between the DFs computed with
and without background subtraction tells us that the background
subtraction is not a critical aspect of our data analysis. This fol-
lows from the fact that, for the selected pixels, the polarized sig-

Fig. 10. Distribution function of ⇥, the di↵erence between the
inferred orientation angle of the magnetic field and that of the
ridges, for the selected pixels. The orange line and the black line
represent the Planck data with ( Dif

353) and without ( 353) back-
ground subtraction, respectively. The red line refers to the polar-
ization angle of the subtracted background ( BG

353). The structures
of matter appear as statistically aligned with the orientation of
the magnetic field projected on the plane of the sky.

nal is dominated by the contribution of the ridges. Second, the
fact that the DF obtained when comparing ✓ with  BG

353 is almost
flat indicates that the matter structures are preferentially aligned
with the local magnetic field, rather than with the background
field.

6.2. Correlation between alignment and polarization fraction

In spite of the predominant alignment of the interstellar mat-
ter structures with the magnetic field, all DFs in Fig. 10 show a
broad dispersion, with a significant probability up to 90� from
the central peak. The widths of the DFs are much larger than
those computed for the uncertainty in the polarization angle, and
in the direction of the ridges in Appendix A.

The DFs of⇥ combine the intrinsic scatter in the relative ori-
entations between the matter structures and the magnetic field in
3D with the projection onto the plane of the sky. Thus, we expect
the shape of the DF to depend on the orientation of the magnetic
field with respect to the line of sight. Where the magnetic field
orientation is close to the line of sight, the polarization angle on
the plane of the sky does not strongly constrain the orientation
of the field and, thereby, its relative orientation with the ridges
in the dust map.

The analysis of the polarization maps, built from the 3D
MHD simulation in Planck Collaboration Int. XX (2014), shows
that the polarization fraction p in Eq. (3) traces cos2 � averaged
over the line of sight (see their Fig. 21). Although p also depends
on changes of the magnetic field orientation along the line of
sight (Planck Collaboration Int. XIX 2014; Planck Collaboration
Int. XX 2014), depolarization along the line of sight and within
the beam does not preclude the use of p to statistically test the
impact of projection e↵ects on the DF of ⇥. We do find that the
relative orientation between the matter structures and the mag-
netic field depends on p. In Fig. 11, we compare the DFs com-
puted with  Dif

353 for all the selected ridges, for those with the
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1953; Hildebrand et al. 2009; Ostriker et al. 2001). This result is
in agreement with the gas velocity dispersion and the magnetic
field strength in the di↵use ISM inferred from H i Zeeman ob-
servations (Myers et al. 1995; Heiles & Troland 2005). It shows
that turbulence in the CNM is trans-Alfvénic (Alfvénic Mach
number about 1, Falceta-Gonçalves et al. 2008).

6. Alignment of the magnetic field and the matter
structures in the diffuse ISM

We quantify the relative orientation between the magnetic field
and ridges in the dust emission map. We present and discuss the
statistical results from our data analysis in light of the Gaussian
model in Appendix B, which takes into account projection ef-
fects. The global statistics presented in this section refer to the
di↵use ISM because only a small fraction of the selected struc-
tures are within molecular clouds.

6.1. The alignment between the magnetic field and the
matter structures

In order to calculate the relative orientation between the mag-
netic field and the ridges, we make a pixel-by-pixel comparison
of the polarization angle  and the orientation angle ✓ of the
ridges. We compute the di↵erence, ⇥, between the orientation of
the ridge and that of the magnetic field inferred from the polar-
ization angle, using Eq. (15) with ↵ =  � 90� and � = ✓. In
Fig. 10, we show the DFs of ⇥ for the selected pixels, computed
with  =  Dif

353,  353, and  BG
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A preferred alignment is observed for the two DFs com-
puted with  Dif

353 and  353, while that computed with  BG
353 is much

broader. The comparison of the DFs in Fig. 10 leads to two main
conclusions. First, the similarity between the DFs computed with
and without background subtraction tells us that the background
subtraction is not a critical aspect of our data analysis. This fol-
lows from the fact that, for the selected pixels, the polarized sig-
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the magnetic field projected on the plane of the sky.

nal is dominated by the contribution of the ridges. Second, the
fact that the DF obtained when comparing ✓ with  BG

353 is almost
flat indicates that the matter structures are preferentially aligned
with the local magnetic field, rather than with the background
field.

6.2. Correlation between alignment and polarization fraction

In spite of the predominant alignment of the interstellar mat-
ter structures with the magnetic field, all DFs in Fig. 10 show a
broad dispersion, with a significant probability up to 90� from
the central peak. The widths of the DFs are much larger than
those computed for the uncertainty in the polarization angle, and
in the direction of the ridges in Appendix A.

The DFs of⇥ combine the intrinsic scatter in the relative ori-
entations between the matter structures and the magnetic field in
3D with the projection onto the plane of the sky. Thus, we expect
the shape of the DF to depend on the orientation of the magnetic
field with respect to the line of sight. Where the magnetic field
orientation is close to the line of sight, the polarization angle on
the plane of the sky does not strongly constrain the orientation
of the field and, thereby, its relative orientation with the ridges
in the dust map.

The analysis of the polarization maps, built from the 3D
MHD simulation in Planck Collaboration Int. XX (2014), shows
that the polarization fraction p in Eq. (3) traces cos2 � averaged
over the line of sight (see their Fig. 21). Although p also depends
on changes of the magnetic field orientation along the line of
sight (Planck Collaboration Int. XIX 2014; Planck Collaboration
Int. XX 2014), depolarization along the line of sight and within
the beam does not preclude the use of p to statistically test the
impact of projection e↵ects on the DF of ⇥. We do find that the
relative orientation between the matter structures and the mag-
netic field depends on p. In Fig. 11, we compare the DFs com-
puted with  Dif

353 for all the selected ridges, for those with the
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1953; Hildebrand et al. 2009; Ostriker et al. 2001). This result is
in agreement with the gas velocity dispersion and the magnetic
field strength in the di↵use ISM inferred from H i Zeeman ob-
servations (Myers et al. 1995; Heiles & Troland 2005). It shows
that turbulence in the CNM is trans-Alfvénic (Alfvénic Mach
number about 1, Falceta-Gonçalves et al. 2008).

6. Alignment of the magnetic field and the matter
structures in the diffuse ISM

We quantify the relative orientation between the magnetic field
and ridges in the dust emission map. We present and discuss the
statistical results from our data analysis in light of the Gaussian
model in Appendix B, which takes into account projection ef-
fects. The global statistics presented in this section refer to the
di↵use ISM because only a small fraction of the selected struc-
tures are within molecular clouds.

6.1. The alignment between the magnetic field and the
matter structures

In order to calculate the relative orientation between the mag-
netic field and the ridges, we make a pixel-by-pixel comparison
of the polarization angle  and the orientation angle ✓ of the
ridges. We compute the di↵erence, ⇥, between the orientation of
the ridge and that of the magnetic field inferred from the polar-
ization angle, using Eq. (15) with ↵ =  � 90� and � = ✓. In
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broader. The comparison of the DFs in Fig. 10 leads to two main
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and without background subtraction tells us that the background
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nal is dominated by the contribution of the ridges. Second, the
fact that the DF obtained when comparing ✓ with  BG

353 is almost
flat indicates that the matter structures are preferentially aligned
with the local magnetic field, rather than with the background
field.

6.2. Correlation between alignment and polarization fraction

In spite of the predominant alignment of the interstellar mat-
ter structures with the magnetic field, all DFs in Fig. 10 show a
broad dispersion, with a significant probability up to 90� from
the central peak. The widths of the DFs are much larger than
those computed for the uncertainty in the polarization angle, and
in the direction of the ridges in Appendix A.

The DFs of⇥ combine the intrinsic scatter in the relative ori-
entations between the matter structures and the magnetic field in
3D with the projection onto the plane of the sky. Thus, we expect
the shape of the DF to depend on the orientation of the magnetic
field with respect to the line of sight. Where the magnetic field
orientation is close to the line of sight, the polarization angle on
the plane of the sky does not strongly constrain the orientation
of the field and, thereby, its relative orientation with the ridges
in the dust map.

The analysis of the polarization maps, built from the 3D
MHD simulation in Planck Collaboration Int. XX (2014), shows
that the polarization fraction p in Eq. (3) traces cos2 � averaged
over the line of sight (see their Fig. 21). Although p also depends
on changes of the magnetic field orientation along the line of
sight (Planck Collaboration Int. XIX 2014; Planck Collaboration
Int. XX 2014), depolarization along the line of sight and within
the beam does not preclude the use of p to statistically test the
impact of projection e↵ects on the DF of ⇥. We do find that the
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