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353 GHz). At these frequencies we favour the offset obtained

with the correlation with 857 GHz as it minimizes the aforemen-

tioned effects in the correlation between dust and gas emission.

In the process, faint dipole residuals were identified in

the 353 and 545 GHz maps. The orientation of these residual

dipoles coincides with the Solar dipole and their amplitudes (see

Table 1) corresponds to +7.6 % and −0.9 % of the Solar dipole

amplitude at 545 and 353 GHz respectively, which is within

the calibration uncertainties at these frequencies. They were re-

moved prior to the dust SED fit.

3. Model of the dust emission

3.1. Dust emission observed by Planck

The emission from interstellar dust in the far-infrared to millime-

tre range is dominated by the emission from the biggest grains

that are in thermal equilibrium with the local radiation field.

Many studies and reviews have been dedicated to this subject

(e.g., Draine 2003; Draine & Li 2007; Compiègne et al. 2011).

In the optically thin limit, the SED of emission from a uni-

form population of grains is well described, emprically, by a

modified black body (MBB):

Iν = τν Bν(T ) , (2)

where Iν is the specific intensity, Bν(T ) is the Planck function for

dust at temperature T , and τν is the frequency-dependent dust

optical depth modifying the black-body shape of the SED. The

optical depth is the product of the dust opacity, σe(ν), and the

gas column density, NH:

τν = σe(ν) NH . (3)

Alternatively, the optical depth is the product of the dust emis-

sivity cross section per unit mass, κν (in cm
2

g
−1

), and the dust

mass column density, Mdust:

τν = κν Mdust , (4)

where Mdust = r µmH NH, with r being the dust-to-gas mass ra-

tio, µ the mean molecular weight, and mH the mass of a hydro-

gen atom. Note that κν depends on the chemical composition

and structure of dust grains, but not the size for particles small

compared to the wavelength, as here. It is usually described as

a power law κν = κ0(ν/ν0)
β

(Compiègne et al. 2011), where κ0
is the emission cross-section at a reference frequency ν0. Put to-

gether, the emission of dust of a given composition and structure

and in thermal equilibrium is:

Iν = κ0 (ν/ν0)
β r µmH NH Bν(T ) . (5)

In practice the shape of the observed SED depends on three

main parameters. First, the equilibrium temperature is set by

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 efficiency to emit radia-

tion, usually modelled as above as a power law (κ0 νβ) but pos-

sibly more complex depending on dust properties (β 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 effects, the sum of several different

MBBs. Nevertheless, it is common to model the observed dust

SED on any given line of sight using an empirical single MBB:

Iν = τν0 Bν(Tobs)

�
ν

ν0

�βobs

, (6)

where ν0 is a reference frequency at which the optical depth τν0
is estimated.

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 βobs 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., β
does not depend on ν), 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+β

and so dust that is hotter for any reason, including efficiency

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 βobs < β and, in consequence,

where Tobs is biased toward higher values. This results in dust

optical depth that is generally underestimated: τobs < τ. This

effect is somewhat mitigated when lower frequency data are in-

cluded. In the Rayleigh-Jeans limit the effect of temperature is

low and the shape of the spectrum is dominated by the true β.
For T =15–25 K dust, this range is at frequencies lower than

ν = k T/h = 310 − 520 GHz.

Models like the ones of Draine & Li (2007) and Compiègne

et al. (2011) offer 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 5
�

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 diffuse 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 τν0 , Tobs and βobs

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 χ2
minimization approach. Recently, alternative

methods based on Bayesian or hierarchical models have been
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the 353 and 545 GHz maps. The orientation of these residual

dipoles coincides with the Solar dipole and their amplitudes (see

Table 1) corresponds to +7.6 % and −0.9 % of the Solar dipole

amplitude at 545 and 353 GHz respectively, which is within
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moved prior to the dust SED fit.
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Iν = τν Bν(T ) , (2)

where Iν is the specific intensity, Bν(T ) is the Planck function for

dust at temperature T , and τν is the frequency-dependent dust

optical depth modifying the black-body shape of the SED. The

optical depth is the product of the dust opacity, σe(ν), and the
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τν = σe(ν) NH . (3)

Alternatively, the optical depth is the product of the dust emis-

sivity cross section per unit mass, κν (in cm
2
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−1

), and the dust

mass column density, Mdust:

τν = κν Mdust , (4)

where Mdust = r µmH NH, with r being the dust-to-gas mass ra-

tio, µ the mean molecular weight, and mH the mass of a hydro-

gen atom. Note that κν depends on the chemical composition

and structure of dust grains, but not the size for particles small

compared to the wavelength, as here. It is usually described as

a power law κν = κ0(ν/ν0)
β

(Compiègne et al. 2011), where κ0
is the emission cross-section at a reference frequency ν0. Put to-

gether, the emission of dust of a given composition and structure

and in thermal equilibrium is:

Iν = κ0 (ν/ν0)
β r µmH NH Bν(T ) . (5)

In practice the shape of the observed SED depends on three

main parameters. First, the equilibrium temperature is set by

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 efficiency to emit radia-

tion, usually modelled as above as a power law (κ0 νβ) but pos-

sibly more complex depending on dust properties (β 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 effects, the sum of several different

MBBs. Nevertheless, it is common to model the observed dust

SED on any given line of sight using an empirical single MBB:

Iν = τν0 Bν(Tobs)
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�βobs

, (6)

where ν0 is a reference frequency at which the optical depth τν0
is estimated.

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 βobs 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., β
does not depend on ν), 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+β

and so dust that is hotter for any reason, including efficiency

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 βobs < β and, in consequence,

where Tobs is biased toward higher values. This results in dust

optical depth that is generally underestimated: τobs < τ. This

effect is somewhat mitigated when lower frequency data are in-

cluded. In the Rayleigh-Jeans limit the effect of temperature is

low and the shape of the spectrum is dominated by the true β.
For T =15–25 K dust, this range is at frequencies lower than

ν = k T/h = 310 − 520 GHz.

Models like the ones of Draine & Li (2007) and Compiègne

et al. (2011) offer 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 5
�

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 diffuse 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 τν0 , Tobs and βobs

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 χ2
minimization approach. Recently, alternative

methods based on Bayesian or hierarchical models have been
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353 GHz). At these frequencies we favour the offset obtained

with the correlation with 857 GHz as it minimizes the aforemen-

tioned effects in the correlation between dust and gas emission.

In the process, faint dipole residuals were identified in

the 353 and 545 GHz maps. The orientation of these residual

dipoles coincides with the Solar dipole and their amplitudes (see

Table 1) corresponds to +7.6 % and −0.9 % of the Solar dipole

amplitude at 545 and 353 GHz respectively, which is within

the calibration uncertainties at these frequencies. They were re-

moved prior to the dust SED fit.

3. Model of the dust emission

3.1. Dust emission observed by Planck

The emission from interstellar dust in the far-infrared to millime-

tre range is dominated by the emission from the biggest grains

that are in thermal equilibrium with the local radiation field.

Many studies and reviews have been dedicated to this subject

(e.g., Draine 2003; Draine & Li 2007; Compiègne et al. 2011).

In the optically thin limit, the SED of emission from a uni-

form population of grains is well described, emprically, by a

modified black body (MBB):

Iν = τν Bν(T ) , (2)

where Iν is the specific intensity, Bν(T ) is the Planck function for

dust at temperature T , and τν is the frequency-dependent dust

optical depth modifying the black-body shape of the SED. The

optical depth is the product of the dust opacity, σe(ν), and the

gas column density, NH:

τν = σe(ν) NH . (3)

Alternatively, the optical depth is the product of the dust emis-

sivity cross section per unit mass, κν (in cm
2

g
−1

), and the dust

mass column density, Mdust:

τν = κν Mdust , (4)

where Mdust = r µmH NH, with r being the dust-to-gas mass ra-

tio, µ the mean molecular weight, and mH the mass of a hydro-

gen atom. Note that κν depends on the chemical composition

and structure of dust grains, but not the size for particles small

compared to the wavelength, as here. It is usually described as

a power law κν = κ0(ν/ν0)
β

(Compiègne et al. 2011), where κ0
is the emission cross-section at a reference frequency ν0. Put to-

gether, the emission of dust of a given composition and structure

and in thermal equilibrium is:

Iν = κ0 (ν/ν0)
β r µmH NH Bν(T ) . (5)

In practice the shape of the observed SED depends on three

main parameters. First, the equilibrium temperature is set by

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 efficiency to emit radia-

tion, usually modelled as above as a power law (κ0 νβ) but pos-

sibly more complex depending on dust properties (β 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 effects, the sum of several different

MBBs. Nevertheless, it is common to model the observed dust

SED on any given line of sight using an empirical single MBB:

Iν = τν0 Bν(Tobs)
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ν0

�βobs

, (6)

where ν0 is a reference frequency at which the optical depth τν0
is estimated.

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 βobs 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., β
does not depend on ν), 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+β

and so dust that is hotter for any reason, including efficiency

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 βobs < β and, in consequence,

where Tobs is biased toward higher values. This results in dust

optical depth that is generally underestimated: τobs < τ. This

effect is somewhat mitigated when lower frequency data are in-

cluded. In the Rayleigh-Jeans limit the effect of temperature is

low and the shape of the spectrum is dominated by the true β.
For T =15–25 K dust, this range is at frequencies lower than

ν = k T/h = 310 − 520 GHz.

Models like the ones of Draine & Li (2007) and Compiègne

et al. (2011) offer 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 5
�

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 diffuse 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 τν0 , Tobs and βobs

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 χ2
minimization approach. Recently, alternative

methods based on Bayesian or hierarchical models have been
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Fig. 12. All-sky map of dust radiance at 5� resolution, displayed logarithmically. The range shown corresponds to −7.8 < log10(R) < −4.7, with
R in W m−2 sr−1.
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Fig. 13. Maps of τ353 (left) and R (right) of a diffuse area of the sky, centered on l = 90◦, b = −80◦.

4.2. βobs − Tobs relation

The all-sky maps of dust parameters (Fig. 9) reveal some spatial
correlation between the parameters. This is especially clear be-
tween βobs and Tobs as illustrated in Fig. 16 using results for all
pixels on the sky. Because it includes so many different regions,
this two-dimensional histogram can reveal only global trends,
here the general anti-correlation.

Several studies have highlighted potential βobs − Tobs anti-
correlations from observations of specific regions on the sky
(Dupac et al. 2003; Désert et al. 2008; Paradis et al. 2010; Planck
Collaboration et al. 2011a), while others have pointed out poten-
tial pitfalls in the joint determination of these two parameters
at low signal-to-noise ratio and with limited spectral coverage
(Shetty et al. 2009). The fractional variations of Tobs and βobs
observed here over most of the sky significantly exceed the sta-
tistical uncertainties of these parameters (see Fig. 10), and the
anti-correlation is coherent on a range of scales.

On the other hand, as shown in Sect. 3.3.3 and Appendix B,
for faint dust emission the CIBA can produce significant varia-
tions of Tobs and βobs at small scales, and although this effect is
in fact observed, it is not accounted for in the error budget. To
be quantitative, in the pixels corresponding to the 1 % faintest
NHI the observed standard deviations of these parameters are the
largest – σ(Tobs) = 1.7 K and σ(βobs) = 0.18) – while over the
whole sky σ(Tobs) = 1.4 K and σ(βobs) = 0.10 (see Table 3). We
therefore performed Monte-Carlo simulations similar to those
presented in Sect. 3.3.3 to evaluate the contributions of noise
and CIBA (partly correlated in frequency – see Appendix B) to
these variations for the specific case of the adopted two-step fit
(30� and 5�). Fig. 17 illustrates the variations of Tobs and βobs due
to noise and CIBA for dust SEDs of increasing τ353.

Contrary to the Monte-Carlo results for the direct three-
parameter fit (Table 2), these simulations indicate that for both
Tobs at 5� and βobs at 30� the CIBA has a greater contribution than
noise to the fluctuations. For the faintest simulated dust emis-
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Fig. 12. All-sky map of dust radiance at 5� resolution, displayed logarithmically. The range shown corresponds to −7.8 < log10(R) < −4.7, with
R in W m−2 sr−1.
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Fig. 13. Maps of τ353 (left) and R (right) of a diffuse area of the sky, centered on l = 90◦, b = −80◦.

4.2. βobs − Tobs relation

The all-sky maps of dust parameters (Fig. 9) reveal some spatial
correlation between the parameters. This is especially clear be-
tween βobs and Tobs as illustrated in Fig. 16 using results for all
pixels on the sky. Because it includes so many different regions,
this two-dimensional histogram can reveal only global trends,
here the general anti-correlation.

Several studies have highlighted potential βobs − Tobs anti-
correlations from observations of specific regions on the sky
(Dupac et al. 2003; Désert et al. 2008; Paradis et al. 2010; Planck
Collaboration et al. 2011a), while others have pointed out poten-
tial pitfalls in the joint determination of these two parameters
at low signal-to-noise ratio and with limited spectral coverage
(Shetty et al. 2009). The fractional variations of Tobs and βobs
observed here over most of the sky significantly exceed the sta-
tistical uncertainties of these parameters (see Fig. 10), and the
anti-correlation is coherent on a range of scales.

On the other hand, as shown in Sect. 3.3.3 and Appendix B,
for faint dust emission the CIBA can produce significant varia-
tions of Tobs and βobs at small scales, and although this effect is
in fact observed, it is not accounted for in the error budget. To
be quantitative, in the pixels corresponding to the 1 % faintest
NHI the observed standard deviations of these parameters are the
largest – σ(Tobs) = 1.7 K and σ(βobs) = 0.18) – while over the
whole sky σ(Tobs) = 1.4 K and σ(βobs) = 0.10 (see Table 3). We
therefore performed Monte-Carlo simulations similar to those
presented in Sect. 3.3.3 to evaluate the contributions of noise
and CIBA (partly correlated in frequency – see Appendix B) to
these variations for the specific case of the adopted two-step fit
(30� and 5�). Fig. 17 illustrates the variations of Tobs and βobs due
to noise and CIBA for dust SEDs of increasing τ353.

Contrary to the Monte-Carlo results for the direct three-
parameter fit (Table 2), these simulations indicate that for both
Tobs at 5� and βobs at 30� the CIBA has a greater contribution than
noise to the fluctuations. For the faintest simulated dust emis-
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3.5. Parameters and uncertainties

The all-sky maps of the dust parameters, Tobs, βobs, and τ353, and
of their fractional uncertainties are presented in Figures 9 and 10,
respectively. The precision of the three parameters is of the order
of a few percent on most of the sky. The uncertainties shown here
are based on the statistical ones returned by the χ2 minimization
fit assuming that the model is a good representation of the data.
For βobs the uncertainty is from the 30� fit. For Tobs we added
quadratically the fractional uncertainties from the 30� and 5� fits
to include the covariance between Tobs and βobs, whence

δTobs = Tobs

��
δTobs,30

Tobs,30

�2
+

�
δTobs,5

Tobs,5

�2
, (8)

where the subscripts 5 and 30 refer to the parameter or uncer-
tainty maps obtained at 5� and 30�, respectively. Similarly, the
uncertainty of τ353 is from the quadratic sum of the fractional un-
certainties of Im

353 and B353(Tobs) where Im
353 is the reconstructed

model of the emission at 353 GHz. To estimate the uncertainty
of B353(Tobs), we simply computed max[|B353(Tobs ± δTobs) −
B353(Tobs)|].

The three uncertainty maps have a similar spatial structure.
In general the fractional uncertainties are higher in the most dif-
fuse areas of the sky (where the noise and the CIBA have a more
important contribution) and in the inner Galaxy region. Striping
patterns are visible, especially in the Tobs uncertainty map; these
are likely to be coming from the IRAS data. The uncertainty of
Tobs is of the order of 1–3 % in bright areas, with a noticeable in-
crease in the inner Galaxy and rising to 5–8 % in the most diffuse
areas of the sky. The same general trend is seen for τ353 but with
higher values: 2–5 % in bright areas and up to 10 % in diffuse ar-
eas. The uncertainty of βobs, based on analysis at 30� resolution,
has a slightly different spatial structure. It is typically of 3–4 %
with a smaller decrease in bright areas and a noticeable increase
in the inner Galaxy to 6–8 %.

The reduced χ2 of the fit is much smaller than unity over
most of the sky, due to the fact that calibration uncertainties are
taken into account in the fit to give less weight to data points
with less precise calibration. To illustrate this, Fig. 11 shows the
distribution function of (Data-Model)/Noise for each frequency
used in the fit. The noise used here follows the definition of
Eq. 7; it takes into account instrumental noise and the uncer-
tainties of the calibration, the zero level, and the CMB subtrac-
tion. The range adopted in Fig. 11 corresponds to only ±1σ. At
353 and 3000 GHz, for most of the sky pixels the data are fitted
more tightly (to better than 0.1σ) than at 545 and 857 GHz. This
implies that 353 and 3000 GHz have a lot of weight in the esti-
mation of the parameters. The 3000 GHz band provides the only
data point on the Wien part of the MBB and therefore strongly
influences the determination of Tobs. On the other hand, 353 GHz
band strongly influences the determination of τ353 and βobs be-
cause it is the closest to the Rayleigh-Jeans part of the spectrum.
The compensating small offsets of the distributions at the other
two frequencies could suggest a small change in their relative
calibration, well within the calibration uncertainties.

We compared the reduced χ2 with the that from a fit of the
data at 5� with τ353, Tobs, and βobs as free parameters. We were
looking for pixels on the sky for which the two-step fitting pro-
cedure provides a reduced χ2 greater than unity (i.e., a relatively
bad fit) while fitting the three parameters simultaneously at full
resolution would provide a better solution with a lower reduced
χ2. This occured for only 0.3 % of the pixels. These pixels, possi-
bly dominated by galaxies, are grouped in small scale structures

located at high Galactic latitude and away from bright interstel-
lar areas.

3.6. 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 =
�

ν
Iν dν. (9)

Because the grains are in thermal equilibrium, this also repre-
sents the energy absorbed. Note that R is rather insensitive to the
way that the dust SED is parameterized, as long as the function
used interpolates the data points adequately and there is a high-
frequency turnover. It does not suffer from any degeneracy in the
fit parameters like τ353 with Tobs and, to a lesser extent, with βobs.
Here we estimate R at each sky position by integrating the MBB
fit:

R =
�

ν
τ353 Bν(Tobs)

� ν
353

�βobs

dν. (10)

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

R = τ353
σS

π
T 4

obs

�
kTobs

hν0

�βobs Γ(4 + βobs) ζ(4 + βobs)
Γ(4) ζ(4)

, (11)

where σS is the Stefan-Boltzmann constant, k is the Boltzmann
constant, h is the Planck constant, and ν0 = 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.

Fig. 13 compares τ353 and R in a low column density diffuse
area of the sky at high Galactic latitude. The map of τ353 shows
the fine fluctuations from the CIBA at 353 GHz. By contrast, R
benefits from the frequency decorrelation of the CIBA. Both of
these maps, and also the all-sky maps in Figs. 9 and 12, show
structure related to column density. Changes of the dust opacity
σe(353) are also reflected in τ353, as can be appreciated directly
from Eq. 3) or indirectly from Eq. 6 through Tobs compensating
for the changes in opacity; but because of thermal equilibrium,
R is unaffected. For these two reasons, the R map is smoother,
particularly at higher latitudes.

4. The Galactic dust emission observed by Planck

4.1. Spatial variations of the dust parameters and R
The all-sky maps of Tobs, βobs, and τ353 (Fig. 9) represent the first
attempt to fit these three parameters at the same time over the
whole sky. They are complemented by the map of R in Fig. 12.
In Figs. 14 and 15 we present maps with a polar orthographic
projection to visualize details in the high latitude sky. Together,
these maps provide rich information on the SED of dust and its
variations with interstellar environment. Here we discuss only
some broad features of these maps, leaving more detailed analy-
sis to future work.

The mean and standard deviation of Tobs, βobs, τ353, and R
are given in Table 3 for several different masks ranked in order of
decreasing dust contamination, using σ(τ353) as a proxy, and so
(mostly) of decreasing sky coverage. These include some masks
used in Planck cosmology papers (e.g., Planck Collaboration
XV 2013) Note how the ranking is reflected in the means and
standard deviations listed.
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Fig. 19. Polar view of σe(353) (upper, in 10
−27

cm
2

H
−1

) and LH (lower, in 10
−31

W H
−1

), on linear scales.

5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
10

10
Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-
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Fig. 12. All-sky map of dust radiance at 5� resolution, displayed logarithmically. The range shown corresponds to −7.8 < log10(R) < −4.7, with
R in W m−2 sr−1.
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Fig. 13. Maps of τ353 (left) and R (right) of a diffuse area of the sky, centered on l = 90◦, b = −80◦.

4.2. βobs − Tobs relation

The all-sky maps of dust parameters (Fig. 9) reveal some spatial
correlation between the parameters. This is especially clear be-
tween βobs and Tobs as illustrated in Fig. 16 using results for all
pixels on the sky. Because it includes so many different regions,
this two-dimensional histogram can reveal only global trends,
here the general anti-correlation.

Several studies have highlighted potential βobs − Tobs anti-
correlations from observations of specific regions on the sky
(Dupac et al. 2003; Désert et al. 2008; Paradis et al. 2010; Planck
Collaboration et al. 2011a), while others have pointed out poten-
tial pitfalls in the joint determination of these two parameters
at low signal-to-noise ratio and with limited spectral coverage
(Shetty et al. 2009). The fractional variations of Tobs and βobs
observed here over most of the sky significantly exceed the sta-
tistical uncertainties of these parameters (see Fig. 10), and the
anti-correlation is coherent on a range of scales.

On the other hand, as shown in Sect. 3.3.3 and Appendix B,
for faint dust emission the CIBA can produce significant varia-
tions of Tobs and βobs at small scales, and although this effect is
in fact observed, it is not accounted for in the error budget. To
be quantitative, in the pixels corresponding to the 1 % faintest
NHI the observed standard deviations of these parameters are the
largest – σ(Tobs) = 1.7 K and σ(βobs) = 0.18) – while over the
whole sky σ(Tobs) = 1.4 K and σ(βobs) = 0.10 (see Table 3). We
therefore performed Monte-Carlo simulations similar to those
presented in Sect. 3.3.3 to evaluate the contributions of noise
and CIBA (partly correlated in frequency – see Appendix B) to
these variations for the specific case of the adopted two-step fit
(30� and 5�). Fig. 17 illustrates the variations of Tobs and βobs due
to noise and CIBA for dust SEDs of increasing τ353.

Contrary to the Monte-Carlo results for the direct three-
parameter fit (Table 2), these simulations indicate that for both
Tobs at 5� and βobs at 30� the CIBA has a greater contribution than
noise to the fluctuations. For the faintest simulated dust emis-
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Fig. 12. All-sky map of dust radiance at 5� resolution, displayed logarithmically. The range shown corresponds to −7.8 < log10(R) < −4.7, with
R in W m−2 sr−1.
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Fig. 13. Maps of τ353 (left) and R (right) of a diffuse area of the sky, centered on l = 90◦, b = −80◦.

4.2. βobs − Tobs relation

The all-sky maps of dust parameters (Fig. 9) reveal some spatial
correlation between the parameters. This is especially clear be-
tween βobs and Tobs as illustrated in Fig. 16 using results for all
pixels on the sky. Because it includes so many different regions,
this two-dimensional histogram can reveal only global trends,
here the general anti-correlation.

Several studies have highlighted potential βobs − Tobs anti-
correlations from observations of specific regions on the sky
(Dupac et al. 2003; Désert et al. 2008; Paradis et al. 2010; Planck
Collaboration et al. 2011a), while others have pointed out poten-
tial pitfalls in the joint determination of these two parameters
at low signal-to-noise ratio and with limited spectral coverage
(Shetty et al. 2009). The fractional variations of Tobs and βobs
observed here over most of the sky significantly exceed the sta-
tistical uncertainties of these parameters (see Fig. 10), and the
anti-correlation is coherent on a range of scales.

On the other hand, as shown in Sect. 3.3.3 and Appendix B,
for faint dust emission the CIBA can produce significant varia-
tions of Tobs and βobs at small scales, and although this effect is
in fact observed, it is not accounted for in the error budget. To
be quantitative, in the pixels corresponding to the 1 % faintest
NHI the observed standard deviations of these parameters are the
largest – σ(Tobs) = 1.7 K and σ(βobs) = 0.18) – while over the
whole sky σ(Tobs) = 1.4 K and σ(βobs) = 0.10 (see Table 3). We
therefore performed Monte-Carlo simulations similar to those
presented in Sect. 3.3.3 to evaluate the contributions of noise
and CIBA (partly correlated in frequency – see Appendix B) to
these variations for the specific case of the adopted two-step fit
(30� and 5�). Fig. 17 illustrates the variations of Tobs and βobs due
to noise and CIBA for dust SEDs of increasing τ353.

Contrary to the Monte-Carlo results for the direct three-
parameter fit (Table 2), these simulations indicate that for both
Tobs at 5� and βobs at 30� the CIBA has a greater contribution than
noise to the fluctuations. For the faintest simulated dust emis-
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3.5. Parameters and uncertainties

The all-sky maps of the dust parameters, Tobs, βobs, and τ353, and
of their fractional uncertainties are presented in Figures 9 and 10,
respectively. The precision of the three parameters is of the order
of a few percent on most of the sky. The uncertainties shown here
are based on the statistical ones returned by the χ2 minimization
fit assuming that the model is a good representation of the data.
For βobs the uncertainty is from the 30� fit. For Tobs we added
quadratically the fractional uncertainties from the 30� and 5� fits
to include the covariance between Tobs and βobs, whence

δTobs = Tobs

��
δTobs,30

Tobs,30

�2
+

�
δTobs,5

Tobs,5

�2
, (8)

where the subscripts 5 and 30 refer to the parameter or uncer-
tainty maps obtained at 5� and 30�, respectively. Similarly, the
uncertainty of τ353 is from the quadratic sum of the fractional un-
certainties of Im

353 and B353(Tobs) where Im
353 is the reconstructed

model of the emission at 353 GHz. To estimate the uncertainty
of B353(Tobs), we simply computed max[|B353(Tobs ± δTobs) −
B353(Tobs)|].

The three uncertainty maps have a similar spatial structure.
In general the fractional uncertainties are higher in the most dif-
fuse areas of the sky (where the noise and the CIBA have a more
important contribution) and in the inner Galaxy region. Striping
patterns are visible, especially in the Tobs uncertainty map; these
are likely to be coming from the IRAS data. The uncertainty of
Tobs is of the order of 1–3 % in bright areas, with a noticeable in-
crease in the inner Galaxy and rising to 5–8 % in the most diffuse
areas of the sky. The same general trend is seen for τ353 but with
higher values: 2–5 % in bright areas and up to 10 % in diffuse ar-
eas. The uncertainty of βobs, based on analysis at 30� resolution,
has a slightly different spatial structure. It is typically of 3–4 %
with a smaller decrease in bright areas and a noticeable increase
in the inner Galaxy to 6–8 %.

The reduced χ2 of the fit is much smaller than unity over
most of the sky, due to the fact that calibration uncertainties are
taken into account in the fit to give less weight to data points
with less precise calibration. To illustrate this, Fig. 11 shows the
distribution function of (Data-Model)/Noise for each frequency
used in the fit. The noise used here follows the definition of
Eq. 7; it takes into account instrumental noise and the uncer-
tainties of the calibration, the zero level, and the CMB subtrac-
tion. The range adopted in Fig. 11 corresponds to only ±1σ. At
353 and 3000 GHz, for most of the sky pixels the data are fitted
more tightly (to better than 0.1σ) than at 545 and 857 GHz. This
implies that 353 and 3000 GHz have a lot of weight in the esti-
mation of the parameters. The 3000 GHz band provides the only
data point on the Wien part of the MBB and therefore strongly
influences the determination of Tobs. On the other hand, 353 GHz
band strongly influences the determination of τ353 and βobs be-
cause it is the closest to the Rayleigh-Jeans part of the spectrum.
The compensating small offsets of the distributions at the other
two frequencies could suggest a small change in their relative
calibration, well within the calibration uncertainties.

We compared the reduced χ2 with the that from a fit of the
data at 5� with τ353, Tobs, and βobs as free parameters. We were
looking for pixels on the sky for which the two-step fitting pro-
cedure provides a reduced χ2 greater than unity (i.e., a relatively
bad fit) while fitting the three parameters simultaneously at full
resolution would provide a better solution with a lower reduced
χ2. This occured for only 0.3 % of the pixels. These pixels, possi-
bly dominated by galaxies, are grouped in small scale structures

located at high Galactic latitude and away from bright interstel-
lar areas.

3.6. 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 =
�

ν
Iν dν. (9)

Because the grains are in thermal equilibrium, this also repre-
sents the energy absorbed. Note that R is rather insensitive to the
way that the dust SED is parameterized, as long as the function
used interpolates the data points adequately and there is a high-
frequency turnover. It does not suffer from any degeneracy in the
fit parameters like τ353 with Tobs and, to a lesser extent, with βobs.
Here we estimate R at each sky position by integrating the MBB
fit:

R =
�

ν
τ353 Bν(Tobs)

� ν
353

�βobs

dν. (10)

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

R = τ353
σS

π
T 4

obs

�
kTobs

hν0

�βobs Γ(4 + βobs) ζ(4 + βobs)
Γ(4) ζ(4)

, (11)

where σS is the Stefan-Boltzmann constant, k is the Boltzmann
constant, h is the Planck constant, and ν0 = 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.

Fig. 13 compares τ353 and R in a low column density diffuse
area of the sky at high Galactic latitude. The map of τ353 shows
the fine fluctuations from the CIBA at 353 GHz. By contrast, R
benefits from the frequency decorrelation of the CIBA. Both of
these maps, and also the all-sky maps in Figs. 9 and 12, show
structure related to column density. Changes of the dust opacity
σe(353) are also reflected in τ353, as can be appreciated directly
from Eq. 3) or indirectly from Eq. 6 through Tobs compensating
for the changes in opacity; but because of thermal equilibrium,
R is unaffected. For these two reasons, the R map is smoother,
particularly at higher latitudes.

4. The Galactic dust emission observed by Planck

4.1. Spatial variations of the dust parameters and R
The all-sky maps of Tobs, βobs, and τ353 (Fig. 9) represent the first
attempt to fit these three parameters at the same time over the
whole sky. They are complemented by the map of R in Fig. 12.
In Figs. 14 and 15 we present maps with a polar orthographic
projection to visualize details in the high latitude sky. Together,
these maps provide rich information on the SED of dust and its
variations with interstellar environment. Here we discuss only
some broad features of these maps, leaving more detailed analy-
sis to future work.

The mean and standard deviation of Tobs, βobs, τ353, and R
are given in Table 3 for several different masks ranked in order of
decreasing dust contamination, using σ(τ353) as a proxy, and so
(mostly) of decreasing sky coverage. These include some masks
used in Planck cosmology papers (e.g., Planck Collaboration
XV 2013) Note how the ranking is reflected in the means and
standard deviations listed.
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Fig. 19. Polar view of σe(353) (upper, in 10
−27

cm
2

H
−1

) and LH (lower, in 10
−31

W H
−1

), on linear scales.

5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
10

10
Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-
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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,

τ353, at 5
�

resolution, displayed logarithmically (the range shown corresponds to −6.5 < log
10

(τ353) < −3). Middle: observed dust temperature,

Tobs, at 5
�

resolution, in Kelvin. Lower: observed dust spectral index, βobs, at 30
�

resolution.
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Fig. 15. Polar views of Tobs (upper, in K) and βobs (lower) on linear scales.
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Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.

4.3. Dust SED in the diffuse ISM

As described in Planck Collaboration VIII (2013), the calibra-

tion scheme for the 545 and 857 GHz data has changed since the

Planck Early Results. These channels are no longer calibrated

using the FIRAS data, but instead rely on observations of plan-
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Fig. 19. Polar view of σe(353) (upper, in 10
−27

cm
2

H
−1

) and LH (lower, in 10
−31

W H
−1

), on linear scales.

5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
10

10
Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-
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Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.

4.3. Dust SED in the diffuse ISM

As described in Planck Collaboration VIII (2013), the calibra-

tion scheme for the 545 and 857 GHz data has changed since the

Planck Early Results. These channels are no longer calibrated

using the FIRAS data, but instead rely on observations of plan-
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which is a
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Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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be local attenuation of the ISRF at such low column densities.
10

10
Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-

19

Planck collaboration: All-sky model of thermal dust emission

15

19

23

27

1.2

1.4

1.6

1.8

2.0

Fig. 15. Polar views of Tobs (upper, in K) and βobs (lower) on linear scales.
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Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.

4.3. Dust SED in the diffuse ISM

As described in Planck Collaboration VIII (2013), the calibra-

tion scheme for the 545 and 857 GHz data has changed since the

Planck Early Results. These channels are no longer calibrated

using the FIRAS data, but instead rely on observations of plan-
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and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.
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using the FIRAS data, but instead rely on observations of plan-

16

!"#$%&'()*"++,-&.,/%01.2%3454%&'/%
/",$%'".%$,,6%."%#,%&%$167-,%

.+&*,+%"8%.2,%9:;<%
%

?+@*(/6"&'6(+A(#B*/(,6+,'6-'*(

Planck collaboration: All-sky model of thermal dust emission

2

6

10

14

18

1

3

5

7

9

Fig. 19. Polar view of σe(353) (upper, in 10
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−1
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), on linear scales.

5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
10

10
Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-
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LH depends on Tobs, βobs, andσe(353). Therefore, under the con-
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the whole sky quite directly. The large scale structure of this map

is similar to the map of C
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which is a

threshold criterion in the |b| > 15
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standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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LH depends on Tobs, βobs, andσe(353). Therefore, under the con-
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their relationship to the SED parameters for emission.
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dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides
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the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.
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standard deviation of LH is less than 20 %. We also note again
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Rachford et al. 2002, 2009). Furthermore, there is unlikely to
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Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.

4.3. Dust SED in the diffuse ISM

As described in Planck Collaboration VIII (2013), the calibra-

tion scheme for the 545 and 857 GHz data has changed since the

Planck Early Results. These channels are no longer calibrated

using the FIRAS data, but instead rely on observations of plan-
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Fig. 19. Polar view of σe(353) (upper, in 10
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−1

), on linear scales.

5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
10

10
Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-
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−27
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), on linear scales.
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R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
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Fig. 15. Polar views of Tobs (upper, in K) and βobs (lower) on linear scales.
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Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.

4.3. Dust SED in the diffuse ISM

As described in Planck Collaboration VIII (2013), the calibra-

tion scheme for the 545 and 857 GHz data has changed since the

Planck Early Results. These channels are no longer calibrated

using the FIRAS data, but instead rely on observations of plan-
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Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.

4.3. Dust SED in the diffuse ISM

As described in Planck Collaboration VIII (2013), the calibra-

tion scheme for the 545 and 857 GHz data has changed since the

Planck Early Results. These channels are no longer calibrated

using the FIRAS data, but instead rely on observations of plan-
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5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
10

10
Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-
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5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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10
Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-
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5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
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) in largely atomic regions (see discussion and ref-
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Fig. 19. Polar view of σe(353) (upper, in 10
−27
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−1

) and LH (lower, in 10
−31

W H
−1

), on linear scales.

5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-
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Fig. 15. Polar views of Tobs (upper, in K) and βobs (lower) on linear scales.
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Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.

4.3. Dust SED in the diffuse ISM

As described in Planck Collaboration VIII (2013), the calibra-

tion scheme for the 545 and 857 GHz data has changed since the

Planck Early Results. These channels are no longer calibrated

using the FIRAS data, but instead rely on observations of plan-
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5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
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−2

which is a

threshold criterion in the |b| > 15
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mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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), on linear scales.

5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20
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which is a

threshold criterion in the |b| > 15
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mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
10

10
Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-

19

Planck collaboration: All-sky model of thermal dust emission

15

19

23

27

1.2

1.4

1.6

1.8

2.0

Fig. 15. Polar views of Tobs (upper, in K) and βobs (lower) on linear scales.

16 18 20 22 24
Tobs [K]

1.3

1.4

1.5

1.6

1.7

1.8

1.9

ob
s

Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.

4.3. Dust SED in the diffuse ISM

As described in Planck Collaboration VIII (2013), the calibra-

tion scheme for the 545 and 857 GHz data has changed since the

Planck Early Results. These channels are no longer calibrated

using the FIRAS data, but instead rely on observations of plan-
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σ(Tobs) = 1.4 K (Table 3).
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Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify
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Fig. 19. Polar view of σe(353) (upper, in 10
−27

cm
2

H
−1

) and LH (lower, in 10
−31

W H
−1

), on linear scales.

5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
10

10
Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-
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), on linear scales.
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which is a
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mask. Even in that mask the
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Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.
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At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
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which is a

threshold criterion in the |b| > 15
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mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.
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At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
10

10
Because the ISRF illumination is not just from along our line
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served column density. The total line of sight extinction is AV =
0.053 NH/(10

20
cm
−2

) in largely atomic regions (see discussion and ref-

19

Planck collaboration: All-sky model of thermal dust emission

15

19

23

27

1.2

1.4

1.6

1.8

2.0

Fig. 15. Polar views of Tobs (upper, in K) and βobs (lower) on linear scales.
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Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.

4.3. Dust SED in the diffuse ISM

As described in Planck Collaboration VIII (2013), the calibra-

tion scheme for the 545 and 857 GHz data has changed since the

Planck Early Results. These channels are no longer calibrated

using the FIRAS data, but instead rely on observations of plan-
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In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.
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At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-
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can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
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which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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served column density. The total line of sight extinction is AV =
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), on linear scales.
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sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the
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Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.
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spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.
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At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
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which is a

threshold criterion in the |b| > 15
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mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2
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Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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Fig. 15. Polar views of Tobs (upper, in K) and βobs (lower) on linear scales.
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Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific

objects in various interstellar environments and at all scales are

needed.

4.3. Dust SED in the diffuse ISM

As described in Planck Collaboration VIII (2013), the calibra-

tion scheme for the 545 and 857 GHz data has changed since the

Planck Early Results. These channels are no longer calibrated

using the FIRAS data, but instead rely on observations of plan-
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Fig. 16. Density plot of βobs vs. Tobs for the whole sky. The grey scale

and the black contours show the density of points on a linear scale

with contours equally spaced. The dispersions are σ(βobs) = 0.1 and

σ(Tobs) = 1.4 K (Table 3).

of the CIB was removed from the map, the CIBA does not bias

Tobs and βobs globally on the sky; it cannot produce large scale

variations like the increase of Tobs toward the Galactic poles. We

conclude that on most of the sky, the relation between βobs and

Tobs is not an artifact of the data analysis. In fact the relation-

ship between these parameters is complex and, at this point, it is

difficult to be definitive about its origin. It depends on details of

radiative transfer, of variations in U along the line of sight, and

of variations in grain structure and size distribution. To identify

the relative roles of dust evolution and line of sight integration

effects in this observed phenomenon, detailed studies of specific
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), on linear scales.

5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.

5.2.1. High latitudes

At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
20

cm
−2

which is a

threshold criterion in the |b| > 15
◦

mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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Because the ISRF illumination is not just from along our line

of sight, it is difficult to quantify the attenuation just from the ob-

served column density. The total line of sight extinction is AV =
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5.2. The strength of the ISRF

In thermal equilibrium, R is equal to the amount of light ab-

sorbed by dust. Therefore,

R ∝ U σa NH, (14)

where U parameterizes the strength of the ISRF and σa is the

absorption opacity defined similarly to the emission opacity in

Eq. 3, averaged over the size distribution and also, in this case,

over the incident spectrum of the ISRF. In normalized form,

LH ∝ U σa. Also from Eq. 11 for R evaluated from emission,

LH depends on Tobs, βobs, andσe(353). Therefore, under the con-

straint of thermal equilibrium, the measured R and LH provide

insight into not only U and σa relating to absorption, but also

their relationship to the SED parameters for emission.

Under the hypothesis of a constant dust-to-gas ratio, constant

dust absorption cross section, and constant shape of the ISRF

spectrum, i.e., constant σa, then the all-sky map of LH provides

a way to trace the spatial structure of the radiation field U over

the whole sky quite directly. The large scale structure of this map

is similar to the map of C
+/NHI, obtained from lower-resolution

data by Bennett et al. (1994), that also traces U.
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At high latitudes, best seen in the polar maps, LH is fairly uni-

form, much more so than the opacity, as quantified by the rel-

ative fractional size of their standard deviations (Table 4). This

can also be seen over the low column density range of Fig. 21,

where LH is constant up to NHI = 5.5 × 10
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which is a

threshold criterion in the |b| > 15
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mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2

is seen in the diffuse ISM (Gillmon et al. 2006; Wakker 2006;

Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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which is a

threshold criterion in the |b| > 15
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mask. Even in that mask the

standard deviation of LH is less than 20 %. We also note again

that this column density is below that for which significant H2
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Rachford et al. 2002, 2009). Furthermore, there is unlikely to

be local attenuation of the ISRF at such low column densities.
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Fig. 20. Variation of LH (upper) and σe(353) (lower) as a function of
Tobs in the diffuse ISM. Data used were smoothed to 30�, the angular
resolution of the H i data. Only pixels where 1 × 1020 < NHI < 2.5 ×
1020 cm−2 were selected. The greyscale shows the point density in the
two-dimensional histogram while the blue points indicate the average
and standard deviation of LH and σe(353) in bins of Tobs.

Short of a conspiracy among the several factors affecting LH,
this suggests that each of the factors is fairly uniform in the dif-
fuse atomic high latitude ISM, up to column densities of at least
5 × 1020 cm−2.

There is a relatively flat trend of LH with respect to Tobs
in Fig. 20, which is for moderate column densities 1 × 1020 <
NHI < 2.5 × 1020 cm−2. This uniformity is in contrast to that
for σe(353) in the same figure which is anti-correlated with Tobs
along a locus of constant LH, a phenomneon also reported by
Planck Collaboration et al. (2011b) and Planck Collaboration
(2013). There is also a striking difference between the polar
maps of LH and of Tobs. This demonstrates that Tobs is not a
simple tracer of U as is often assumed. In particular, it sug-
gests that the increase of Tobs observed toward the Galactic pole
is not a direct result of an increase of U. One interpretation
put forward by Martin et al. (2012) is that grains in different
regions of the diffuse ISM retain the effects of different past
histories of evolution, e.g., through aggregation and fragmen-
tation, even though the density and timescale are against present
in situ evolution by such processes (Planck Collaboration et al.
2011b). Alternatively, Planck Collaboration (2013) review argu-
ments that grain evolution could be occuring in situ due to UV
radiative processing or exposure to cosmic rays. In either case,
Tobs would be a response to and tracer of variations in dust prop-
erties (grain structure, size distribution, material changes) rather
than variations in the strength of the ISRF. A corollary is that R
could be a better alternative to τ353 as a tracer of NH, at least at
high latitudes.

erences in Martin et al. 2012), and so roughly half of this amount to the
centre of a structure.

1 10 100
NH [1020 cm-2]

0

2

4

6

8

10

L H
 [1

0-3
1  W

 H
-1
]

XCO = 1x1020 H2 cm-2

XCO = 2x1020 H2 cm-2

XCO = 3x1020 H2 cm-2

1 10 100
NH [1020 cm-2]

0

5

10

15

20

e(3
53

) [
10

-2
7  c

m
2  H

-1
]

XCO = 1x1020 H2 cm-2

XCO = 2x1020 H2 cm-2

XCO = 3x1020 H2 cm-2

Fig. 21. LH (upper) and σe(353) (lower) vs NH computed at
30� resolution from Eq. 12 with three values of XCO: [1, 2, 3] ×
1020 H2 cm−2 K−1 km−1 s. The mean values of σe(353) and LH were
computed in bins of NH equally spaced in log; the error bar is the stan-
dard deviation, shown only for XCO = 2× 1020 H2 cm−2 K−1 km−1 s. The
horizontal red line indicates the average values found in the low NHI
mask.

There is a remarkable region near the south Galactic pole
with abnormally low LH, but it does not show up in the R map.
Planck Collaboration (2013) argue that it arises because of gas
in the Magellanic Stream (MS) that has Galactic velocities and
so is counted in NH while at the same time the dust abundance
and dust emission in the low-metalicity MS is very low. (Planck
Collaboration et al. 2011b) have shown that high velocity clouds
(HVC) have relatively low emissivites, which suggests more
generally that anomalously low LH is an interesting diagnostic
of HVC-like material that does not have a distinctive HVC ve-
locity. But it is not an argument against using R as a tracer of the
Galactic column density.

However, comparison of the polar maps of IVC (Fig. 2,
lower) and LH shows a correlation of IVC column density with
slightly lower LH over widespread regions. Our interpretation
follows Planck Collaboration et al. (2011b) who studied the
emissivity of LVC and IVC gas separately and concluded that
IVC is Galactic gas that often, though not always, has a lower
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Fig. 20. Variation of LH (upper) and σe(353) (lower) as a function of
Tobs in the diffuse ISM. Data used were smoothed to 30�, the angular
resolution of the H i data. Only pixels where 1 × 1020 < NHI < 2.5 ×
1020 cm−2 were selected. The greyscale shows the point density in the
two-dimensional histogram while the blue points indicate the average
and standard deviation of LH and σe(353) in bins of Tobs.

Short of a conspiracy among the several factors affecting LH,
this suggests that each of the factors is fairly uniform in the dif-
fuse atomic high latitude ISM, up to column densities of at least
5 × 1020 cm−2.

There is a relatively flat trend of LH with respect to Tobs
in Fig. 20, which is for moderate column densities 1 × 1020 <
NHI < 2.5 × 1020 cm−2. This uniformity is in contrast to that
for σe(353) in the same figure which is anti-correlated with Tobs
along a locus of constant LH, a phenomneon also reported by
Planck Collaboration et al. (2011b) and Planck Collaboration
(2013). There is also a striking difference between the polar
maps of LH and of Tobs. This demonstrates that Tobs is not a
simple tracer of U as is often assumed. In particular, it sug-
gests that the increase of Tobs observed toward the Galactic pole
is not a direct result of an increase of U. One interpretation
put forward by Martin et al. (2012) is that grains in different
regions of the diffuse ISM retain the effects of different past
histories of evolution, e.g., through aggregation and fragmen-
tation, even though the density and timescale are against present
in situ evolution by such processes (Planck Collaboration et al.
2011b). Alternatively, Planck Collaboration (2013) review argu-
ments that grain evolution could be occuring in situ due to UV
radiative processing or exposure to cosmic rays. In either case,
Tobs would be a response to and tracer of variations in dust prop-
erties (grain structure, size distribution, material changes) rather
than variations in the strength of the ISRF. A corollary is that R
could be a better alternative to τ353 as a tracer of NH, at least at
high latitudes.
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Fig. 21. LH (upper) and σe(353) (lower) vs NH computed at
30� resolution from Eq. 12 with three values of XCO: [1, 2, 3] ×
1020 H2 cm−2 K−1 km−1 s. The mean values of σe(353) and LH were
computed in bins of NH equally spaced in log; the error bar is the stan-
dard deviation, shown only for XCO = 2× 1020 H2 cm−2 K−1 km−1 s. The
horizontal red line indicates the average values found in the low NHI
mask.

There is a remarkable region near the south Galactic pole
with abnormally low LH, but it does not show up in the R map.
Planck Collaboration (2013) argue that it arises because of gas
in the Magellanic Stream (MS) that has Galactic velocities and
so is counted in NH while at the same time the dust abundance
and dust emission in the low-metalicity MS is very low. (Planck
Collaboration et al. 2011b) have shown that high velocity clouds
(HVC) have relatively low emissivites, which suggests more
generally that anomalously low LH is an interesting diagnostic
of HVC-like material that does not have a distinctive HVC ve-
locity. But it is not an argument against using R as a tracer of the
Galactic column density.

However, comparison of the polar maps of IVC (Fig. 2,
lower) and LH shows a correlation of IVC column density with
slightly lower LH over widespread regions. Our interpretation
follows Planck Collaboration et al. (2011b) who studied the
emissivity of LVC and IVC gas separately and concluded that
IVC is Galactic gas that often, though not always, has a lower
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Fig. 20. Variation of LH (upper) and σe(353) (lower) as a function of
Tobs in the diffuse ISM. Data used were smoothed to 30�, the angular
resolution of the H i data. Only pixels where 1 × 1020 < NHI < 2.5 ×
1020 cm−2 were selected. The greyscale shows the point density in the
two-dimensional histogram while the blue points indicate the average
and standard deviation of LH and σe(353) in bins of Tobs.

Short of a conspiracy among the several factors affecting LH,
this suggests that each of the factors is fairly uniform in the dif-
fuse atomic high latitude ISM, up to column densities of at least
5 × 1020 cm−2.

There is a relatively flat trend of LH with respect to Tobs
in Fig. 20, which is for moderate column densities 1 × 1020 <
NHI < 2.5 × 1020 cm−2. This uniformity is in contrast to that
for σe(353) in the same figure which is anti-correlated with Tobs
along a locus of constant LH, a phenomneon also reported by
Planck Collaboration et al. (2011b) and Planck Collaboration
(2013). There is also a striking difference between the polar
maps of LH and of Tobs. This demonstrates that Tobs is not a
simple tracer of U as is often assumed. In particular, it sug-
gests that the increase of Tobs observed toward the Galactic pole
is not a direct result of an increase of U. One interpretation
put forward by Martin et al. (2012) is that grains in different
regions of the diffuse ISM retain the effects of different past
histories of evolution, e.g., through aggregation and fragmen-
tation, even though the density and timescale are against present
in situ evolution by such processes (Planck Collaboration et al.
2011b). Alternatively, Planck Collaboration (2013) review argu-
ments that grain evolution could be occuring in situ due to UV
radiative processing or exposure to cosmic rays. In either case,
Tobs would be a response to and tracer of variations in dust prop-
erties (grain structure, size distribution, material changes) rather
than variations in the strength of the ISRF. A corollary is that R
could be a better alternative to τ353 as a tracer of NH, at least at
high latitudes.

erences in Martin et al. 2012), and so roughly half of this amount to the
centre of a structure.

1 10 100
NH [1020 cm-2]

0

2

4

6

8

10

L H
 [1

0-3
1  W

 H
-1
]

XCO = 1x1020 H2 cm-2

XCO = 2x1020 H2 cm-2

XCO = 3x1020 H2 cm-2

1 10 100
NH [1020 cm-2]

0

5

10

15

20

e(3
53

) [
10

-2
7  c

m
2  H

-1
]

XCO = 1x1020 H2 cm-2

XCO = 2x1020 H2 cm-2

XCO = 3x1020 H2 cm-2

Fig. 21. LH (upper) and σe(353) (lower) vs NH computed at
30� resolution from Eq. 12 with three values of XCO: [1, 2, 3] ×
1020 H2 cm−2 K−1 km−1 s. The mean values of σe(353) and LH were
computed in bins of NH equally spaced in log; the error bar is the stan-
dard deviation, shown only for XCO = 2× 1020 H2 cm−2 K−1 km−1 s. The
horizontal red line indicates the average values found in the low NHI
mask.

There is a remarkable region near the south Galactic pole
with abnormally low LH, but it does not show up in the R map.
Planck Collaboration (2013) argue that it arises because of gas
in the Magellanic Stream (MS) that has Galactic velocities and
so is counted in NH while at the same time the dust abundance
and dust emission in the low-metalicity MS is very low. (Planck
Collaboration et al. 2011b) have shown that high velocity clouds
(HVC) have relatively low emissivites, which suggests more
generally that anomalously low LH is an interesting diagnostic
of HVC-like material that does not have a distinctive HVC ve-
locity. But it is not an argument against using R as a tracer of the
Galactic column density.

However, comparison of the polar maps of IVC (Fig. 2,
lower) and LH shows a correlation of IVC column density with
slightly lower LH over widespread regions. Our interpretation
follows Planck Collaboration et al. (2011b) who studied the
emissivity of LVC and IVC gas separately and concluded that
IVC is Galactic gas that often, though not always, has a lower
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Fig. 20. Variation of LH (upper) and σe(353) (lower) as a function of
Tobs in the diffuse ISM. Data used were smoothed to 30�, the angular
resolution of the H i data. Only pixels where 1 × 1020 < NHI < 2.5 ×
1020 cm−2 were selected. The greyscale shows the point density in the
two-dimensional histogram while the blue points indicate the average
and standard deviation of LH and σe(353) in bins of Tobs.

Short of a conspiracy among the several factors affecting LH,
this suggests that each of the factors is fairly uniform in the dif-
fuse atomic high latitude ISM, up to column densities of at least
5 × 1020 cm−2.

There is a relatively flat trend of LH with respect to Tobs
in Fig. 20, which is for moderate column densities 1 × 1020 <
NHI < 2.5 × 1020 cm−2. This uniformity is in contrast to that
for σe(353) in the same figure which is anti-correlated with Tobs
along a locus of constant LH, a phenomneon also reported by
Planck Collaboration et al. (2011b) and Planck Collaboration
(2013). There is also a striking difference between the polar
maps of LH and of Tobs. This demonstrates that Tobs is not a
simple tracer of U as is often assumed. In particular, it sug-
gests that the increase of Tobs observed toward the Galactic pole
is not a direct result of an increase of U. One interpretation
put forward by Martin et al. (2012) is that grains in different
regions of the diffuse ISM retain the effects of different past
histories of evolution, e.g., through aggregation and fragmen-
tation, even though the density and timescale are against present
in situ evolution by such processes (Planck Collaboration et al.
2011b). Alternatively, Planck Collaboration (2013) review argu-
ments that grain evolution could be occuring in situ due to UV
radiative processing or exposure to cosmic rays. In either case,
Tobs would be a response to and tracer of variations in dust prop-
erties (grain structure, size distribution, material changes) rather
than variations in the strength of the ISRF. A corollary is that R
could be a better alternative to τ353 as a tracer of NH, at least at
high latitudes.
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Fig. 21. LH (upper) and σe(353) (lower) vs NH computed at
30� resolution from Eq. 12 with three values of XCO: [1, 2, 3] ×
1020 H2 cm−2 K−1 km−1 s. The mean values of σe(353) and LH were
computed in bins of NH equally spaced in log; the error bar is the stan-
dard deviation, shown only for XCO = 2× 1020 H2 cm−2 K−1 km−1 s. The
horizontal red line indicates the average values found in the low NHI
mask.

There is a remarkable region near the south Galactic pole
with abnormally low LH, but it does not show up in the R map.
Planck Collaboration (2013) argue that it arises because of gas
in the Magellanic Stream (MS) that has Galactic velocities and
so is counted in NH while at the same time the dust abundance
and dust emission in the low-metalicity MS is very low. (Planck
Collaboration et al. 2011b) have shown that high velocity clouds
(HVC) have relatively low emissivites, which suggests more
generally that anomalously low LH is an interesting diagnostic
of HVC-like material that does not have a distinctive HVC ve-
locity. But it is not an argument against using R as a tracer of the
Galactic column density.

However, comparison of the polar maps of IVC (Fig. 2,
lower) and LH shows a correlation of IVC column density with
slightly lower LH over widespread regions. Our interpretation
follows Planck Collaboration et al. (2011b) who studied the
emissivity of LVC and IVC gas separately and concluded that
IVC is Galactic gas that often, though not always, has a lower
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Fig. 13. Maps of τ353 (left) and R (right) of a diffuse area of the sky, centered on l = 90◦, b = −80◦.

4.2. βobs − Tobs relation

The all-sky maps of dust parameters (Fig. 9) reveal some spatial
correlation between the parameters. This is especially clear be-
tween βobs and Tobs as illustrated in Fig. 16 using results for all
pixels on the sky. Because it includes so many different regions,
this two-dimensional histogram can reveal only global trends,
here the general anti-correlation.

Several studies have highlighted potential βobs − Tobs anti-
correlations from observations of specific regions on the sky
(Dupac et al. 2003; Désert et al. 2008; Paradis et al. 2010; Planck
Collaboration et al. 2011a), while others have pointed out poten-
tial pitfalls in the joint determination of these two parameters
at low signal-to-noise ratio and with limited spectral coverage
(Shetty et al. 2009). The fractional variations of Tobs and βobs
observed here over most of the sky significantly exceed the sta-
tistical uncertainties of these parameters (see Fig. 10), and the
anti-correlation is coherent on a range of scales.

On the other hand, as shown in Sect. 3.3.3 and Appendix B,
for faint dust emission the CIBA can produce significant varia-
tions of Tobs and βobs at small scales, and although this effect is
in fact observed, it is not accounted for in the error budget. To
be quantitative, in the pixels corresponding to the 1 % faintest
NHI the observed standard deviations of these parameters are the
largest – σ(Tobs) = 1.7 K and σ(βobs) = 0.18) – while over the
whole sky σ(Tobs) = 1.4 K and σ(βobs) = 0.10 (see Table 3). We
therefore performed Monte-Carlo simulations similar to those
presented in Sect. 3.3.3 to evaluate the contributions of noise
and CIBA (partly correlated in frequency – see Appendix B) to
these variations for the specific case of the adopted two-step fit
(30� and 5�). Fig. 17 illustrates the variations of Tobs and βobs due
to noise and CIBA for dust SEDs of increasing τ353.

Contrary to the Monte-Carlo results for the direct three-
parameter fit (Table 2), these simulations indicate that for both
Tobs at 5� and βobs at 30� the CIBA has a greater contribution than
noise to the fluctuations. For the faintest simulated dust emis-
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Fig. 17. ρ-Ophiuchus molecular cloud. E(B−V) estimated using τ353 (top-left), L (top-right), star count using 2MASS data (bottom-left) and SFD
(bottom-right).

5.4. Discussion

The results presented here imply that it is difficult to use τ353 as a
tracer of column density using a single conversion factor. Indeed
the comparison of Tobs and L/NH is a clear demonstration that
Tobs is not a reliable estimator of the radiation field strength, G0,
which is one of the assumption needed to translate τ353 to NH.
In fact we conclude that, L should be favoured as a tracer of col-
umn density in the diffuse ISM. This conclusion does not hold
in molecular clouds and star forming regions where L traces the
column density as well as variations of the radiation field inten-
sity due to extinction or local production of heating photons. In
such regions, τ353 is very well correlated with E(B−V) and there-
fore should be used as a tracer of column density. On the other
hand, the conversion factor τ353/E(B−V) deduced using quasars
seems to overestimate systematically E(B−V) in dense regions,
possibly due to the increase of dust opacity from the diffuse to
molecular clouds.

6. Planck dust products

6.1. Description of products

The following maps are delivered on the Planck Legacy Archive:
τ353, Tobs, βobs, and E(B−V)xgal, as well as the associated uncer-
tainty maps. Unlike the first three, the E(B− V)xgal map was ob-
tained with the fit of the data, point sources removed. We recall
that E(B − V)xgal is simply L times the calibration factor found
by correlating with E(B − V) measurements on SDSS quasars.
This is the map users interested in estimating Galactic E(B − V)
for extra-galactic studies should use. It can also be used to study
the structure of the diffuse ISM, in regions where the CIBA is
dominating the fluctuations at small scales. Any studies related
to the Galactic interstellar medium in molecular clouds or the
Galactic plane should use τ353 as a tracer of column density.

The main limitations of the Planck dust products are re-
lated to the IRAS data. There is some residual striping in the
3000 GHz IRAS data; it appears mainly in the map of Tobs. There
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Planck collaboration: All-sky model of thermal dust emission
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Fig. 25. Taurus molecular cloud. E(B−V) estimated using τ353 (upper left), R (upper right), colour excess using 2MASS data (lower eft) and SFD

(lower right).
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Fig. 26. Two-dimensional histogram of E(B − V)τ/E(B − V)2MAS S (black contours) and E(B − V)R/E(B − V)2MAS S (red contours) for the Taurus

(left) and ρ-Ophiuchus (right) molecular clouds. The maps used are the ones shown in Figures 24 and 25
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Planck Collaboration: Dust emission at millimetre wavelengths in the Galactic plane
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Fig. 12. βmm as a function of fH2 , the fraction of molecular
gas along the line of sight. Note that the points correspond
to the thin Galactic disk, |b| <∼ 1◦ or τ353 ≥ 4 × 10−4. Here
fH2 is estimated assuming that the dust opacity in the molec-
ular phase is twice as that of the atomic medium and using
XCO = 1.7 × 1020 cm−2 (K km s−1)−1. The distribution of points
is relatively even across the x and y axes.

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

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

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

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

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

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

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

These results are important for understanding the dust emis-
sion from FIR to millimetre wavelengths. They are key for
Galactic component separation, in particular for determining the
spectral shape of the AME at high frequencies. Knowledge of
the dust spectrum is also critical for estimates of the free-free
emission from microwave CMB data.
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