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Develop  a method to estimate spacial and spectral variation of emissivity of dust in 3D 
applying Hamiltonian MonteCarlo (HMC).

Zero level of intensity and emissivity can be fitted over entire sky of interest.

Dust intensity model at diffuse ISM :
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on the velocities of the clouds. The clouds with VLSR 
35 km s�1 are referred to as LVC. The IVC corresponds to
the velocity range of 35 km s�1 < VLSR < 90 km s�1 and HVC
corresponds to the velocity range of VLSR � 90 km s�1(Haud
2008; Wakker 2001). Hi column density maps for LVC, IVC
and HVC templates have been produced integrating over
respective velocity ranges and projected on HEALPix grid
at N

side

= 1024. The templates have an angular resolution
of FWHM = 16.02. In this method of separation, IVC may
contain some of the Galactic Hi but mostly it contains IVC
from MS. For this analysis, we only use the local Galactic
Hi after downgrading it at N

side

= 512.

3 SKY MASKING

In this analysis, we use the mask produced in Planck Collab-
oration XVII (2014). In this section, we briefly describe how
this mask has been produced. For details of the method, we
refer to the Sect. 3.3 of Planck Collaboration XVII (2014).

The region with NHi> 6⇥ 10

20 cm�2 at the Galactic lat-
itude b  �25

� has been initially masked out to avoid the
high column density regions. Also, the region of 20� diame-
ter centred at (lMS , bMS) = (-50�, 0�) has been masked out
where velocities of the galactic Hi and MS are su�ciently
merged and it is impossible to separate the two emissions
using the model of Kalberla & Dedes (2008) (See Sect. 2.3).

Next, we remove the pixels where the dust-Hi correla-
tion does not hold. Furthermore, the UV observation shows
there is an excess dust emission from some site lines having
Hi column densities of (3-5)⇥10

20 cm�2 (Savage et al. 1977;
Gillmon et al. 2006). We need to exclude those regions also.
This has been done by iterative correlation analysis at 857
GHz following Planck Collaboration XXIV (2011). At each
iteration, the residual map has been produced based on dust-
Hi correlation at 857 GHz according to the model described
in Sect.3.1 of Planck Collaboration XVII (2014). Then we fit
a Gaussian distribution at the core of the residual distribu-
tion, compute standard deviation �cg of the Gaussian core.
The binary mask has been updated with masking the pix-
els having residual emission larger than 3�cg. The iteration
rapidly converges to a stable mask. The final mask has been
presented in Figure.5 of Planck Collaboration XVII (2014).

After convergence at 857 GHz in few iterations, the
same mask has been updated with masking the pixels which
are the outliers of the dust-Hi correlation at other frequen-
cies. Lastly, bright radio sources have been masked out. Fi-
nally we are left with a mask with total unmasked area of
7500 deg2 ( fsky = 18 %) where NHi < 3⇥10

20 cm�2 at 74 %

of the unmasked pixels. This mask has been updated far-
ther based on the accuracy of our method in recovering the
parameters over di↵erent parts of the sky (See Sect. 7.3).

4 ZERO LEVELS OF THE INTENSITIES

Planck does not have the ability to measure the absolute sky
background referred to as the zero levels of the intensities.
These have been fixed in the level of map-making (Planck
Collaboration VIII 2014, 2016). The main contributions to
the zero levels come from two components. Here, we briefly

summarise the method applied to fix the two contributions
in monopole.

1. Zero levels of the Galactic dust: The Galactic o↵set
has been set using dust-Hi cross-correlation at high Galactic
latitudes where Hi is the reliable tracer of the dust. The
underlying assumption is the dust emission is zero, where
Hi column density is zero. The Galactic o↵set at 857 GHz
is fixed by cross-correlating the Planck HFI data at 857 GHz
with Leiden Argentine Bonn (LAB) Galactic Hi Survey data
at high Galactic latitudes. For other HFI frequencies the
Galactic zero level has been fixed using cross-correlation of
temperature maps at respective frequencies with 857 GHz
temperature map (See Sect. 5.1 of Planck Collaboration VIII
(2014)). These estimated o↵sets have been subtracted from
detector’s data at the map-making level.

2. CIB monopole: The isotropic mean values of the CIB
have been added back to the HFI maps which come from
integrated dust emission from external Galaxies. The CIB
monopole has been estimated from CIB model of Béthermin
et al. (2012). The underlying assumption of the model is that
⌫I⌫ = constant over the bandpass filters.

5 MODEL

5.1 Dust emission model

Many studies have been devoted to finding the correlation
between the dust intensities and 21-cm emission data from
various surveys (Boulanger & Perault 1988; Boulanger et al.
1996). From those studies, it has been revealed that dust
and Hi have strong cross-correlation at far-infrared and mi-
crowave frequencies at high Galactic latitudes.

Utilizing dust-Hi correlation, Planck Collaboration
XXIV (2011) estimates emissivity properties of the dust
at LVC, IVC and HVC over 14-fields. Planck Collaboration
XVII (2014) produces the emissivity at LVC and o↵set map
using dust-Hi correlation over the patches of 15� diameter.
�2 minimisation technique has been applied in both of these
two studies. E�ciency of the �2 minimisation is limited by
the correlation between the parameters of interest and be-
comes ine�cient for larger number of parameters. Therefore
simultaneous measurement of the global o↵set and emissiv-
ity over the entire sky was beyond the scope of those works.
Planck Collaboration XI (2014) measures global o↵set first
and then estimates SEDs from o↵set corrected temperature
maps. However, correlation between the parameters may
bias their separate estimations and therefore, joint fitting
of the parameters is crucial for unbiased estimation.

Here we build a model assuming that dust intensity of
di↵use medium can be expressed as a linear combination
of column densities at Hi phases at far-infrared and sub-
millimetre frequency bands plus a constant zero level o↵set
over the whole sky,

I⌫(ni) =
K
’

k=1

✏
j
k⌫

Nk
Hi(ni) +O⌫, (1)

where I⌫(ni) is the dust intensity at frequency ⌫ in the direc-
tion ni , Nk

Hi
denotes the column density at kth Hi template,

j and i are the super- and sub-pixels indices respectively, ✏ j
k⌫

is the emissivity at kth template at jth super-pixel for fre-
quency band ⌫. In this study, we have used two NSIDES. We
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Figure 6. Map of dust emissivity map (left panel) and 1� error bar of emissivity (right panel) at 353 GHz. These maps have been
estimated from posterior mean and RMS of marginalised MC chains and projected on N

side

=32. To avoid the edge e↵ects, emissivity
map has been smoothed by Gaussian kernel of FWHM =3�.
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Figure 7. left panel: Total intensity at Planck 353 GHz middle panel: model dust intensity map at 353 GHz. This is computed from
3� smoothed emissivity map in Figure 6 followed by Eq. 1. In total intensity map, there are small scale features due to CIB and noise.
Right panel: The residual map computed subtraction model dust intensity from the total intensity at 353 GHz.
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Figure 9. Top row: The map of Dust Temperature Td (left panel), spectral index � (middle panel) and opacity �e,353

(right panel).
These maps have been produced by MBB fit at each of the super pixels of emissivity maps at 217, 353, 545 , 857 GHz and 100 µm.
Bottom row: Map of 1� error bars of above SED parameters.

Figure 10. Left panel: Plot of dust temperature Td versus spectral index � shown in Figure. 9. The correlation coe�cient between these
two parameters is -0.48. Right panel: Plot of dust temperature Td versus opacity �e,353

at 353 GHz shown in Figure. 9. The correlation
coe�cient between these two parameters is -0.57.
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Figure 6. Map of dust emissivity map (left panel) and 1� error bar of emissivity (right panel) at 353 GHz. These maps have been
estimated from posterior mean and RMS of marginalised MC chains and projected on N

side

=32. To avoid the edge e↵ects, emissivity
map has been smoothed by Gaussian kernel of FWHM =3�.
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Figure 7. left panel: Total intensity at Planck 353 GHz middle panel: model dust intensity map at 353 GHz. This is computed from
3� smoothed emissivity map in Figure 6 followed by Eq. 1. In total intensity map, there are small scale features due to CIB and noise.
Right panel: The residual map computed subtraction model dust intensity from the total intensity at 353 GHz.
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Figure 12. Auto and cross CIB power spectra for di↵erent Planck HFI frequencies. Red data points are computed from CIB maps
produced in this paper. Black data points are taken from analysis done by Lenz et al. (2019).
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