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ABSTRACT

Using the Planck 2015 data release (PR2) temperature maps, we separate Galactic thermal dust emission from cosmic infrared background (CIB)
anisotropies. For this purpose, we implement a specifically tailored component-separation method, the so-called generalized needlet internal
linear combination (GNILC) method, which uses spatial information (the angular power spectra) to disentangle the Galactic dust emission and
CIB anisotropies. We produce significantly improved all-sky maps of Planck thermal dust emission, with reduced CIB contamination, at 353, 545,
and 857 GHz. By reducing the CIB contamination of the thermal dust maps, we provide more accurate estimates of the local dust temperature and
dust spectral index over the sky with reduced dispersion, especially at high Galactic latitudes above b = ±20�. We find that the dust temperature is
T = (19.4± 1.3) K and the dust spectral index is � = 1.6± 0.1 averaged over the whole sky, while T = (19.4± 1.5) K and � = 1.6± 0.2 on 21% of
the sky at high latitudes. Moreover, subtracting the new CIB-removed thermal dust maps from the CMB-removed Planck maps gives access to the
CIB anisotropies over 60% of the sky at Galactic latitudes |b| > 20�. Because they are a significant improvement over previous Planck products,
the GNILC maps are recommended for thermal dust science. The new CIB maps can be regarded as indirect tracers of the dark matter and they are
recommended for exploring cross-correlations with lensing and large-scale structure optical surveys. The reconstructed GNILC thermal dust and
CIB maps are delivered as Planck products.

Key words. cosmology: observations – methods: data analysis – ISM: general – dust, extinction – infrared: di↵use background –
large-scale structure of Universe

1. Introduction

The various populations of dust grains in the Galaxy are heated
by absorbing the ultraviolet emission from stars. By re-emitting
the light at infrared frequencies, the heated dust grains are
responsible for the thermal dust radiation of the Galaxy. For this
reason, the dust emission is a tracer of the gas and particle den-
sity in the interstellar medium (Planck Collaboration XIX 2011;
Planck Collaboration XI 2014; Planck Collaboration Int. XVII
2014; Planck Collaboration Int. XXVIII 2015; Planck
Collaboration Int. XXXI 2016) and of the star formation

⇤ Corresponding author: M. Remazeilles,
e-mail: mathieu.remazeilles@manchester.ac.uk

activity in the Galaxy (Draine & Li 2007). The Galactic
thermal dust emission is also one of the major astrophysi-
cal foregrounds for observations of the cosmic microwave
background (CMB) (Planck Collaboration Int. XXX 2016;
BICEP2/Keck Array and Planck Collaborations 2015). In-
correct modelling of thermal dust might be responsible
for a significant bias on the cosmological parameters (e.g.,
Remazeilles et al. 2016). The characterization of Galactic
thermal dust emission over the whole sky is therefore essen-
tial for the accurate subtraction of this foreground from the
CMB observations. Accurate characterization of the Galactic
dust is also useful for the analysis of supernovae observations,
where the Galactic dust causes extinction (Riess et al. 1996).
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An unresolved background of dusty star-forming early
galaxies also generates di↵use emission, known as the cosmic
infrared background radiation (Puget et al. 1996; Gispert et al.
2000; Lagache et al. 2005). The cosmic infrared background
(CIB) anisotropies are a probe of star formation history in
the Universe and also an indirect tracer of the dark matter
(Planck Collaboration XVIII 2011; Planck Collaboration XXX
2014). At high frequencies (&300 GHz), the Galactic ther-
mal dust emission and the CIB radiation both scale approx-
imately as modified blackbodies. This makes it challenging
to separate the dust and CIB components solely on the ba-
sis of their spectral properties (Planck Collaboration XI 2014;
Planck Collaboration X 2016)

The previously released Planck
1 dust maps – the Planck

2013 (P13) dust model (Planck Collaboration XI 2014) and the
Planck 2015 (P15) dust model (Planck Collaboration X 2016) –
have been produced by fitting a modified blackbody (MBB)
spectrum to the Planck data. For the P13 dust map, a standard
�2 fitting of the MBB spectrum was applied pixel by pixel to
four maps, namely the CMB-removed Planck temperature maps
at 353, 545, and 857 GHz from the Planck 2013 data release
(hereafter PR1), and a 100 µm map obtained from a combina-
tion of the IRIS map from Miville-Deschênes & Lagache (2005)
and the map from Schlegel et al. (1998). The CMB removal in
the Planck frequency channels was performed by subtracting the
Planck SMICA CMB map (Planck Collaboration XII 2014) from
the Planck frequency maps. For the P15 dust map, a Bayesian fit-
ting of the MBB spectrum was implemented on the Planck 2015
data release (hereafter PR2) temperature maps by using the full
set of Planck frequency channels.

However, the Planck dust models P13 and P15 still su↵er
from contamination by the CIB anisotropies. In particular, at
high Galactic latitudes the contamination by CIB anisotropies
adds significant uncertainty to the measured dust spectral index
and dust temperature (Planck Collaboration XI 2014).

By definition, the spectral fitting employed in
Planck Collaboration XI (2014) and Planck Collaboration X
(2016) relied solely on the frequency information to reconstruct
the Galactic thermal dust model from observations of the
sky emission. Because the Galactic dust emission and the
extragalactic CIB emission have such similar spectral indices in
the Planck bands, the result of these frequency-based fits is that
the CIB anisotropies inevitably leak into the Planck dust model
maps. In order to disentangle the Galactic thermal dust emission
and the extragalactic CIB emission, additional discriminating
statistical information is required.

The CIB temperature fluctuations have been success-
fully measured by Planck in relatively small regions of
the sky, where the Galactic dust contamination is low
(Planck Collaboration XXX 2014), and the angular power spec-
tra of the CIB anisotropies have been computed at frequencies
from 143 GHz to 3000 GHz.

In this work we perform the separation of the Galac-
tic thermal dust and CIB components over a large area
of the sky by exploiting not only the frequency spec-
tral information, but also the spatial information through
the use of the Planck CIB best-fit angular power spec-
tra computed in Planck Collaboration XXX (2014, hereafter
1

Planck (http://www.esa.int/Planck) is a project of the Euro-
pean Space Agency (ESA) with instruments provided by two scientific
consortia funded by ESA member states and led by Principal Investi-
gators from France and Italy, telescope reflectors provided through a
collaboration between ESA and a scientific consortium led and funded
by Denmark, and additional contributions from NASA (USA).

CIB 2013). The CIB power spectrum scales approximately as `�1

(Planck Collaboration XVIII 2011), while the dust power spec-
trum scales approximately as `�2.7 (Planck Collaboration XXX
2014). This distinct spatial behaviour provides the necessary ex-
tra statistical information that enables robust separation of ther-
mal dust emission and CIB radiation. Although the CIB 2013
angular power spectra have only been estimated in small areas
of the sky, we assume that the statistics of the CIB anisotropies
are the same in a larger area of the sky, because of the homo-
geneity and isotropy of the CIB emission.

The component-separation method employed in this work
is the generalized needlet internal linear combination (GNILC)
method, first developed in Remazeilles et al. (2011b). It is worth
noting that the GNILCmethod has also been applied in a di↵erent
context to simulations of a radio intensity mapping experiment
for separating the cosmological H i 21-cm temperature fluctu-
ations and the Galactic synchrotron radiation in Olivari et al.
(2016), where the component-separation problem was similar.

This paper is organized as follows. In Sect. 2 we present the
data used in the analysis. In Sect. 3 we give a summary of the
component-separation method that we implement on the data to
disentangle the Galactic dust emission and the CIB anisotropies;
the full description of the method and validation on simulations
are presented in Appendix A. In Sect. 4 we discuss the results
for the Galactic thermal dust emission and the estimated spectral
parameters. In Sect. 5 we discuss the results for the CIB emis-
sion. In Sect. 6 we explore the correlations of the new dust and
CIB maps with the H i gas tracer. We conclude in Sect. 7.

2. Data and preprocessing

2.1. Planck data

The data used in this paper are the temperature full-mission sky
maps (Planck Collaboration VI 2016; Planck Collaboration VIII
2016) of the Planck 2015 data release (PR2) that have been
made publicly available on the Planck Legacy Archive. We
make use of the nine single-frequency maps from 30 to
857 GHz from both LFI and HFI instruments. As discussed
in Planck Collaboration XIV (2014), the zodiacal light emis-
sion is removed from the Planck HFI temperature maps (100 to
857 GHz) by fitting di↵erent Planck surveys of the sky with the
COBE/DIRBE2 zodiacal model (Kelsall et al. 1998). Because
di↵erent Planck surveys are taken at di↵erent times, the sky is
observed through di↵erent column depths of interplanetary dust.
Di↵erencing two surveys removes all distant structure in the
maps, such as Galactic and extra-galactic emission, but leaves
a detectable Zodiacal signal. This di↵erence signal is fit to ex-
tend the COBE zodiacal model to Planck frequencies. The en-
tire, un-di↵erenced signal is then reconstructed from the model
and removed from the data of each Planck HFI bolometer prior
to mapmaking (Planck Collaboration VIII 2016).

We also make use of the Planck temperature half-
mission sky maps (hereafter HM1 and HM2, as defined in
Planck Collaboration VIII 2016) in the nine frequency channels,
in order to estimate by their half-di↵erence (see Eq. (A.14)) the
local rms of the instrumental noise in the Planck full-mission
maps.

2 Cosmic Background Explorer Di↵use Infrared Brightness
Experiment.
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2.2. The IRAS 100 µm map

Following Planck Collaboration XI (2014), in addition to the
Planck PR2 data we also use in this work the full-sky tem-
perature map at 100 µm based on the combination of the
IRIS map (Miville-Deschênes & Lagache 2005) and the map
of Schlegel et al. (1998, hereafter SFD map) both projected on
the HEALPix grid (Górski et al. 2005) at Nside = 2048. The
combined 100 µm map is compatible with the SFD map at
angular scales larger than 300 and compatible with the IRIS
map at smaller angular scales. The e↵ective beam resolution of
the combined 100 µm map is 4.30 and the noise rms level is
0.06 MJy sr�1.

It should be noted that residual low-level zodiacal light emis-
sion is present in the combined 100 µm map because the zo-
diacal emission has not been corrected in the same way in the
SFD map and in the IRIS map. We refer to the appendix of
Planck Collaboration XI (2014) for further discussion of this
point.

2.3. Preprocessing of the point sources

We make use of nine point source masks, one for each Planck

frequency channel, in order to remove the point sources de-
tected in each frequency at a signal-to-noise ratio S/N > 5
in the second Planck Catalogue of Compact Sources, PCCS2
(Planck Collaboration XXVI 2016).

The masked pixels in each Planck frequency map are
filled in through a minimum curvature spline surface inpaint-
ing technique, implemented in the Planck Sky Model (PSM)
software package (Delabrouille et al. 2013) and described in
Remazeilles et al. (2015) and Planck Collaboration XII (2016).
For consistency, we also consider the source-subtracted version
of the combined 100 µm map that is described in the appendix
of Planck Collaboration XI (2014). The inpainted Planck 2015
maps and the inpainted combined 100 µm map are the inputs
to the component-separation algorithm described in the next
section.

3. Summary of the component-separation method

The component-separation technique that we follow in this work
is based on Remazeilles et al. (2011b) and called GNILC.

In order to simplify the reading of the paper, we give a brief
summary of the method employed in this work to separate the
thermal dust and CIB anisotropies. A complete description of
the formalism and technical details of GNILC are presented in
Appendix A.

Each frequency map is first decomposed on a needlet (spheri-
cal wavelet) frame (Narcowich et al. 2006; Guilloux et al. 2009).
The localization properties of the needlets allow us to adapt
the component separation to the local conditions of contamina-
tion in both harmonic space and real space (Delabrouille et al.
2009; Remazeilles et al. 2011b; Basak & Delabrouille 2012;
Remazeilles et al. 2013; Basak & Delabrouille 2013). We define
ten needlet windows, {h( j)(`)}1 j10, having a Gaussian shape
and acting as bandpass filters in harmonic space, each of them
selecting a specific subrange of angular scales (see Fig. A.2).
The spherical harmonic transform, a`m, of each frequency map
is bandpass filtered in harmonic space by the ten needlet win-
dows. The inverse transform of the bandpass-filtered coe�-
cient, h

( j)(`)a`m, provides a needlet map at scale j, conserv-
ing only statistical information from the range of ` considered.
Therefore, we have 100 input maps (10 frequencies times

10 needlet scales). The component separation is performed on
each needlet scale independently. The main steps of the GNILC
algorithm are the following. For each needlet scale, j, considered
we perform seven steps:

1. We compute the frequency-frequency data covariance ma-
trix, at pixel p, and scale j,

bR j

ab
(p) =

X

p02D(p)

x j

a(p)(x j

b
(p))T, (1)

whereD(p) is a domain of pixels centred at pixel p and x j

a(p)
and x j

b
(p) are the needlet maps at scale j of the observations

for the pair of frequencies a, b. In practice, the domain of
pixels, D(p), is defined by the convolution in real space of
the product of the needlet maps with a Gaussian kernel. The
width of the Gaussian kernel is a function of the needlet scale
considered.

2. Similarly, we compute the frequency-frequency covariance
matrix of the instrumental noise, at pixel p, and scale j,

bR j

noise ab
(p) =

X

p02D(p)

nj

a(p)(nj

b
(p))T, (2)

where the instrumental noise maps, n(p), are estimated from
the half-di↵erence of the half-mission HM1 and HM2 Planck

maps.
3. Similarly, we compute the frequency-frequency covariance

matrix of the CMB, bR j

CMB(p), and the frequency-frequency
covariance matrix of the CIB, bR j

CIB(p), but this time using
CMB maps and CIB maps that are simulated from the Planck

CMB best-fit C` (Planck Collaboration XV 2014) and the
Planck CIB best-fit C

a⇥b

` (Planck Collaboration XXX 2014)
respectively. The simulated maps were analyzed with the
same needlet decomposition as was applied to the real data
before computing the CMB and CIB covariance matrices.

4. We compute the “nuisance” covariance matrix, bRN, by co-
adding the noise covariance matrix, the CMB covariance ma-
trix, and the CIB covariance matrix:

bRN = bRCIB + bRCMB + bRnoise. (3)

5. We diagonalize the transformed data covariance matrix

bR�1/2
N
bRbR�1/2

N = bU

2
6666664
µ1
...
µNch

3
7777775 bU

T ⇡ bUSbDSbUT
S +
bUNbUT

N,

(4)

where Nch is the number of frequency channels. In this repre-
sentation, the eigenvalues that are close to unity correspond
to the nuisance power (CIB plus CMB plus noise), while the
m eigenvalues larger than unity that are collected in the di-
agonal matrix bDS correspond to the power of the Galactic
signal. The matrix bUS collects the m eigenvectors spanning
the Galactic signal subspace.

6. We compute the e↵ective dimension, m, of the foreground
signal subspace (number of Galactic degrees of freedom, or
principal components) by minimizing the Akaike Informa-
tion Criterion (AIC, Akaike 1974):

min
m2[1,Nch]

0
BBBBBB@2 m +

NchX

i=m+1

�
µi � log µi � 1

�
1
CCCCCCA , (5)

where µi are the eigenvalues of bR�1/2
N
bRbR�1/2

N .
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7. We apply the m–dimensional ILC filter (Remazeilles et al.
2011b) to the data in order to reconstruct the total Galactic
signal at scale j:

bf
j

= bF
⇣
bFTbR�1bF

⌘�1bFTbR�1x j, (6)

where the estimated mixing matrix is given by

bF = bR1/2
N
bUS (7)

with bUS collecting the m eigenvectors selected by the
AIC criterion at scale j.

The reconstructed Galactic signal maps are finally synthesized
as follows. We transform the estimated maps, bf

j

, to spherical
harmonic coe�cients, then bandpass filter the harmonic coe�-
cients by the respective needlet window, h

j

`, and transform back
to maps in real space. This operation provides one reconstructed
Galactic signal map per needlet scale. We co-add these maps to
obtain, for each frequency channel, the complete reconstructed
Galactic signal map on the whole range of angular scales. The
needlet windows are chosen so that

P10
j=1

⇣
h

j

`

⌘2
= 1, therefore

conserving the total power in the synthesis.
The reconstruction of the CIB maps is performed as follows.

In step 4, we replace Eq. (3) by bRN = bRCMB + bRnoise so that the
reconstructed signal is the sum of the Galactic dust plus the CIB.
We then subtract the reconstructed Galactic dust (only),bf , from
the Galactic dust plus CIB reconstruction.

It should be noted that the priors on the CMB and CIB angu-
lar power spectra are only used for estimating the dimension, m,
of the Galactic signal subspace (step 5), not for the ILC filtering
(step 7) in the reconstruction of the components of the emission.

We have validated the GNILC method on the Planck full
focal plane simulations (Planck Collaboration XII 2016) before
applying it to the Planck data. The results on simulations are
presented in Sect. A.6 of Appendix A.

4. GNILC results on the thermal dust

4.1. Dust maps and power spectra

In Fig. 1 we compare various maps projected onto a high Galac-
tic latitude 12�.5 ⇥ 12�.5 area centred at (l, b) = (90�,�80�). In
the top left panel of Fig. 1, the Planck 353-GHz channel map
is shown. At 353 GHz the CMB radiation is clearly visible in
the Planck observation map at high Galactic latitude, through
degree-scale temperature fluctuations which are typical in size of
the CMB anisotropies. In the top right panel of Fig. 1, the Planck

353-GHz map is shown after subtraction of the Planck CMB
map (i.e. the SMICA map from Planck Collaboration XII 2014).
The CMB-removed Planck 353-GHz map reveals the thermal
dust emission, but is still quite noisy and contaminated by the
CIB temperature anisotropies. The dust model P13 at 353 GHz,
which has been computed by fitting an MBB spectrum to the
CMB-removed Planck maps (Planck Collaboration XI 2014), is
plotted in the middle left panel of Fig. 1. Because of the simi-
lar spectral signatures of the thermal dust and the CIB, the dust
model P13 resulting from the spectral fitting can not avoid the
leakage of the CIB fluctuations into the dust map. Conversely,
in the GNILC dust map at 353 GHz produced in this work,
the CIB anisotropies have been successfully filtered out, while
the 50-scale dust emission has been conserved in the map. All
the maps are shown at 50 resolution, but the GNILC dust map has

Fig. 1. 12�.5 ⇥ 12�.5 gnomonic projection of the sky centred at high
latitude (l, b) = (90�,�80�). Top left: Planck 353-GHz map. Top

right: CMB-removed Planck 353-GHz map. Middle left: dust model
P13 at 353 GHz (MBB fit on CMB-removed Planck maps). Middle

right: GNILC dust map at 353 GHz. Bottom left: dust model P15 at
545 GHz (Commander Bayesian fitting). Bottom right: GNILC dust map
at 545 GHz. Maps at 353 GHz are shown at 50 resolution, while maps
at 545 GHz are smoothed to 7.50 resolution. The GNILC dust maps have
a non-uniform resolution (see Fig. 2) with 50 resolution kept in regions
of bright dust emission. In each image the local mean intensity has been
subtracted for this comparison.

a local e↵ective beam resolution that is shown in Fig. 2. The lo-
cal beam resolution of the GNILC dust maps is not the result of
a local smoothing of the maps, but the result of the thresholding
of the needlet coe�cients that depends on local signal-to-noise
ratio. In some high-latitude regions of the sky, beyond a certain
angular scale, the power of the dust is found to be consistent with
zero, i.e. the dimension of the Galactic signal subspace selected
by the AIC criterion is m = 0 (see Fig. A.1) because the sky
observations in this needlet domain become compatible with the
CIB-plus-CMB-plus-noise model.
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Fig. 2. E↵ective beam FWHM of the GNILC dust maps on the whole sky
(top panel) and on a 12�.5 ⇥ 12�.5 area of the sky centred at high latitude
(l, b) = (90�,�80�) (bottom panel). The spatially varying beam FWHM
is the same for all frequencies. GNILC preserves the 50-scale power of
the thermal dust in the high signal-to-noise regions of the sky.

In the bottom panels of Fig. 1, we compare the dust
model P15 at 545 GHz from Planck Collaboration X (2016) and
the GNILC dust map at 545 GHz produced in this work. The dust
model P15 has been obtained by using a Bayesian fitting method,
Commander (Eriksen et al. 2008), instead of the �2 fitting
method used for the dust model P13 in Planck Collaboration XI
(2014). Commander makes an overall fit of many foreground pa-
rameters, including those of the thermal dust component (inten-
sity, spectral index, and temperature). However, the Commander
fitting again does not make any distinction between the CIB and
the Galactic thermal dust, both sharing a similar MBB spectrum.
In summary, thermal dust and CIB are still fitted as a single com-
ponent in constructing the dust models P13 and P15. The dust
model P15 at 545 GHz still shows CIB anisotropies at high lati-
tude, whereas those CIB anisotropies have been successfully fil-
tered out in the GNILC dust map at 545 GHz (see Fig. 1). Unlike
the dust models P13 and P15, the GNILC dust maps are not the
result of any fit of a dust model, but the result of a component-
separation procedure solely based on prior assumptions on the
CIB, CMB, and noise angular power spectra.

Figure 3 shows the GNILC all-sky map of the thermal dust
at 353 GHz in the bottom panel. This map can be compared to
the dust model P13 at 353 GHz from Planck Collaboration XI
(2014), shown in the top panel. While the dust model P13 still
shows visible small-scale contamination by CIB anisotropies at
high latitude, in the GNILC dust map the CIB fluctuations are
clearly filtered out at high latitude. The 12�.5 ⇥ 12�.5 gnomonic

projections, centred at (l, b) = (90�,�80�), of the various GNILC
maps of the dust at 353, 545, and 857 GHz, are shown in Fig. 4.

At high Galactic latitude and small angular scales, the
AIC criterion can select a dimension zero for the Galactic sig-
nal subspace, considering that in this region the Galactic signal
is completely buried under the CIB and noise signals, and there-
fore the dust is compatible with zero. This aspect of the GNILC
filtering is visible in the bottom panel of Fig. A.1, where in the
high-latitude region at 50 scale there are no Galactic degrees of
freedom selected by the AIC criterion. Therefore, in practice the
GNILC filtering is equivalent to a local smoothing of the sky map,
depending on the relative power of the Galactic dust with respect
to the local contamination by the CIB, the CMB, and the instru-
mental noise. The e↵ective local beam FWHM over the sky of
the GNILC dust maps is plotted in Fig. 2. Over 65% of the sky,
where the dust signal is significant, the 50 beam resolution is pre-
served by the GNILC filtering.

It is interesting to look at the residual map given by the dif-
ference between the CMB-removed Planck map and the dust
map, i.e. the di↵erence map (Planck map � Planck CMB map �
dust map). In the case where the GNILC dust map is used in the
subtraction, the residual map clearly shows the CIB anisotropies
plus the instrumental noise (left panel of Fig. 5), as expected.
Conversely, if the Planck 2103 dust model is used for the sub-
traction in place of the GNILC dust map then the residual map
shows the instrumental noise only (middle panel of Fig. 5). This,
again, indicates that the CIB anisotropies have leaked into the
dust model P13, and therefore that the CIB anisotropies can not
be recovered in the residual map. In the right panel of Fig. 5,
we plot the di↵erence between the Planck 2103 dust model and
the GNILC dust map at 353 GHz, highlighting the amount of
CIB leaking into the dust model P13.

The resulting angular power spectrum of the various dust
maps and the residual maps at 353, 545, and 857 GHz are
plotted in Fig. 6. We have used the HEALPix routine anafast
(Górski et al. 2005) for computing the angular power spectrum
of the maps. The amplitude of the power spectrum of the GNILC
dust map at 353 GHz (long dashed red line) is reduced by a fac-
tor of 2 at ` ⇡ 1000 with respect to the dust model P13 (dotted
blue line) because of the removal of the CIB contamination. The
power spectrum of the GNILC dust map is steeper than the power
spectrum of the dust model P13. The GNILC dust power spectrum
scales as a power-law C` ⇡ `�2.7. For completeness, the GNILC
dust power spectrum corrected for residual noise is overplotted
as a solid green line.

The angular power spectrum of the GNILC residual map, i.e.
of the di↵erence map (Planck map � Planck CMB � GNILC
dust), typically shows the power of the CIB plus noise that has
been filtered out in the GNILC dust map (solid yellow line). As
illustrated in the top panel of Fig. 6, the angular power spec-
trum of the GNILC residual map successfully matches the sum
of the Planck CIB best-fit power spectrum at 353 GHz (dash-
dot purple line) and the Planck 353-GHz instrument noise power
spectrum (dashed orange line). At 545 and 857 GHz the angular
power spectrum of the GNILC residual map is below the Planck

CIB best-fit power spectrum, which means that some amount of
residual CIB contamination is still left in the GNILC dust maps
at 545 and 857 GHz.

4.2. Thermal dust temperature and spectral index

Following Planck Collaboration XI (2014), we fit in each pixel a
modified blackbody (MBB) spectral model to the GNILC dust
maps at 353, 545, 857, and 3000 GHz in order to estimate
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Fig. 3. Full-sky map of the Galactic thermal dust emission: Planck 2013 (P13) thermal dust model at 353 GHz and 50 resolution (top panel),
su↵ering from CIB contamination at high latitudes, and the GNILC dust map (this work) at 353 GHz and 50 resolution (bottom panel), for which
the CIB is clearly filtered out at high-latitudes. A logarithmic colour scale is used here to highlight the low-intensity emission at high latitudes.
The e↵ective local beam of the GNILC dust maps is shown in Fig. 2.

the dust temperature, spectral index, and optical depth over
the sky. We also performed an analysis similar to that of
Planck Collaboration XI (2014), which used the PR1 data, by
fitting the same MBB model to the CMB-removed PR2 maps,

in place of the GNILC dust maps. We refer to this as the
PR2 MBB fit. This allows us to highlight the improvement in
estimating the dust temperature and spectral index after filtering
out the CIB anisotropies with GNILC.
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Fig. 4. GNILC dust maps at 353 GHz (left panel), 545 GHz (middle panel), and 857 GHz (right panel) on a 12�.5⇥ 12�.5 gnomonic projection of the
sky centred at high latitude, (l, b) = (90�,�80�). GNILC filters out the CIB anisotropies while preserving the small-scale dust signal (see bottom
panel of Fig. 2). In these images, the local mean intensity of each map has been subtracted.

Fig. 5. 12�.5 ⇥ 12�.5 gnomonic projection of the sky centred at high latitude, (l, b) = (90�,�80�). Left: di↵erence map (Planck 353 GHz � Planck

CMB � GNILC dust) reveals the CIB anisotropies at 353 GHz. Middle: di↵erence map (Planck 353 GHz – Planck CMB – dust model P13)
revealing only the instrumental noise because the dust model P13, like the Planck observations at 353 GHz, still contains the CIB signal. Right:
di↵erence (dust model P13 – GNILC dust) revealing the amount of CIB contamination in the dust model P13 with respect to the GNILC dust map.
In these images, the local mean intensity of each map has been subtracted.

4.2.1. �2 fitting

The model of dust emission that we fit to the data is a modified
blackbody (MBB) spectrum with three parameters:

I⌫(p) = ⌧0(p) (⌫/⌫0) �(p)
B⌫ (T (p)) , (8)

where ⌫0 = 353 GHz is the reference frequency, ⌧0(p) the dust
optical depth at 353 GHz in pixel p, T (p) the dust temperature
in pixel p, and �(p) the dust spectral index in pixel p. The func-
tion B⌫ (T ) is the Planck law for blackbody radiation.

We use a standard �2 fitting method as in
Planck Collaboration XI (2014). However, there a two-step
approach was adopted for the fit; in order to limit the fluc-
tuations in the estimated parameters induced by the noise
and the CIB contamination, the spectral index parameter was

estimated at 300 resolution in a first step, then the temperature
and the optical depth were fit at 50 resolution. Given that we
already have cleaned the thermal dust from CIB contami-
nation at 353, 545, 857, and 3000 GHz by using the GNILC
component-separation method, there is no reason to perform a
low-resolution MBB fit on the cleaned GNILC maps. Therefore,
we will fit the three parameters ⌧0, �, and T simultaneously at
full resolution (50), instead of following the two-step approach
adopted in Planck Collaboration XI (2014). For the fit, we use
the frequency data at 353, 545, 857, and 3000 GHz, either
from the unfiltered PR2 data (i.e. inputs similar to those used to
produce the dust model P13) or from the CIB-removed GNILC
dust maps. In this way, we will highlight the improvement in
the estimated dust parameters resulting from the removal of the
CIB fluctuations with GNILC.
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Fig. 6. Angular power spectra of the various maps at 353 GHz (top

panel), 545 GHz (middle panel), and 857 GHz (bottom panel), on a
fraction of the sky, fsky = 57%: Planck map (solid black line), dust
model P13 (dotted blue line, Planck Collaboration XI 2014), GNILC
dust map (long dashed red line), GNILC dust map corrected for the
residual noise (solid green line), and GNILC residual map (Planck

map � Planck CMB � GNILC dust, solid yellow line), which is com-
pared to the Planck CIB best-fit power spectrum (dash-dot purple line,
Planck Collaboration XXX 2014) and the Planck noise power spectrum
(dashed orange line).

In most of the images presented in this paper the local aver-
age of the dust maps has been subtracted to facilitate side-by-side
comparisons of the di↵erent versions of the Planck dust map in

terms of contamination by CIB fluctuations. There is no subtrac-
tion of any o↵set in the released GNILC products themselves. In
order to fit for the dust spectral parameters, ⌧0, T , and �, the
o↵sets of the GNILC dust maps have been estimated by corre-
lation with the H i map at high latitude in the exact same way
as described in Planck Collaboration XI (2014). The o↵sets of
the GNILC dust maps are found to be 0.1248, 0.3356, 0.5561,
and 0.1128 MJy sr�1 at 353, 545, 857, and 3000 GHz respec-
tively. The uncertainties on the absolute calibration of the Planck

channels have been estimated from the observation of planets
(Planck Collaboration VIII 2016); they are 1.2% at 353 GHz,
6.3% at 545 GHz, and 6.1% at 857 GHz. The calibration in-
certainty at 3000 GHz is 13.5% (Miville-Deschênes & Lagache
2005). Calibration uncertainties and o↵set uncertainties have
been taken into account in the �2 fitting, following the procedure
detailed in the appendix of Planck Collaboration XI (2014).

4.2.2. Parameter maps

The results of the MBB fit to the GNILC dust maps are shown
on the left panels of Fig. 7. The estimated GNILC tempera-
ture map and GNILC spectral index map are compared to the
PR2 MBB fit temperature map and the PR2 MBB fit spec-
tral index map at 50 resolution. The PR2 MBB fit is similar
to the dust model P13 of Planck Collaboration XI (2014), i.e.
the CIB anisotropies have not been filtered out, except that the
model fitting is applied to the PR2 data instead of the PR1 data
and not performed in two steps, but carried out simultaneously
for the three dust parameters at 50 resolution. The impact of the
CIB contamination on the measurement of the dust temperature
and dust spectral index is particularly significant at high latitude
in the PR2 MBB fit.

In the bottom panels of Fig. 7, we plot the resulting �2 map
of both the GNILC MBB fit and the PR2 MBB fit. This pro-
vides a direct measurement of the goodness-of-fit. The rea-
son for some reduced �2 values being smaller than unity is
mostly that calibration uncertainties are included per pixel in
the fit, to give less weight to data points with larger uncertainty
(Planck Collaboration XI 2014). However, the exact scale of �2

is not relevant here, what is important is that the pixel-to-pixel
di↵erences in the goodness-of-fit are strongly reduced for the
GNILC MBB fit because of the removal of the CIB contamina-
tion in the GNILC dust maps. Clearly, the CIB-filtered GNILC
maps lead to a better fitting of the MBB model over the sky than
the unfiltered PR2 maps. Near the Galactic plane, the �2 values
between the GNILCMBB fit and the unfiltered PR2 MBB fit are
consistent because the CIB contamination plays a negligible role
where the dust emission is bright. For a given spectral model of
thermal dust, here a single MBB model, the GNILC maps pro-
vide higher precision than the unfiltered PR2 maps because of
the removal of CIB fluctuations prior to fitting. However, the
MBB model might not be the best parametrization of the thermal
dust emission in the inner Galactic plane region, which shows
high values of the �2 statistic for both PR2 and GNILC fits. It is
likely that multiple MBB components of dust might contribute
to the emission along the line of sight, in which case the exact
parametrization of the thermal dust spectral energy distribution
in the inner Galactic plane region is not trivial and might need
more than three e↵ective parameters.

In Figs. 8 and 9 we compare the GNILC and PR2 MBB fit
for temperature and spectral index respectively, at low and high
latitudes in the sky. The improvement from GNILC in terms of
the reduction of the CIB contamination is particularly visible at
high latitude for both temperature and spectral index.
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Fig. 7. Full-sky thermal dust parameter maps: temperature (top row), spectral index (middle row), and map of the �2 statistic of the fit (bottom

row). Left panels: GNILC modified blackbody (MBB) fit. Right panels: PR2 modified blackbody (MBB) fit a la model P13.

In Fig. 10 we define low- and high-latitude areas of the sky
to look at the evolution of the distribution of the dust tempera-
ture and spectral index with respect to latitude. Figure 11 shows
the normalized histograms of the temperature map, T , and the
spectral index map, �, for three di↵erent fits: GNILC (red con-
tours); PR2 MBB fit a la model P13 (green contours); and dust
model P15 (blue contours). It is important to note that the dust
model P15 is a low-resolution Bayesian fit at 600 resolution with
Gaussian priors on T (23 ± 3 K) and � (1.55 ± 0.1). We dis-
tinguish three areas in the sky: the high-latitude area defined in
Fig. 10, covering 21% of the sky (top panels); the low-latitude
area defined in Fig. 10, covering 20% of the sky (middle panels);

and the whole sky (bottom panels). As a complement to Fig. 11,
Table 1 summarizes the mean best-fit values of the dust param-
eters, along with their 1� errors, for the three di↵erent products
(GNILCMBB fit, PR2 MBB fit similar to the dust model P13, and
dust model P15) in the three di↵erent areas of the sky. The his-
tograms in Fig. 11 highlight the impact of the CIB anisotropies
on the dust spectral parameters: at high latitude the CIB contami-
nation increases the scatter in the temperature and spectral index
distributions. The removal of the CIB anisotropies with GNILC
reduces the dispersion in the dust temperature by 40% at high
latitude (30% on the whole sky) with respect to the PR2 MBB fit
and by 10% with respect to the dust model P15 (Table 1), even
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Fig. 8. 12�.5 ⇥ 12�.5 gnomonic projections of the dust temperature maps
at high latitude, b = �80� (top panels) and low latitude, b = �20�
(bottom panels). Left: GNILC MBB fit. Right: PR2 MBB fit according
to model P13.

Fig. 9. 12�.5⇥12�.5 gnomonic projections of the dust spectral index maps
at high latitude, b = �80� (top panels) and low latitude, b = �20�
(bottom panels). Left: GNILC MBB fit. Right: PR2 MBB fit according
to model P13.

Fig. 10. High-latitude area of the sky with fsky = 21% (top) and low-
latitude area of the sky with fsky = 20% (bottom) that are considered in
Fig. 11 and Table 1.

Table 1. Mean and dispersion of the dust temperature and spectral index
in di↵erent areas of the sky (full sky, high latitude, low latitude). Top:
GNILC MBB fit. Middle: PR2 MBB fit a la dust model P13. Bottom:
dust model P15 (Commander 600).

Area . . . . . . . fsky hTGNILCi � (TGNILC) h�GNILCi � (�GNILC)
[%] [K] [K]

Full sky . . . . 100 19.40 1.26 1.60 0.13
High latitude . 21 19.41 1.54 1.63 0.17
Low latitude . 20 19.19 1.49 1.54 0.11

Area . . . . . . . fsky hTPR2i � (TPR2) h�PR2i � (�PR2)
[%] [K] [K]

Full sky . . . . 100 19.50 1.70 1.59 0.27
High latitude . 21 19.56 2.46 1.64 0.45
Low latitude . 20 19.18 1.50 1.55 0.10

Area . . . . . . . fsky hTP15i � (TP15) h�P15i � (�P15)
[%] [K] [K]

Full sky . . . . 100 20.93 2.25 1.54 0.05
High latitude . 21 23.25 1.67 1.55 0.05
Low latitude . 20 18.63 1.96 1.57 0.05

though the P15 temperature fit is smoothed to 600 resolution.
The impact of the CIB removal with GNILC is even more sig-
nificant for the dust spectral index, with the dispersion reduced
by 60% at high latitude (50% on the whole sky) with respect to
the PR2 MBB fit. The 1� error on the P15 spectral index has
a lowest value of 0.05 in any area of the sky for two reasons:
first, the resolution of the P15 spectral index is much lower (600);
second, a tight prior has been imposed on � in the Commander
fit (Planck Collaboration X 2016). With GNILC we find a dust
temperature of T = (19.4 ± 1.3) K and a dust spectral index
of � = 1.6 ± 0.1 as the best-fit values on the whole sky, where
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