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CIB contamination on small scales
= background galaxies!

our Galaxy

Planck 2013 Galactic dust all-sky map

Planck 2013 results. XI, “All-sky model of thermal dust emission”, A&A (2014)



Cosmic infrared background (CIB)
Cumulative diffuse emission from all dusty star-forming galaxies (1 < # < 3)

“extragalactic background radiation”

Planck early results. XVIII, A&A 2011
Planck 2013 results. XXX, A&A 2014



How Planck 2013 dust was extracted?
Planck observation map
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(2)
spectral model fit (MBB)
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Why CIB leaks into Planck 2013 dust map?
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Spectral degeneracy between 
Galactic dust and CIB:

As a result of MBB fit,
CIB leaks into Galactic dust:

⟹



Why CIB leaks into Planck 2013 dust map?

! = #. %
& = #'. ( K

Tucci et al 2016

Planck 2013 dust map

! = #. #
& = #'. ( K

Spectral degeneracy between 
Galactic dust and CIB:

As a result of MBB fit,
CIB leaks into Galactic dust:

⟹

In order to disentangle Galactic dust and extragalactic CIB emissions,
an extra discriminating statistical information is needed!



Basic idea:

Use not only spectral information but also
spatial information (angular power spectrum) to discriminate

between Galactic dust and CIB anisotropies

Properties:

ü Blind method:
§ No assumption on Galactic foreground properties / astrophysics
§ Sole prior information: angular power spectra of CIB, CMB, noise

ü Wavelet-based:
§ Adjust component separation to the local conditions of contamination

both over the sky and over the scales

GNILC
Remazeilles, Delabrouille, Cardoso, MNRAS 2011



CIBA
β=1.1, T=18.5 K

Spectral information

Dust and CIB suffer from
spectral degeneracy

CIB leakage in thermal dust map

Spectral fit:
Planck 2013 Results. XI, A&A 2014
Planck 2015 Results. X, A&A 2016

Planck 2013 dust map
is contaminated by CIB

spectral fit 
(MBB)
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Spectral information

Dust and CIB suffer from
spectral degeneracy

CIB leakage in thermal dust map

Spectral fit:
Planck 2013 Results. XI, A&A 2014
Planck 2015 Results. X, A&A 2016

Planck 2015 Commander dust map
is also contaminated by CIB

spectral fit 
(MBB)

A&A 596, A109 (2016)

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.

A109, page 4 of 26



CIBA
β=1.1, T=18.5 K

Spectral information

Dust and CIB suffer from
spectral degeneracy

CIB leakage in thermal dust map

Spectral fit:
Planck 2013 Results. XI, A&A 2014
Planck 2015 Results. X, A&A 2016

Tucci et al 2016

Galactic
dust ~ ℓ -3

CIB ~ ℓ -1

Dust and CIB have
distinct angular power spectra

disentangle thermal dust and CIB

GNILC

GNILC:
Remazeilles et al MNRAS 2011
Planck intermediate results. XLVIII, A&A 2016
Planck 2018 results. IV, arXiv:1807.06208
Planck 2018 results. XII, arXiv:1807.06212

Spatial information

spectral fit 
(MBB)



Planck dust 2013
Planck GNILC dust

(our Galaxy)

Separate Galactic dust and CIB in Planck data

Planck GNILC CIB
(background galaxies)

Planck intermediate results. XLVIII, A&A 2016
Remazeilles, Delabrouille, Cardoso, MNRAS 2011

GNILC



GNILC method in 5 steps



44 GHz

545 GHz

143 GHz100 GHz

353 GHz

70 GHz

217 GHz

857 GHz

Planck sky observations

Complex mixture of various emission processes!

30 GHz



Component separation
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3: frequency

4: pixel (position in the sky)

“nuisance”

signal of interest

Planck frequency 
maps
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1. Needlet (spherical wavelet) decomposition of the Planck sky maps

!" #
$%& !" ℓ,) ×+(-)(ℓ) !" ℓ,) × ℎ(0)(ℓ) $%&

12
!"0 (#)

“bandpass filtering in harmonic space through needlet windows”
A&A 596, A109 (2016)

Fig. A.1. Local number of Galactic foreground degrees of freedom se-
lected by the AIC criterion at one degree angular scale (top), 200 scale
(middle), and 50 scale (bottom). The number of Galactic degrees of free-
dom decreases at high latitude and small angular scales.

A.4. Model selection with the Akaike information criterion

In Remazeilles et al. (2011b), the e↵ective number, m, of Galac-
tic components in each needlet domain was estimated by reject-
ing the eigenvalues in Eq. (A.22) that are smaller than 1.25, i.e.
for which the “noise” contributes to the observation by more than
80%. This criterion is somewhat arbitrary. In the present work,
we propose instead to use a statistical criterion to discriminate
between the “large” eigenvalues, tracing the Galactic signal, and
the “noisy” eigenvalues (⇡1) to be rejected; the e↵ective rank
of the covariance matrix of the Galactic signal is estimated by

Fig. A.2. Needlet windows acting as bandpass filters in harmonic space
(black lines), with the 50 beam transfer function overplotted (red line).

statistical model selection through the Akaike information crite-
rion (Akaike 1974).

For a given dimension, or model, m, if we assume that the
data, x, are independent and identically distributed according to
the Gaussian distributionN(0,R(m)), with R(m) = R f (m) +RN,
then the likelihood reads as

L ({xk}k |R(m)) =
nY

k=1

1p
2⇡ det R(m)

exp
(
�1

2
xT

k
R(m)�1xk

)
,

(A.33)

where n is the number of modes in the (needlet) domain consid-
ered. The log-likelihood can be written as

�2 logL =
nX

k=1

xT
k
R(m)�1xk � log det

⇣
R(m)�1

⌘
+ constant(m)

= n K

⇣
bR,R(m)

⌘
+ constant(m), (A.34)

where K

⇣
bR,R(m)

⌘
is the Kullback-Leibler divergence (Kullback

1968), measuring the spectral mismatch between the model co-
variance matrix, R(m), and the data covariance matrix, bR:

K

⇣
bR,R(m)

⌘
= Tr
⇣
bRR(m)�1

⌘
� log det

⇣
bRR(m)�1

⌘
� Nch. (A.35)

At this stage, it is interesting to note that the estimate of the
Galactic covariance matrix, bR f (m) computed in Eq. (A.25), is
nothing other than the maximum likelihood estimate, i.e. the
minimizer of the Kullback-Leibler divergence of Eq. (A.35),
as in SMICA (Delabrouille et al. 2003; Cardoso et al. 2008). The
proof is given in Sect. A.5.

In the region of the sky and the range of angular scales con-
sidered, we select the best rank value, m

⇤, among the class of
models, m, by minimizing the AIC

A(m) = 2 n m � 2 log (Lmax(m)) . (A.36)

Through the penalty, 2 n m, the AIC makes a trade-o↵ between
the goodness of fit and the complexity of the model. Let us
denote bR�1/2

N
bRbR�1/2

N = UDUT the diagonalization of the trans-
formed data covariance matrix, where

U = [US|UN] and D =
" bDS 0

0 bDN

#
. (A.37)
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The data analysis is thus local both over the sky and over the scales
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2. For each needlet scale ("), compute the data covariance matrix 
in each pixel $ of a pair of frequencies %, '

()*
(+) $ = -

./∈1(.)
2)(+) $/ 2*

(+) $/

At each pixel $ and each scale ("), ((+)($) is a 9×9 matrix
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3. Use priors on CIB + CMB + noise power spectra to model the 
covariance matrix of the “nuisance” contribution

• Use Planck best-fit !ℓ
!#$, !ℓ!%$('(, '*), !ℓ,-./0 ' to simulate Gaussian realisations 

of the “nuisance” emission:

12 3 ≡ 56789 3 + 562
7;9 3 + 562

<=>?@ p

• Perform needlet decomposition of the “nuisance” maps: 12 p → 12
(C) p

• For each needlet scale D , compute the prior covariance matrix of the “nuisance”:

EFG
(C) 3 = I

JK∈M(J)

1F
(C) 3K 1G

(C) 3K
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4. Perform a PCA of the “whitened” data covariance matrix:
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Those eigenvalues do not contain any power 
from Galactic dust. The signal is consistent 
with CIB, CMB, noise. 
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4. Perform a PCA of the “whitened” data covariance matrix:
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(-*

Those eigenvalues contain power from 
Galactic dust. 

As a correlated component of emission, Galactic dust can thus be 
decomposed on a subset of m independent (not physical) templates

Those eigenvectors form an orthogonal 
basis of independent dust modes:
“Galactic dust subspace”



Dimension of the dust foregrounds
• In the same spirit of the “moment expansion”  (Chluba et al 2017), GNILC gives you the 

number of independent (not physical) dust degrees of freedom:

• The number of independent modes is not determined “ad-hoc” from the PCA, but    
through statistical model selection with the Akaike Information Criterion (AIC)

• The AIC penalty prevents from overfitting the dimension of the “Galactic dust subspace”

A&A 596, A109 (2016)

Fig. A.1. Local number of Galactic foreground degrees of freedom se-
lected by the AIC criterion at one degree angular scale (top), 200 scale
(middle), and 50 scale (bottom). The number of Galactic degrees of free-
dom decreases at high latitude and small angular scales.

A.4. Model selection with the Akaike information criterion

In Remazeilles et al. (2011b), the e↵ective number, m, of Galac-
tic components in each needlet domain was estimated by reject-
ing the eigenvalues in Eq. (A.22) that are smaller than 1.25, i.e.
for which the “noise” contributes to the observation by more than
80%. This criterion is somewhat arbitrary. In the present work,
we propose instead to use a statistical criterion to discriminate
between the “large” eigenvalues, tracing the Galactic signal, and
the “noisy” eigenvalues (⇡1) to be rejected; the e↵ective rank
of the covariance matrix of the Galactic signal is estimated by

Fig. A.2. Needlet windows acting as bandpass filters in harmonic space
(black lines), with the 50 beam transfer function overplotted (red line).

statistical model selection through the Akaike information crite-
rion (Akaike 1974).

For a given dimension, or model, m, if we assume that the
data, x, are independent and identically distributed according to
the Gaussian distributionN(0,R(m)), with R(m) = R f (m) +RN,
then the likelihood reads as

L ({xk}k |R(m)) =
nY

k=1

1p
2⇡ det R(m)

exp
(
�1

2
xT

k
R(m)�1xk

)
,

(A.33)

where n is the number of modes in the (needlet) domain consid-
ered. The log-likelihood can be written as

�2 logL =
nX

k=1

xT
k
R(m)�1xk � log det

⇣
R(m)�1

⌘
+ constant(m)

= n K

⇣
bR,R(m)

⌘
+ constant(m), (A.34)

where K

⇣
bR,R(m)

⌘
is the Kullback-Leibler divergence (Kullback

1968), measuring the spectral mismatch between the model co-
variance matrix, R(m), and the data covariance matrix, bR:

K

⇣
bR,R(m)

⌘
= Tr
⇣
bRR(m)�1

⌘
� log det

⇣
bRR(m)�1

⌘
� Nch. (A.35)

At this stage, it is interesting to note that the estimate of the
Galactic covariance matrix, bR f (m) computed in Eq. (A.25), is
nothing other than the maximum likelihood estimate, i.e. the
minimizer of the Kullback-Leibler divergence of Eq. (A.35),
as in SMICA (Delabrouille et al. 2003; Cardoso et al. 2008). The
proof is given in Sect. A.5.

In the region of the sky and the range of angular scales con-
sidered, we select the best rank value, m

⇤, among the class of
models, m, by minimizing the AIC

A(m) = 2 n m � 2 log (Lmax(m)) . (A.36)

Through the penalty, 2 n m, the AIC makes a trade-o↵ between
the goodness of fit and the complexity of the model. Let us
denote bR�1/2

N
bRbR�1/2

N = UDUT the diagonalization of the trans-
formed data covariance matrix, where

U = [US|UN] and D =
" bDS 0

0 bDN

#
. (A.37)
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Fig. A.1. Local number of Galactic foreground degrees of freedom se-
lected by the AIC criterion at one degree angular scale (top), 200 scale
(middle), and 50 scale (bottom). The number of Galactic degrees of free-
dom decreases at high latitude and small angular scales.

A.4. Model selection with the Akaike information criterion

In Remazeilles et al. (2011b), the e↵ective number, m, of Galac-
tic components in each needlet domain was estimated by reject-
ing the eigenvalues in Eq. (A.22) that are smaller than 1.25, i.e.
for which the “noise” contributes to the observation by more than
80%. This criterion is somewhat arbitrary. In the present work,
we propose instead to use a statistical criterion to discriminate
between the “large” eigenvalues, tracing the Galactic signal, and
the “noisy” eigenvalues (⇡1) to be rejected; the e↵ective rank
of the covariance matrix of the Galactic signal is estimated by

Fig. A.2. Needlet windows acting as bandpass filters in harmonic space
(black lines), with the 50 beam transfer function overplotted (red line).

statistical model selection through the Akaike information crite-
rion (Akaike 1974).

For a given dimension, or model, m, if we assume that the
data, x, are independent and identically distributed according to
the Gaussian distributionN(0,R(m)), with R(m) = R f (m) +RN,
then the likelihood reads as
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At this stage, it is interesting to note that the estimate of the
Galactic covariance matrix, bR f (m) computed in Eq. (A.25), is
nothing other than the maximum likelihood estimate, i.e. the
minimizer of the Kullback-Leibler divergence of Eq. (A.35),
as in SMICA (Delabrouille et al. 2003; Cardoso et al. 2008). The
proof is given in Sect. A.5.

In the region of the sky and the range of angular scales con-
sidered, we select the best rank value, m

⇤, among the class of
models, m, by minimizing the AIC
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Through the penalty, 2 n m, the AIC makes a trade-o↵ between
the goodness of fit and the complexity of the model. Let us
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5. Perform a !-dimensional ILC in the “Galactic dust subspace”

(data compression) 

"#$%&#' ( = *
$+
, $, $+ %$+(()

where  , = 0(0'1230)230'123 and  0 ≡ 53/7 8#

CIB-free, CMB-free, noise-free estimate of the Galactic dust !



Planck dust 2013
Planck GNILC dust

(our Galaxy)

Separate Galactic dust and CIB in Planck data

Planck GNILC CIB
(background galaxies)

Planck intermediate results. XLVIII, A&A 2016
Remazeilles, Delabrouille, Cardoso, MNRAS 2011

GNILC



Planck 2013 dust map

Planck 2013 results. XI, A&A 2014



Planck GNILC dust map

Planck intermediate results. XLVIII, A&A 2016 



Planck GNILC CIB maps
I am a tracer

of dark matter!

Planck intermediate results. XLVIII, A&A 2016

Best template to-date for “delensing”, see e.g. Yu, Hill, Sherwin PRD 2017



Planck GNILC CIB maps

Planck intermediate results. XLVIII. “Disentangling Galactic dust emission
and cosmic infrared background anisotropies”, A&A 2016



Dust spectral parameters: Planck 2013

Dispersion at high latitudes due to CIB contamination!

Planck 2013 results. XI, A&A 2014

! "



Dust spectral parameters: Planck GNILC

! "

Planck intermediate results. XLVIII, A&A 2016



Dust temperature

Planck intermediate results. XLVIII. 
“Disentangling Galactic dust emission and cosmic infrared background anisotropies”

A&A 2016

Planck Collaboration: Disentangling dust and CIB in Planck observations

Fig. 11. Normalized histograms of Tdust and �dust at 50 resolution for the GNILCMBB fit (red contours) and the PR2 MBB fit a la model P13 (green
contours). The normalized histograms for the dust model P15 (Commander fit at 600 resolution) are overplotted (blue contours). The histograms
are computed from the subset of pixels corresponding to either the high-latitude area in the sky with fsky = 21% (upper panels), the low-latitude
area in the sky with fsky = 20% (middle panels), or the whole sky (lower panels). Due to CIB contamination at high-latitude, the PR2 MBB fits
show larger dispersion than the GNILCMBB fits in the distributions of Tdust and �dust.

the error bars show the dispersion over the sky of the parameter
values.

5. GNILC results on the CIB

5.1. CIB maps

The GNILC method is flexible by allowing either the recovery
of the dust map with the CIB-plus-CMB-plus-noise filtered out

(shown in this paper) or the recovery of the dust-plus-CIB map
with the removal of the CMB-plus-noise only, depending on
whether or not one uses the prior on the CIB power spectrum.
Therefore, from the di↵erence between the unfiltered GNILC
dust-plus-CIB map and the CIB-filtered GNILC dust map we are
able to reveal the CIB anisotropies at di↵erent frequencies over
a large area of the sky. The resulting GNILC CIB maps at 353,
545, and 857 GHz, reconstructed over a large fraction of the sky,

A109, page 11 of 26

Planck GNILC 
“CIB-free”

Planck 2013

Planck 
Commander

2015



1. Thermal dust and CIB separation

2. Thermal dust polarization

3. CMB B-modes

Overview of GNILC



Planck Q map at 353 GHz



Planck GNILC Q map at 353 GHz 

Planck 2018 results. XII, arXiv:1807.06212
Planck 2018 results. IV, arXiv:1807.06208

CMB and noise 
have been 
deprojected!



Difference (Planck - GNILC)



Planck Collaboration: Di↵use component separation

PGNILC
d

3 300uKRJ at 353 GHz

Fig. 26. GNILC 2018 polarized thermal dust amplitude map evaluated at 353 GHz. The angular resolution varies over the sky, as described in
Remazeilles et al. (2011b). No colour corrections have been applied to this map.

Fig. 27. P–P scatter plot between the thermal dust polarization ampli-
tude at 353 GHz, as estimated with GNILC and Commander. Colours
indicate the density of points on a logarithmic scale.

we therefore consider the total systematic uncertainty on �d due
to polarization e�ciency corrections to be 0.04.

The top panel in Fig. 30 shows the spatial distribution of �d
from the prior-free analysis without polarization e�ciency cor-
rections. In this plot the statistical power of the Planck observa-
tions to constrain the spectral index is seen very clearly from po-
sition to position, depending on the local dust polarization ampli-
tude. Near the Galactic plane, the data are su�ciently strong to
determine the spectral index well per resolution element, while
at high latitudes the measurements are fully dominated by in-
strumental noise. The bottom panel shows the corresponding re-
sult when applying the supporting Gaussian prior. From this fig-
ure, it is clear that the �d distribution and prior presented above
are dominated by measurements in the Galactic plane, where the
signal-to-noise ratio is substantially larger than at high Galactic
latitudes.

Next, we perform a blind analysis of polarization spectral in-
dices with SMICA. This analysis is performed by running SMICA
with a foreground dimension of Nfg = 2 (that is, with a two-
column foreground emissivity matrix F), as defined in Eq. (5),
corresponding to synchrotron and thermal dust emission. Spec-
tral priors are imposed during the multi-frequency fit so that syn-
chrotron emission vanishes at 353 GHz and thermal dust emis-
sion vanishes at 30 GHz.

The results from these calculations are summarized in
Fig. 31 for both E-mode and B-mode polarization. Parametric
best-fits are indicated by dotted lines; these are, however, only
the products of post-processing the raw SMICA results, and do not
correspond to active priors as they do in the Bayesian analysis
discussed above. In these particular fits, polarization e�ciency
corrections are applied to the 100, 143, and 217 GHz data, and
colour corrections are applied in post-analysis.

The best-fit spectral parameters derived in this blind manner
are �s = �3.10±0.06 and �d = 1.53±0.01, both corresponding to
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Fig. 2. Polarization maps for the GNILC-processed data at 353 GHz and uniform 800 resolution: polarization fraction p (top left) and
associated statistical uncertainty �p (top right), polarization angle  (bottom left) and associated statistical uncertainty � (bottom
right). The pattern in the � map arises from the Planck scanning strategy.

that the absolute uncertainties from residual systematics are es-
timated to be ±0.5 % on p and ±8� on  .

We note that these E2E simulations include realizations of
random data noise and so already include part of the statisti-
cal uncertainty that is addressed by the Monte Carlo simulations
based on the covariance matrices.

Finally, as already mentioned in Sect. 2.2, the quantitative
analysis of p towards di↵use lines of sight depends strongly on
the value of the Galactic o↵set used to set the zero level of total
intensity for Galactic dust emission. To take this source of un-
certainty into account, following the discussion in Sect. 2.2 we
consider a fiducial case in which the Galactic o↵set is 63 µKCMB
and also consider a range of ±40 µKCMB about this central value.

3.3. Polarization angle dispersion function

The polarization angle dispersion function S, introduced
in Planck Collaboration Int. XIX (2015) quantifies the local
(non-)uniformity of the polarization angle patterns on the sky
by means of the local variance of the polarization angle map at
a certain scale parameterized by a lag �. It is defined as

S (r, �) =

vut
1
N

NX

i=1

⇥
 (r + �i) �  (r)

⇤2 , (4)

where the sum extends over the N pixels, indexed by i and lo-
cated at positions r + �i, within an annulus centred on r and
having inner and outer radii �/2 and 3�/2, respectively. Regions

where the polarization angle tends to be uniform exhibit low val-
ues of S, while regions where the polarization patterns are more
chaotic exhibit larger values, with S = ⇡/

p
12 ⇡ 52� when the

polarization angles are completely uncorrelated spatially.
A map of S at 600 resolution and using a lag of 300, based on

Planck 2013 data, was shown over a restricted region of the sky
in Planck Collaboration Int. XIX (2015). We can now present
the S map over the full sky, based on the GNILC-processed
Planck 2018 data release at 353 GHz. Because S is built from
the polarization angle  , it is independent of the value chosen for
the total intensity o↵set. However, when computed at uniform
800 resolution and using a lag � = 400, S is still significantly
biased (see Sect. 4.1). For this reason, we use maps smoothed to
1600 and adopt a correspondingly larger lag � = 800.9 This map
is shown in the top panel of Fig. 4. We computed the statistical
uncertainty �MC

S using the Monte Carlo approach discussed in
Sect. 3.2, but based on the Stokes maps smoothed to 1600 reso-
lution. The map of �MC

S is shown in the bottom panel of Fig. 4.
Quite large values, up to 14�, are reached in some regions, but
we will see in Sect. 4.1 that this is compatible with the noise in
the data (see also Sect. 3.5).

9When considering the Monte Carlo simulations discussed in the
previous subsection, we find that the ratio of the ensemble average map
hSi to the map S computed from the smoothed GNILC data has a mean
of 0.90 and a median value of 0.97, with a standard deviation of 0.14.
For comparison, when working at 800 resolution and a lag of � = 400,
these values shift to 0.81, 0.87, and 0.19, respectively, which quantifies
the bias that remains when working at 800 resolution.
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Fig. 3. Signal-to-noise ratio (S/N) p/�p for the polarization
fraction in the GNILC-processed data at 353 GHz and uniform
800 resolution. Note that the polar view (bottom) uses a range
1 6 p/�p 6 10 to bring out low S/N regions.

3.4. Relationship of S to alternative estimators

Synchrotron studies in the radio domain frequently use another
estimator of the uniformity of polarization patterns, the “polar-
ization gradient” introduced by Gaensler et al. (2011) and de-
fined as

|rP| =
s 

@Q
@y

!2

+

 
@Q
@z

!2

+

 
@U
@y

!2

+

 
@U
@z

!2

, (5)

where y and z refer to an orthogonal coordinate system on the
plane of the sky. We show in Appendix D that, as far as the
Planck thermal dust polarization data are concerned, |rP| is
strongly correlated with S, though not perfectly because of the
contribution from the polarized intensity in |rP|. This can be
mitigated by considering an angular version of the polarization
gradient defined as (Burkhart et al. 2012)

|r | =
s"

@(Q/P)
@y

#2

+

"
@(Q/P)
@z

#2

+

"
@(U/P)
@y

#2

+

"
@(U/P)
@z

#2

,

(6)
which encodes only the angular content of the polarization.10 In
Appendix D, we show not only that |r | is better correlated with

10Other advanced diagnostics from polarization gradients are dis-
cussed in Herron et al. (2018), but further discussion of these is beyond
the scope of this paper.

Fig. 4. Top: Polarization angle dispersion function S computed
from the GNILC-processed data at 353 GHz and uniform 1600
resolution, using a lag � = 800. Bottom: Statistical uncertainty
�MC
S computed from the Monte Carlo simulations on maps with

the same 1600 resolution and � = 800 lag.

S than |rP| is, but also that this can be demonstrated analytically,
with

S(r, �) ⇡ �

2
p

2
|r | , (7)

the linear dependence of S on the lag being revealed simply
through a first-order Taylor expansion. We do not use this es-
timator in the rest of this paper, but note that in practice it might
be easier to compute than S.

3.5. Noise and bias in S
An estimate of the variance of S due to noise is
(Planck Collaboration Int. XIX 2015; Alina et al. 2016):

�2
S (r, �) =

�2
 (r)

N2S2

0
BBBBB@

NX

i=1

 (r + �i) �  (r)
1
CCCCCA

2

+
1

N2S2

NX

i=1

�2
 (r + �i) ( (r + �i) �  (r))2 . (8)

Just like for p, noise on Stokes parameters Q and U induces a
bias on S. Unlike for p, however, this bias can be positive or
negative, depending on whether the true value is, respectively,
smaller or larger than the value ⇡/

p
12 ⇡ 52� obtained for fully

random polarization angles (Alina et al. 2016). As prescribed
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1. Thermal dust and CIB separation

2. Thermal dust polarization

3. CMB B-modes

Overview of GNILC



Actual foreground B-modes at 143 GHz

extracted from 
Planck data

GNILC provides B-mode maps of total foreground contamination directly at CMB 
frequencies without extrapolation from high / low frequencies templates

Very relevant in the context of dust decorrelation and B-modes (Tassis et al 2015)

GNILC foreground B-modes at 143 GHz:



GNILC EE reconstruction with PICO (90.91)

M. Remazeilles

GNILC focuses ILC variance minimization into foreground subspaces
instead of minimizing the variance of foregrounds + noise



GNILC BB reconstruction with PICO (90.91)

M. Remazeilles

GNILC focuses ILC variance minimization into foreground subspaces
instead of minimizing the variance of foregrounds + noise



Summary
• GNILC is a versatile and model-independent component separation method: 

Galactic foregrounds, CIB, CMB, 21-cm signal

• GNILC dust and CIB maps are now at the heart of several Planck papers:
Planck intermediate results XLVIII 2016
Planck 2018 results IV. Diffuse component separation
Planck 2018 results VIII. Gravitational lensing
Planck 2018 results XII. Galactic astrophysics using polarized dust emission

• GNILC property of using both spectral and spatial information is essential 
to break numerous degeneracies 

• GNILC is blind, so fairly insensitive to decorrelation / averaging effects

• GNILC shows already promising results for CMB B-modes 

Thanks for your attention!


