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Abstract Maps of cosmic microwave background (CMB)
are extracted from multi-frequency observations using a vari-
ety of cleaning procedures. However, in regions of strong
microwave emission, particularly in the galactic plane from
our own galaxy Milky Way and some extended or point
sources, the recovered CMB signal is not reliable. Thus, a
galactic mask is provided along with the cleaned CMB sky
for use with that CMB map which excises sky regions that
may still be potentially contaminated even after cleaning. So,
to avoid bias in our inferences, we impose such a foreground
mask. In this paper, we analyze a cleaned CMB map from
Planck public release 3 to probe for any foreground residuals
that may still be present outside the galactic mask where the
derived CMB sky is considered clean. To that end, we employ
a local cross-correlation coefficient statistic where we cross-
correlate widely used foreground templates that trace galactic
synchrotron, free-free, and thermal dust emission from our
galaxy with the cleaned CMB sky. Using simulations, we find
that few regions of the derived CMB sky are still contami-
nated and have to be omitted. Based on this study, we derived
a mask that could be used in conjugation with the standard
mask to further improve the purpose of galactic masks.

1 Introduction

The cosmic microwave background (CMB) has been pivotal
in establishing the current standard model of cosmology. So
far, precise measurements of CMB temperature anisotropies
have been made from a variety of ground-based and space-
bourne missions mapping up to very small angular scales.
Much of the cosmological constraints derived from full-sky
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missions are due to these precise temperature anisotropies,
while polarized-sky measurements are affected by instru-
mental noise [1,2]. Full-sky polarization measurements with
similar signal-to-noise ratio are the target of next-generation
CMB experiments [3–9]. Together with the cosmic signal of
our interest, viz. CMB, the detectors also register any emis-
sion irrespective of its origin falling in its designed frequency
range of detection.

In order to extract cosmological information from the
CMB, we have to separate the astrophysical foregrounds
from the cosmic microwave background. Many techniques
were developed to do this cleaning of observed/raw maps
measured at different frequencies, i.e. to remove foreground
contamination from the observed microwave sky [10–13].
Some sky regions are highly contaminated because of high
foreground emission. So even after applying these cleaning
algorithms, one cannot completely remove foreground con-
tamination, entirely, from the CMB sky, particularly in the
galactic plane. Consequently, galactic masks are employed
to exclude regions that may still have residual foregrounds
present in the recovered CMB sky. Thus, unbiased cosmo-
logical inferences can be made using only those regions that
are considered clean/cosmic after the application of a mask.

Many deviations from the expectations of the standard
cosmological model based on the cosmological principle,
particularly that break isotropy, were seen in the CMB sky,
which have come to be known as CMB anomalies, in the
full-sky microwave measurements from NASA’s WMAP
and ESA’s Planck satellite missions. These were studied by
respective collaborations with almost the same level of signif-
icance [14–17]. See, for example, Refs. [18–21] for a review
of these CMB anomalies and other tensions in the current
standard model of cosmology. All of these anomalies were
found to be present even after a galactic mask was used. Some
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of them were also found to be present with some significance
in the reasonably well measured E-mode polarization of the
CMB sky also [22]. These indicate a violation of isotropy on
large angular scales of the CMB sky, suggesting a preferred
direction for our universe.

In this work, we study the unmasked regions of the CMB
sky to test whether there are any unknown foreground resid-
uals still present which could be the source of some of
these discrepancies with the standard model expectations.
The possible influence of residual foreground contamination
on various CMB anomalies was studied earlier, for exam-
ple, in Refs. [23–29]. Here, we undertake a real (pixel) space
cross-correlation analysis of the cleaned CMB sky with some
known foreground templates to assess how clean the CMB
map is outside the galactic mask.

The remainder of the paper is organized as follows. In
Sect. 2, we present the cross-correlation coefficient (CCC)
statistic used to probe the CMB sky locally for any spurious
foreground contamination. In Sect. 3, the data and comple-
mentary simulations used in the present study are discussed.
Then in Sect. 4, our results are presented. Finally, we con-
clude in Sect. 5.

2 CCC statistic

Here, we use a cross-correlation coefficient (CCC) statis-
tic [30] to locally probe regions that may still be contam-
inated by astrophysical emission. Various tracers of fore-
ground emission, viz., foreground templates, are correlated
with cleaned CMB sky from observations outside the masked
region where the CMB signal is deemed cosmic. We do so
by defining a circular disc of radius ‘r ’ at different locations
on the sky and compute the CCC locally between a cleaned
CMB sky and a foreground tracer/template. In this way we
make a map of CCC by defining circular discs covering the
entire sky to check for any spurious correlations by angu-
lar scale. A patch of any shape can be used. However, for
simplicity, we use a circular disc of some chosen radius.

HEALPix1 pixelization scheme provides a framework for
representing data on a sphere. A high-resolution map with
more information is represented by the HEALPix’s map res-
olution parameter Nside where the entire sky is partitioned
into 12 regions with each region subdivided into N 2

side pix-
els. Thus, the number of pixels, Npix, in a discretized sky
map is related to the Nside parameter as Npix=12×N 2

side. So,
a higher Nside map has more number of pixels that can store
more information at small angular scales. Once a sky sig-
nal is digitized in his way, we can use the pixel index, say,
‘p’ after discretization and the direction n̂ = (θ, φ) of an

1 https://healpix.sourceforge.io/.

incoming CMB photon (or from any other source in the sky)
interchangeably.

Thus we probe the presence of anomalous foreground
residuals in a clean CMB map using CCC statistic that is
defined as,

Rr (P) =
∑

p∈r
[
T (p) − T̄r

] [
F(p) − F̄r

]

√∑
p∈r

[
T (p) − T̄r

]2 ∑
p∈r

[
F(p) − F̄r

]2
, (1)

where ‘P’ corresponds to pixel index of CCC map whose
pixel center is used to define a circular disc of radius ‘r ’, and
‘p’ corresponds to pixels of a CMB sky (T ) or the foreground
template (F) that are being correlated locally using pixel
values of respective maps falling within a circular patch (disc)
of radius ‘r ’. T̄r and F̄r are the mean of pixel values of cleaned
CMB map and foreground templates, respectively, from that
circular disc region of size ‘r ’. Thus the CCC map will have
values ranging from −1 to +1 as per its definition.

In applying this local CCC method, there are some prac-
tical considerations to take note of. The circular disc defined
at some sky location/pixel index ‘P’ is taken in conjugation
with the galactic mask. We do so to exclude the contaminated
pixels as defined by the galactic mask in the calculation of
the CCC statistic. Once the circular disc patch of radius ‘r ’ is
multiplied by the galactic mask, there will be regions where
fewer pixels will be available for our analysis, especially near
the galactic plane. We discard regions that do not meet the
minimum pixel fraction criterion of 80%, compared to the
number of pixels available in full disc, from further analysis
to keep the local CCC computation robust. Also, in order
to have better estimates of the mean of CMB sky and fore-
ground templates, we compute them from the entire sky after
masking.

As explained in the next section, we generate the CCC
maps at Nside=256 from a cleaned CMB map and various
foreground templates that are also generated at Nside=256.
Of course, we will not be able to compute CCC values at
all locations/pixels due to galactic mask and partial mask-
ing of the circular disc that lead to not satisfying the pixel
fraction criterion described above. Such locations / pixel val-
ues in CCC map are set to be the HEALPix missing pixel
or bad value (−1.6375 × 1030). A similar cross-correlation
technique was used earlier in Ref. [31].

3 Data sets and simulations

3.1 Observational data

In this study, we use a cleaned CMB map from Planck’s
2018 data release (public release 3/PR3), cleaned using the
SMICA procedure [32–34] that is routinely used in many
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analysis. SMICA CMB map from Planck’s PR3 is avail-
able at HEALPix Nside=2048 with a Gaussian beam of full
width at half-maximum, FWHM=5′ (arcmin)2. As described
later, the foreground templates are available at different beam
and pixel resolutions. We process all the maps including the
cleaned CMB map to have the same resolution parameters
viz., Nside=256 and beam smoothing window function given
by a Gaussian kernal of FWHM=1◦. The process of down-
grading the CMB map is done in harmonic space as,

aout
lm = bout

l pout
l

bin
l pin

l

ain
lm , (2)

where ain
lm = a2048

lm are the spherical harmonic coefficients
of the SMICA 2018 CMB map as provided by the Planck
team at Nside=2048 with beam transfer function bin

l = b5′
l

and pixel window function pin
l = p2048

l . Likewise, aout
lm =

a256
lm are downgraded spherical harmonics with bout

l = b1◦
l

and pout
l = p256

l . After this deconvolution and convolution
process, aout

lm are synthesized at Nside=256 with multipole
information up to lmax = 2 × 256 = 512.

For galactic foreground emission, we consider three types
of components, viz., thermal dust, free-free, and synchrotron
emission. We chose two templates as tracers for each of these
components. Next, we briefly describe each of these galac-
tic emission types and the templates used as their proxies.
The reader may consult, for example, Refs. [35–44] for a
comprehensive review on the CMB foregrounds.

The synchrotron emission primarily arises from cosmic-
ray electrons spiraling in the magnetic field of the Milky
Way. This emission dominates the sky at low microwave
frequencies (below 30 GHz). We take the CMB observa-
tions at around tens or hundreds of GHz, where the syn-
chrotron spectral energy distribution (SED) rapidly decreases
with increasing frequency. Detailed models and observa-
tions indicate that at frequencies higher than a few GHz,
a power-law can closely approximate the spectrum of syn-
chrotron emission. In this case, we have used (reprocessed)
408 MHz Haslam3 map dominated by synchrotron emis-
sion from our Galaxy [45–47], and Stockert and Villa-Elisa
(SVE4) 1.4 GHz Continuum Map as templates [48–51].

Thermal dust emission dominates the foreground contri-
bution at frequencies above 70 GHz. We know that apart
from Hydrogen and electrons, the interstellar medium (ISM)
is also filled with dust grains mostly made of graphites,

2 Planck PR3 data is available from Planck legacy archive (PLA):
https://pla.esac.esa.int/, or NASA/IPAC Infrared Science Archive
(IRSA): https://irsa.ipac.caltech.edu/Missions/planck.html.
3 https://lambda.gsfc.nasa.gov/product/foreground/
fg_2014_haslam_408_info.html.
4 https://lambda.gsfc.nasa.gov/product/foreground/
fg_stockert_villa_info.html.

Table 1 Some characteristics of Galactic foreground templates that we
used in this work

Templates Nside Resolution(arcmin) Unit

FDS 512 6.1 mK

WISE 1024 12 MJy/sr

Hα 1024 6 Rayleighs

WHAM 256 60 Rayleighs

Haslam 512 56 K

SVE 256 35.4 mK

silicates, and Polycyclic Aromatic Hydrocarbons (PAHs),
whose size (diameter) ranges from less than a nanometer to
roughly a micron. The exact grain composition may vary
with the local environment. When these tiny dust grains
are heated by interstellar radiation, they thermally re-emit
this energy, which is called thermal dust emission. We use
Finkbeiner, Draine & Schlegel (FDS) model dust template5

at 94 GHz [52,53], and Wide-field Infrared Survey Explorer
(WISE6) [54] 12-micron sky map as templates for diffuse
thermal dust emission from our galaxy.

Free-free emission (or thermal bremsstrahlung) arises due
to scattering between free electrons and ionized Hydrogen
(protons) in the interstellar plasma. This emission can be
traced with the Hα line emission, which is predominantly
emitted from regions of ionized hydrogen (HII) or active star-
forming regions in the galaxy. For CMB experiments, free-
free emission is particularly significant because it is the only
foreground component that remains non-negligible across
all frequencies between 1 and 100 GHz, making it especially
sensitive to degeneracies with other foreground components
viz., synchrotron. Unlike thermal dust and synchrotron radia-
tion, free-free is not dominant at any of the frequencies where
it can be measured to use as a template. Therefore, Hα maps
are used as tracers of free-free emission [55]. In this work,
we use Composite all-sky Hα map7 [56], and the WHAM
(Wisconsin H-alpha Mapper) map8 [57,58] as proxies for
free-free emission.

Hereafter, we refer to the two synchrotron templates as
Haslam and SVE, the two thermal dust templates as FDS and
WISE, and the free-free emission templates as Composite
Hα and WHAM maps. Some of the properties of these tem-
plates/maps, viz. Nside, (effective Gaussian) beam resolution,
and map units, are listed in Table 1, and are shown in Fig. 2.

5 https://lambda.gsfc.nasa.gov/product/foreground/fg_fds_info.html.
6 https://lambda.gsfc.nasa.gov/product/foreground/
fg_wise12_micron_dust_map_info.html.
7 https://lambda.gsfc.nasa.gov/product/foreground/fg_halpha_info.
html.
8 https://lambda.gsfc.nasa.gov/product/foreground/
fg_wham_h_alpha_map_info.html.
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Fig. 1 Left: SMICA 2018 CMB map at Nside=256 with Gaussian beam resolution of FWHM=1◦. Right: SMICA 2018 mask also at Nside=256 used
in the present study. Both these maps are originally provided at Nside=2048 by the Planck collaboration

Fig. 2 Templates for Galactic foreground emissions corresponding to thermal dust (FDS and WISE), free-free (Hα and WHAM), and synchrotron
(Haslam and SVE) emissions in mollweide projection. Some relevant template properties are listed in Table 1
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Fig. 3 Top: Mask corresponding to missing or negative pixels in
WHAM and SVE foreground templates that are filled using diffuse
inpainting method [59]. Middle: WHAM and SVE templates after
inpainting. Bottom: Missing or negative pixels in WISE dust template
are shown in the bottom left panel. They form stripe-like features as

also evident from top right panel of Fig. 2. An extended WISE mask
is shown in the bottom right panel to handle the missing data and map
artifacts. The process of extending the bottom left mask is explained in
the text

The color-bar of WISE, WHAM, and SVE shows that these
templates have some missing pixel/negative values that could
be due to no observations or map-making/observational arti-
facts.

Diffuse foregrounds contribute positively to the observed
sky signal. Therefore, in case of WHAM and SVE, we
masked such pixels and then filled them using the diffuse
inpainting method [59]. The masks generated by threshold-
ing the WMAH and SVE maps to eliminate such negative or
missing pixels for diffuse inpainting are shown in top row of
Fig. 3. As is evident, there are very few stray pixels that need
to be filled in. The inpainted WHAM and SVE templates
after inpainting are shown in middle row of the same figure.

On the other hand, the WISE foreground template has
some arc-like stripes, as evident from top right panel of Fig. 2.
In this case, we were unable to suitably eliminate the stripes
via inpainting. So, we use masked WISE map in our analysis
at Nside=1024 as provided. First to identify the regions where
there are missing pixel or pixels with negative values, we
applied a cut-off on the WISE map so that those that are
≤ 0.01 are set to ‘0’, and ‘1’ otherwise. The binary map
thus obtained is shown in bottom left panel of Fig. 3. We
can see that missing pixels form stripe-like structures in the
sky. (We note that similar artifacts are present in the WISE
map apart from these which we tried to eliminate.) Then we
inverted this binary mask, downgraded it from Nside=1024
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to Nside=128 and applied a Gaussian beam of FWHM=80′,
and thresholded this smoothed mask such that those pixels
whose pixel value is ≤ 0.1 is set to ‘0’ and ‘1’ otherwise.
Next, we upgraded this thresholded mask from Nside=128 to
Nside=1024 and applied a Gaussian beam of 60′ FWHM to
smooth out edge effects upon upgradation, and changed the
values of those pixels that are ≤ 0.1 to ‘0’ and ‘1’ otherwise.
Finally, this upgraded mask is inverted that will be combined
with SMICA mask for use in our analysis. This extended
mask to be used with WISE template is shown in the bottom
right panel of Fig. 3.

The original Nside and beam FWHM of the individual tem-
plates are different. Therefore, we downgraded all templates,
except WISE map, to a common HEALPix pixel resolution
of Nside=256 and beam resolution of 1◦ FWHM following
Eq. (2). As mentioned above, because we are unable to fill the
survey artifacts in WISE template, we use it at its native reso-
lution of Nside=1024 and FWHM=10′. Similarly, the SMICA
cleaned CMB map from PR3 and corresponding simulations
were synthesized at Nside=256 with beam FWHM=1◦, except
when correlating with the WISE template. For this specific
template we generated all maps - data and simulations - at
Nside=1024 and a map smoothing level given by a Gaussian
beam of FWHM=10′. However, the CCC maps and the cor-
responding p-value maps are all derived at Nside=256.

These templates are used as proxies for respective dif-
fuse galactic emission types that are created from obser-
vations taken at frequencies where they are dominant. As
already mentioned, synchrotron is the dominant source of
microwave emission from our galaxy at low frequencies
(� 30 GHz), whereas thermal dust is dominant at high fre-
quencies (� 100 GHz). However, free-free emission is not
dominant by itself in the microwave frequency regime where
WMAP and Planck made observations. So, Hα emission
that is also emitted from the same HII regions is taken as a
tracer for free-free emission, whose intensity (IHα) is related
to free-free emission. These foregrounds measured at some
frequency (ν0) where they are dominant are extrapolated to
other frequencies by a power law as TA(n̂) = Fν0(n̂)(ν/ν0)

β ,
where Fν0(n̂) is the observed foreground sky signal at some
reference frequency ν0 and TA is the antenna temperature
in which foregrounds are usually modeled9 [63]. For syn-
chrotron, the spectral index ranges from βs ∼ −3.1 to −2.7
where as for free-free its taken to be β f = −2.15 [10].
Depending on a particular region in the sky, synchrotron
and free-free cannot be disentangled due to closer spectral
index values. Thermal dust is modeled with a spectral index
of βd ∼ 1.8 [1]. However, since HFI bands of Planck go

9 They can be converted to thermodynamic units by a multiplicative
factor. The WMAP and Planck collaborations gave these conversion
factors for the frequency bands in which they made observations [1,10,
60–62].

beyond the WMAP frequency coverage, they are modeled
across Planck frequencies as a gray body instead [62].

3.2 Galactic mask

Now in order to omit regions that are (potentially) con-
taminated by foregrounds from the analysis, especially in
the galactic plane, we use the SMICA 2018 confidence
mask provided along with SMICA cleaned CMB tempera-
ture anisotropy map. We now, briefly, describe how SMICA
PR3 mask is generated.

Before cleaning (/pre-processing), point sources from
Planck catalogue of compact sources 2 (PCCS2) [64] are
fit and subtracted, and those that couldn’t be fit were masked
and inpainted using a diffuse inpainting method [65] in each
raw frequency map. The point source mask is then “heav-
ily” smoothed so that about 97% of the sky is left, primar-
ily masking galactic center and few bright extended regions
(like the LMC). Weights to linearly combine the observed
Planck frequency maps in multipole space are derived from
the rest of the sky. Now the cleaned SMICA CMB map is
band-pass filtered in harmonic space using the window func-
tion v(l) = exp[−([l − 1700]/200)2/2] that is squared and
smoothed with a Gaussian beam FWHM=3.5◦. This squared
smoothed map is corrected for noise using SMICA HRHD
map (that is also band-pass filtered in the same way) and then
thresholded at 50 μK 2. This is then combined with a galactic
mask that eliminates about 10% of the sky.

In this sense, regions that could affect the reconstruction
of CMB sky are taken care of during the pre-processing stage
and the weights used for taking linear combination of raw fre-
quency maps are derived from regions away from the galactic
center. Therefore, sufficient care is taken in creating SMICA
CMB map and corresponding galactic mask so that the recov-
ered CMB sky is reliable in regions outside the SMICA con-
fidence mask.

Now, since the SMICA CMB map and all foreground trac-
ers are synthesized at Nside= 256, the SMICA PR3 mask is
also downgraded to Nside=256 from its original resolution
of Nside= 2048 as follows. First, the SMICA mask given at
Nside=2048 is downgraded to Nside= 256, and smoothed with
a Gaussian beam of 1◦ FWHM which is the same as the beam
resolution of the CMB map. Then, a cut-off of 0.9 is applied
on the downgraded, smoothed mask such that all the pixel
values < 0.9 are replaced with ‘0’ and those pixel values
≥ 0.9 are replaced by ‘1’ to get a binary map. The unmasked
sky fraction of the mask thus obtained is fsky = 0.8234 at
Nside=256.

In Fig. 1, the smoothed, downgraded SMICA CMB map
from Planck PR3 with a Gaussian beam FWHM = 1◦ and
Nside= 256 is shown in the left panel, and the SMICA mask
also synthesized at Nside= 256 that will be used in this work
is shown in the right panel of same figure.
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3.3 Simulations

Simulated CMB maps corresponding to the Planck SMICA
2018 cleaned CMB map are provided by Planck Collabora-
tion as part of their public data release 3 (PR3). These are
generated based on the best-fitting cosmological parameters
derived from Planck PR3 [66]. Also provided are simulated
noise maps to add with these CMB realizations. Together,
they are referred to as Full Focal Plane (FFP) simulations,
with the third set corresponding to Planck PR3 referred to as
FFP1010. These simulations reflect key aspects of the Planck
scanning strategy, detector responses, and other observa-
tional artifacts of the telescope, as well as the data reduction
pipeline employed on the Planck legacy data made available
via public release 3. We use the FFP10 SMICA CMB simu-
lations added with noise from PR3. Although there are 1000
simulated CMB maps, only 300 noise realizations are pro-
vided. Hence these 300 noise maps are added to 1000 CMB
maps by permuting them. Further, one of the 1000 CMB
maps got corrupted (simulation no. 970). Therefore, there
are only 999 CMB realizations available. Thus we generate a
mock noisy CMB map by randomly selecting 10 maps (from
rest of the 999 maps) from which alm’s are extracted from 10
non-overlapping multipole bins from each map to synthesize
the 1000th simulation. More details about these simulations
can be found in Ref. [17].

Planck FFP10 simulations are provided at Nside= 2048
with a Gaussian beam resolution of FWHM = 5′. So, these
are downgraded to the same pixel and beam resolution as
the data i.e., they are downgraded to HEALPix Nside= 256
with a map smoothing level given by a Gaussian beam of
FWHM = 1◦ following Eq. (2). A second set of simulations
were generated to use with the WISE dust template at Nside=
1024 with a resolution of FWHM = 10′ Gaussian beam. The
extended mask generated to deal with artifacts in the WISE
map is shown in the bottom right panel of Fig. 3, which will
be multiplied by the SMICA 2018 PR3 mask (at Nside= 1024)
when performing the correlation analysis with it.

4 Analysis and results

Here, we present results from our CCC analysis where
SMICA cleaned 2018 CMB map is cross-correlated locally
with various tracers of galactic foreground, specifically, syn-
chrotron, free-free, and thermal dust emission from our own
galaxy. Two templates are used for each foreground type in

10 These simulations complementing the data are provided at
the NERSC supercomputing facility (https://www.nersc.gov/) at
the location /global/cfs/cdirs/cmb/data/planck2018.
More details on accessing the data are available at https://crd.lbl.gov/
cmb-data.

our analysis. They are named FDS and WISE for thermal
dust, Hα and WHAM for free-free, and Haslam and SVE
for synchrotron emission. As mentioned above, all data and
simulations are generated at HEALPix Nside= 256 having
a smoothing level given by a Gaussian beam of FWHM =
1◦. However, due to the nature of WISE dust template, all
data and simulations are generated at its native resolution of
Nside= 1024 and a beam resolution of FWHM = 10′ Gaus-
sian. The CCC maps, following Eq. (1), are thus derived at
Nside= 256.

CCC maps with various foreground tracers are derived
by defining circular discs of different radii to filter the CMB
map for residual foregrounds by angular size. We used 13 dif-
ferent disc radii viz., r = 1◦, 2◦, 3◦, 4◦, 5◦, 6◦, 8◦, 10◦, 12◦,
15◦, 20◦, 25◦ and 30◦ centered at the pixel centers of Nside=
256 HEALPix grid covering the sky uniformly. The circular
discs are taken in combination with the SMICA 2018 galactic
confidence mask so that we probe for residual foregrounds
in the supposedly clean regions of the recovered CMB sky.
To ensure that the CCC computed locally is estimated as
robustly as possible, it is computed from a circular disc of
chosen radius ‘r ’ defined at a particular location on the sky
only if at least 80% of the pixels survive the galactic cut (i.e.,
circular disc mask in conjugation with the galactic mask)
compared to the total number of pixels in a full circular disc
defined at that location.

As a test, we first correlate the cleaned CMB map from the
WMAP 9 year data release, specifically the ILC map (internal
linear combination map), with the SMICA 2018 CMB map.
Since both correspond to the same CMB sky but from dif-
ferent missions, we expect them to be highly correlated with
the cross-correlation coefficient being (close to) ‘1’ across
the sky. The resulting CCC map for a choice of r = 5◦ disc
radius is presented in top left panel of Fig. 4. Complement-
ing this, we presented the CCC map derived by correlating
Planck’s PR3 SMICA CMB map with FDS template tracing
galactic thermal dust emission in the top right panel for the
same choice of r = 5◦ disc radius. We expect the CCC val-
ues of this map to be centered around ‘0’. The histograms of
both CCC maps’ pixel values are shown in the bottom panel
of the same figure. Just, as expected, the CMB maps from
WMAP and Planck are highly correlated with their CCC
map’s histogram clustering at ‘1’. WhenSMICACMB map is
correlated with FDS dust template, the resulting CCC map’s
histogram shows a peak at around ‘0’, indicating no corre-
lation on an average, but also has regions that are positively
and negatively correlated. Of course, this is a qualitative /
visual assessment. They have to be quantified with simula-
tions as presented later. We find that the histograms of CCC
values from CCC maps of PR3 SMICA CMB map correlated
with other foreground templates for different choices of disc
radius ‘r ’ have a peak at ‘0’ though not quite symmetric
(similar to the one shown in Fig. 4).

123

https://www.nersc.gov/
https://crd.lbl.gov/cmb-data
https://crd.lbl.gov/cmb-data


   74 Page 8 of 20 Eur. Phys. J. C            (2026) 86:74 

Fig. 4 Top left: CCC map obtained by correlating SMICA CMB 2018
map (PR3-SMICA) and WMAP’s 9yr ILC cleaned CMB map (WILC9)
for r = 5◦. Top right: CCC map from PR3-SMICA CMB map and FDS
thermal dust cross-correlation for the same choice of disc radius. Bot-

tom: Histogram of the two CCC maps shown above. Their histograms
visually match the expectations. Note that the bin sizes are different for
the two CCC histograms shown

Now, we go on to present our results from CCC analysis
of correlating PR3-SMICA CMB map with the thermal dust
templates viz., FDS, WISE maps in first column of Figs. 5
and 6, with free-free templates i.e., Hα and WHAM maps
again in first column of Figs. 7 and 8, and finally with galac-
tic synchrotron tracers viz., Haslam and SVE templates also
in first column of Figs. 9 and 10, respectively. As mentioned
above, although we performed the CCC analysis for 13 dif-
ferent choices of disc radii, we have shown the results only
from r = 3◦ to 15◦, for reasons explained later. From these
figures it is clear that the CCC maps take both positive and
negative values, with most of the CCC values appearing to
be (nearly) zero across the sky from the color-bar.

Such a visual inspection is not sufficient. Similar to the
data, the simulated noisy CMB maps are correlated with
the same foreground templates to get quantitative inferences.
(Recall that the WISE dust template is correlated with simu-
lations generated at Nside= 1024 with beam resolution given
by Gaussian kernel of FWHM = 10′, while others are gen-

erated at Nside= 256 with a beam resolution of FWHM = 1◦
Gaussian.) These CCC maps from simulations (all derived
at Nside= 256) are compared with data-derived CCC maps
pixel-by-pixel to get a p-value map for the cross-correlation
coefficient computed across the sky for different choices of
disc radii with all foreground tracers. If a data CCC map’s
value is positive, we compute the p-value as the number of
times the simulation CCC maps exceed that of the data CCC
value. If the data CCC value is negative, we count the number
of times the simulated CCC maps were found to have more
negative CCC values compared to that in data in that pixel
direction to get p-value maps. They are shown in the second
column of Figs. 5, 6, 7, 8, 9 and 10 respectively. Note that we
assigned a negative p-value to regions that are anticorrelated
and a positive p-value to positively correlated region/pixel
in data CCC maps.

A wide range of p-values were found for the CCC maps
from data when compared with simulations. In order to
identify regions that have spurious foreground residuals in
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Fig. 5 1st column: CCC maps corresponding to PR3 SMICA and FDS
dust map for r = 3◦, 4◦, 5◦, 6◦, 8◦, 10◦, 12◦ and 15◦ disc radii. 2nd

column: p-value maps created in comparison with 1000 simulations.
Here negative sign represent the p-value for anti-correlation. 3rd col-

umn: Anomalous regions identified with p-value cut-off of |p| ≤ 0.01.
4th column: Binary masks obtained from 1% p-value cut maps shown
in the 3rd column by mapping the non-zero p-values to ‘0’ and the rest
to ‘1’
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Fig. 6 This figure is similar to the Fig. 5, but CCC analysis of PR3-SMICA CMB map with WISE thermal dust template at Nside= 1024 is presented
here
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Fig. 7 Same as Fig. 5 but presented here are the results from local cross-correlation analysis of PR3-SMICA CMB map with Hα free-free proxy
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Fig. 8 Same as Fig. 5 but for PR3-SMICA CMB map correlated with WHAM free-free template
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Fig. 9 Same as Fig. 5 but results from CCC analysis of PR3-SMICA CMB map with Haslam 408 MHz map dominated by galactic synchrotron
emission
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Fig. 10 Same as Fig. 5 but for PR3-SMICA CMB map correlated locally with SVE synchrotron tracer using different disc radii to probe foreground
residuals by angular size
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Fig. 11 Masks shown in first and second column are obtained by com-
bining all the binary masks depicted in the 4th column of Fig. 5 (FDS),
Fig. 6 (WISE), Fig. 7 (Hα), Fig. 8 (WHAM), Fig. 9 (Haslam), and
Fig. 10 (SVE) for r3◦ to 15◦ disc radii. In the third column, the com-

bined individual foreground masks from the two tracers of a specific
emission type as mentioned are shown. They (3rd column) are obtained
by performing an .and. operation on the masks shown to the left i.e.,
{0, 0} → 0 and {0, 1} or {1, 0} or {1, 1} → 1

the cleaned CMB sky from observations, we impose a p-
value cut-off of 1% or less to define anomalously correlated
regions. The regions in the p-value maps for each foreground
tracer that have a p-value of ≤ 0.01 (positive or negative)
are separately shown in the third column of respective fig-
ures. In this way, we get eight masks for every foreground
template from disc radius r = 3◦ to 15◦. As we can see, the p-
value maps with p-value ≤ 0.01 are mostly empty. But still,
there are some small regions that show significant contami-
nation by foreground residuals in the cleaned CMB map. For
smaller disc radii, we find that there are many anomalously
correlated small island-like regions or stray pixels. But, for
larger discs radii, there are few blob-like anomalous regions.
Further, we also see some anomalous regions that are com-
mon in the p-value maps with p-value ≤ 0.01 in Figs. 5 to
10.

Now, those regions that are deemed anomalous by the 1%
p-value cut are shown as binary masks by angular size in the
fourth column of Fig. 5 to Fig. 10 for various tracers in the
same order as previously explained. Here we note that the p-
value maps with a p-value cut-off of 1% or the binary maps
derived thereof show a lot of stray pixels for disc radii r = 1◦
and 2◦. These disc radii are close to the smoothing level of
the input data maps (and simulations) and could potentially

be random noise with no information at those scales. So, we
present our results starting from r = 3◦ (=3×FWHM=3×1◦)
in Fig. 5 to Fig. 10. On the other hand, for r > 15◦, we
see no extended regions that are spuriously correlated with
foregrounds (as per the 1% p-value cut we chose). So we
didn’t present CCC maps or corresponding p-values beyond
r = 15◦ disc radius. It is also expected that such large swaths
of sky will not have unknown foreground contamination still
present in the cleaned CMB sky.

Since the p-value maps from each of the two tracers for a
particular galactic foreground correspond to the same emis-
sion type viz., thermal dust in Figs. 5 and 6, free-free in
Figs. 7 and 8 and synchrotron in Figs. 9 and 10, they look
similar but not identical. The effective binary masks for each
tracer combining (multiplying) the individual binary masks
for r = 3◦ to 15◦ shown in the fourth column of Figs. 5 to
10 are exhibited in the first and second columns of Fig. 11.
Thus we create a single mask for each foreground if a CCC
value in the CCC map from both tracers of an emission type
is simultaneously anomalous (per our 1% p-value cut crite-
rion). They are shown in the third column of Fig. 11.

Finally, a common mask is obtained by combining (mul-
tiplying) all the three individual foreground masks of Fig. 11
(third column). That combined mask excising regions with
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Fig. 12 Newly excised regions that are found to be anomalously correlated with various foreground tracers are highlighted in yellow (that we call
SP-FG-CORR mask) on the original PR3 SMICA mask. Dark blue regions are commonly excluded by both

spurious foreground correlations (say SP-FG-CORR mask)
outside the galactic mask is shown in yellow in Fig. 12.
Through this CCC analysis we find that about 7% of the sky
may be still contaminated in the supposedly clean regions of
CMB sky. We advocate that this mask should be used in con-
jugation with the Planck provided galactic masks to avoid
potential biases due to use of information from regions in
CMB sky that are strongly correlated with foregrounds in
any cosmological analysis. The combined yellow and green
region is the original PR3 SMICA mask, while dark blue are
the commonly omitted regions. This proposed new mask has
an available sky fraction of fsky ≈ 77.3%. Note that SMICA
2018 galactic mask shown in right panel of Fig. 1 has a
non-zero sky fraction of fsky ≈ 82.38%. So, effectively, an
additional ∼ 5% of the sky has to be omitted due to strong
indications of residual foreground contamination from our
analysis.

5 Conclusions

In this study, our aim was to explore the potential pres-
ence of residual foregrounds in a cleaned cosmic microwave
background (CMB) map. It is customary to use a galactic
mask to omit regions of the recovered CMB that may still
have significant foreground contamination. Here we intend to
probe for foreground residuals outside a galactic mask where
the estimated CMB signal is deemed clean. To accomplish
this objective, we used a cross-correlation coefficient (CCC)
statistic on Planck’s 2018 SMICA cleaned CMB map. It is
correlated locally with foreground templates corresponding
to three major galactic emissions viz., thermal dust (FDS
and WISE maps), free-free (Hα and WHAM maps) and
synchrotron (Haslam and SVE maps) by defining circular

discs of varying size from r = 1◦ to 30◦ uniformly cover-
ing the entire sky. This approach enabled the identification
and filtration of anomalous regions by way of spurious cor-
relations with the foreground templates by their angular size.
These local circular disc masks were combined with the tem-
perature mask prescribed for use with Planck 2018 SMICA
CMB map. Further, we imposed a pixel fraction cut where
we demand availability of at least 80% non-zero pixels in
the surviving circular disc mask (when taken in combination
with the foreground mask) compared to the full circular disc
mask of a selected radius.

To complement the CCC maps derived from observations,
a set of 1000 simulations referred to as FFP10 simulations
were used that were provided by Planck team as part of their
public release 3 (PR3). However, there are 1000 CMB and
300 noise maps that are processed according to the SMICA
cleaning procedure. Further one of the CMB realizations
was corrupt. As such only 999 CMB simulations were avail-
able. We permuted the noise maps to generate 999 noisy
SMICA CMB realizations. Then, we randomly selected 10
noisy maps and combined the spherical harmonic coefficients
(alm’s) from 10 non-overlapping multipole bins from each of
these 10 maps to synthesize one more map making a simula-
tion ensemble of 1000 (noisy) CMB maps that have all obser-
vational artifacts incorporated. CCC maps from simulations
are derived following the same procedure used in deriving
the data CCC maps. Thus, a total of 1000 CCC maps were
obtained by locally cross-correlating the FFP10 simulations
with the six foreground templates.

We found that the data CCC values when correlated with
various foregrounds have both positively and negatively cor-
related regions along with uncorrelated regions.

Corresponding to every CCC map between CMB sky and
a foreground template, a p-value map (or p-map) is derived
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Temperature
CMB

p=0.394 CMB
Polarization

p=0.029

Fig. 13 Top: Histograms of �V = Vanom. − Vnon−anom. from Planck
FFP10 simulations of CMB temperature (top left) and polarization (top
right) sky are shown along with the data derived values as vertical
lines. Vanom. and Vnon−anom. are the CMB variances computed from
the anomalous and non-anomalous regions (rest of the sky). Bottom:

Anomalous regions identified through our CCC analysis (bottom left,
also referred to as SP-FG-CORR mask), PR3SMICACMB temperature
(bottom middle) and polarization (bottom right) masks excluding the
anomalous regions shown in bottom left panel, respectively

to quantify the significance of a CCC value at each valid pixel
at any location of the sky by a pixel-by-pixel comparison of
the data statistic with the same from simulations. It is done by
counting the number of times a CCC map’s pixel value from
simulaitons exceeds (positively or negatively) compared to
the data statistic. Then, regions with significant foreground
contamination are inferred by imposing p ≤ 0.01 as a cut-off
on the p-value maps.

By retaining only those pixels of p-value map that have
pixel values ≤ 0.01, we create binary masks by combining
such threshodled p-maps from r = 3◦ to 15◦. Since the
input maps’ smoothing level is given by a Gaussian beam
of FWHM=1◦, we considered combining p-value map after
1% cut from r = 3◦ onwards (disc radii that are three times
map’s smoothing level). For disc radii choices of r ≥ 15◦,
no anomalous regions were found as expected. Binary masks
from the two foreground tracers of a particular foreground
emission type viz., FDS and WISE for thermal dust, Hα and
WHAM for free-free, and Haslam and SVE for synchrotron,
are combined only if the CCC map’s pixels are anomalous
in both tracers with respect to the 1% p-value cut. The three
resulting masks for each emission type are combined to get
a final mask that highlights regions of anomalous correlation
with foreground templates outside the galactic mask. The
new regions to be excluded are shown in yellow in Fig. 12,
where the dark blue region is excluded by the PR3 SMICA
mask as provided.

Now, in order to determine (even indicatively) whether
there is an excess signal in the anomalous regions that we
identified, if foregrounds are the suspects, compared to the
rest of the (non-anomalous) sky, we make a simple statis-
tical test. For that, we compute the variance of the CMB
map from the anomalous and non-anomalous sky separately
and take their difference i.e., �V = Vanom. − Vnon−anom..
Since foregrounds contribute positively, we expect this dif-
ference to be positive. In the top panel of Fig. 13, we present
the histograms of �V from FFP10 temperature and polar-
ization realizations (�Vsim) along with corresponding data
values (�Vdata) that are shown as vertical dashed lines in
each plot respectively. For polarization, we generated maps
of polarization intensity, P = √

Q2 +U 2, from SMICA PR3
CMB polarization maps and corresponding FFP10 polariza-
tion simulations. We generated them with the same beam
and pixel resolution of Gaussian FWHM=1◦ and Nside=256,
respectively, as the temperature data.

We find that �Vdata in both temperature and polarization
data is “positive”, meaning that there is excess signal in the
anomalous regions compared to the non-anomalous regions.
Further, since we expect this difference in variances to be
around ‘zero’ when there is no statistical distinction between
the two regions viz., those that we found as anomalous and
rest of the sky, we compute the two-tail probability of �Vdata

in comparison to �Vsim. They are found to be p = 0.394 in
PR3 SMICACMB temperature map, and p = 0.029 in CMB
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SMICAPR3 polarization map. Thus, we see a clear indication
for some excess signal over the expected CMB signal, per-
haps due to foregrounds, in data especially in SMICA CMB
polarization map.

Therefore, we propose that this new mask may be used
for cosmological analysis to avoid being biased by using
CMB sky from the regions highlighted in yellow in Fig. 12
that are potentially still contaminated, as revealed by our
CCC analysis. The broad yellow blob to the right of galactic
center below the galactic plane seems to match with one
of the regions depicted in Fig. 13 of Ref. [14] which upon
omitting indicated that the quadrupole-octopole alignment in
ILC cleaned CMB map from WMAP 7yr data has changed
from being (almost) perfectly aligned to being aligned at
about 12.6◦ with each other. So, this new mask could perhaps
be relevant in performing tests of isotropy.
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