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Isotropy and statistics 

•  Isotropy, i.e. the same properties in all directions, is a well known 
property of the CMB that motivates the cosmological principle. Due to 
its fundamental implications it is very relevant to quantify the degree 
of statistical isotropy of the CMB anisotropies at all scales. 

 
•  Primordial CMB fluctuations are predicted to be very close to 

Gaussian in the simplest inflationary scenarios. Any deviation from 
Gaussianity is thus a good indicator of the presence of foreground 
residuals and secondary anisotropies but also of physics beyond the 
standard cosmological model. 

 
•  At a more practical level, isotropy and Gaussianity are assumed in 

the derivation of the power spectra and the cosmological parameters. 
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Statistical tests 

A battery of statistical tests have been applied to the temperature 
and polarization data: 
•  Variance, skewness and kurtosis 
•  N-pdf at low resolution 
•  N-point correlation functions 
•  Minkowski functionals 
•  Multiscale analysis 
•  Stacking 
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Data and simulations 

•  The Planck best-fit ∧CDM model is confronted to the Planck CMB 
maps extracted from four component separation methods: 
Commander, NILC, SEVEM and SMICA.  

 
•  The common mask is used to remove the contaminated pixels from 

the analysis. 
 
•  The Planck best fit model is represented by realistic (FFP8) Planck 

simulations that, in addition to the statistical properties of the CMB 
signal, also contain the most relevant characteristics of the 
observational process (e.g., beam, noise, Doppler boosting, lensing, 
…).  

•  1000 (FFP8) simulations (only 200 used for NILC) 
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Temperature and polarization data 

Planck 2014: The microwave sky in temperature and polarization, Ferrara, Dec 2014 
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�300 300µK

Fig. 1. Component separated CMB T maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).

Fig. 2. 2013-2014 di↵erences for each CMB component separation solution in total intensity for COMMANDER (top left), NILC (top
right), SEVEM (bottom left), SMICA (bottom right).
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Planck Collaboration: Planck 2014 results. XI. CMB component separation
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Fig. 3. Component separated CMB Q maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).

Fig. 4. Component separated CMB U maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).
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Planck Collaboration: Planck 2014 results. XI. CMB component separation

Fig. 3. Component separated CMB Q maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).

�15 15µK

Fig. 4. Component separated CMB U maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).
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Polarization Mask Temperature Mask Planck Collaboration: Planck 2014 results. XI. CMB component separation

Fig. 8. Total intensity (left) and polarization (right) union masks.

Fig. 9. CMB power spectra from foreground-cleaned maps, com-
puted by XFaster. Top: TT bandpowers after subtraction of
the extragalactic foreground best fit model. The solid line is the
CMB best-fit model. Bottom: Residuals with respect to the CMB
best fit model after subtracting the extragalactic foreground best
fit model.

Fig. 10. Same as Fig. 10 for EE spectra.
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Variance, skewness and kurtosis 

Planck 2014: The microwave sky in temperature and polarization, Ferrara, Dec 2014 

A significantly low variance is consistently found at different resolutions, component separations, frequencies 
and masks. The lowest probabilities are found at the lowest resolutions. 
In agreement with Planck Collaboration XXIII (2014). 
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Fig. 33. Maps of the quadrupole (top row) and octopole (bottom row) computed on the masked SMICA output. The symbols
over-plotted give the direction of the maximum angular momentum dispersion for the SMICA (plus), NILC (asterisk), SEVEM
(triangle), and Commander (square) outputs for temperature (left column), E-modes (middle column), and B-modes (right column).
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Fig. 34. P-value of the Variance (top panel), Skewness (center
panel) and Kurtosis (bottom panel) obtained at di�erent resolu-
tion from the SMICA (blue), SEVEM (red) and C-R (green) cleaned
maps.

but then it starts to decrease. Going to lower resolution the
p-value reaches the minimum value at Nside = 16 where it is
0.5% for SMICA and SEVEM and 0.6% for COMMANDER. Con-
sistently to the presence of an anomaly at the very large
scales, also the Skewness and the Kurtosis, at lower reso-
lution, show deviations from the model respectively with
p-values of about 15% and 85%. This confirms that the
source of the low variance anomaly described in section 5.1
is to be ascribe to the very large scales. However, at this
stage of the analysis this test cannot distinguish if the rea-
son of the anomaly is due to residual foregrounds in the
nearby of the Galactic region or to a real CMB anomaly.

In addition to this set of maps, here we consider the
low resolution Temperature maps generated for the low-¸
Likelihood. This map has been cleaned using the C-R com-
ponent separation methods, but considering a larger set of
templates even coming outside the Planck data. More in-

formation about this map can be found in the Likelihood
paper. We apply the unit variance estimator to this map
....

In order to add other useful informations we focus on
the Nside = 16 resolution and consider di�erent masks.
First of all, following Gruppuso et al. (2013) we consider a
lager mask obtained by extending the edges of the common
mask. Moreover, following the results of Cruz et al. (2011)
and Planck Collaboration XXIII (2014), we investigate for
the presence of an hemispherical variance asymmetry by
considering independently the northern and southern eclip-
tic hemispheres outside the Common mask. The results are
shown...

6.3. Point-parity asymmetry
The CMB sky map may be considered as the sum of even
and odd parity functions, such as even and odd spheri-
cal harmonics. At very large scales, in the multipole re-
gion 2 Æ ¸ Æ 30 which belongs to the Sachs-Wolfe plateu
of the TT power spectrum, it is supposed a parity neutral
Universe, and accordingly no particular parity preference in
CMB sky. However, an odd point-parity preference has been
observed in the WMAP data releases (Land & Magueijo
2005a,b; Kim & Naselsky 2010a,b; Gruppuso et al. 2011)
and the Planck 2013 results confirmed the previous find-
ings (Planck Collaboration XXIII 2014). Similarly to the
Planck 2013 results, we investigate the Parity asymmetry,
both in Temperature and Polarization, in the new Planck
data using the following estimator:

RXX(¸max) =
CXX

+ (¸max)
CXX

≠ (¸max)
(54)

where C+(¸max) and C≠(¸max) are

CXX
+,≠ = 1

¸+,≠
tot

+,≠ÿ

¸=2,¸
max

¸(¸ + 1)
2fi

CXX
¸ (55)

Here ¸+,≠
tot is the total number of even (+) or odd (-)

multipoles taken into account in the sum up to ¸max and
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Different masks (N_side=16, %) 

Different frequencies (SEVEM, N_side=2048, %)  
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Table 2. Lower-tail probability in parcentage for the Variance,
Skewness and Kurtosis of the frequency component separated
maps delivered by SEVEM.

Variance Skewness Kurtosis
100GHz . . . . . . . . 3.4 13.4 67.5
143GHz . . . . . . . . 2.4 16.9 61.2
217GHz . . . . . . . . 3.4 11.4 58.3

Map DOF È‰2Í ‡ ‰2

data

P value
Commander 1296 1295 50 1261 24.7

NILC 1296 1279 49 1247 23.0
SEVEM 1296 1297 50 1266 25.4
SMICA 1296 1289 50 1255 24.5

Table 3. Summary of the N-PDF test (PCA) for the Planck
2014 component separated maps (T) at N

side

= 16.

Map DOF È‰2Í ‡ ‰2

data

P value
Commander 5128 5126 100 5015 11.9

NILC 5128 5052 101 4967 24.5
SEVEM 5128 5136 100 5018 10.6
SMICA 5128 5106 100 4991 10.8

Table 4. Summary of the N-PDF test (PCA) for the Planck
2014 component separated maps (T) at N

side

= 32.

Map DOF È‰2Í ‡ ‰2

data

P value
T 2876 2875 74 3730 100.00

QU 2814 2813 73 2996 99.5
TQU - - - - -

Table 5. Summary of the N-PDF test (PCA) for the Planck
2014 LFI low ¸ likelihood map at N

side

= 16.

plying the correction factor to the amplitude of the MC
simulations, although the results change by less than 1%.270

The lower-tail probabilities observed can be a�ected by
Galactic foreground residuals still present in the map and
not covered by the common mask. In order to identify any
possible foreground contamination, the frequency depen-
dence of our estimator is analysed. We apply the unit vari-275
ance to the Planck 2014 Temperature frequency maps de-
livered by SEVEM at 100 GHz, 143 GHz and 217 GHz. As for
the previous data we build the distribution of the Variance,
Skewness and Kurtosis of the MC simulations associated to
this set of data and we determine the lower-tail probability.280
The results are summarized in Table 2.

The results are similar to those found for the combined
map, although slightly higher. This can be explained by a
slightly larger uncertainty due to the presence of an higher
noise in the frequency cleaned maps compared to the ones285
previously described. There is a small frequency depen-
dence since the 100 GHz and 217 GHz maps show slightly
higher variance than the 143 GHz map. However the 143
GHz map has a dominant contribution to the combined
map, hence the foreground residuals in the combined map290
are likely to be small. The lower tail probabilities of the
variance at 100 GHz, 143 GHz, and 217 GHz are respec-
tively 3.4%, 2.4%, 3.4%, whereas the skewness and kurtosis
are compatible with simulations.

5.2. N -pdf analysis 295

Under the assumption of Gaussianity, the N -probability
density function (N -pdf) is given by a multivariate Gaus-
sian function:

f (T) = 1
(2fi)N

pix

/2 det C1/2
exp

5
≠1

2
!
TC≠1TT"6

, (6)

where T is a vector formed from the measured temperatures 300
T (x) over all positions allowed by the applied mask, Npix
is the number of pixels in the vector, C is the covariance of
the Gaussian field (of size Npix ◊ Npix).

The calculation of TC≠1TT is computationally unfeasi-
ble for the full Planck resolution at HEALPix Nside = 2048. 305
At a lower resolution, the problem is tractable, and the
noise level can also be considered negligible compared to
the CMB signal. That implies that under the assumption
of isotropy the covariance matrix C is fully defined by the
Planck angular power spectrum (C¸): 310

Cij =
¸

maxÿ

¸=0

2¸ + 1
4fi

C¸b
2
¸P¸ (cos ◊ij) , (7)

where Cij is the covariance between pixels i and j, and ◊ij

is angle between them, P¸ are the Legendre polynomials,
b¸ is an e�ective window function associated with the Nside
resolution, and ¸max is the maximum multipole probed. 315

Under the multivariate Gaussian hypothesis, the argu-
ment on the exponential in Eq. ( 6) should follow a ‰2 distri-
bution with Npix degrees of freedom, or, equivalently (for
Npix ∫ 1) a normal distribution N

!
Npix,


Npix

"
. Con-

sidering the polarization of the anisotropies, we construct 320
a vector with 3Npix elements:

V = {T (x) , Q (x) , U (x)}, (8)

and a new ‰2 can be computed:

‰2 = VC≠1VT. (9)

The covariance matrix is given by: 325

Cij = R (–ij) MijRT (–ji) (10)

where R (–ij) is the rotation matrix in the plane defined by
the two vectors i and j and Mij is given by:

M =

Q

a
CT T CT Q 0
CT Q CQQ 0

0 0 CUU

R

b . (11)

Each of the corresponding submatrices in Eq. (11) can be 330
computed analytically in terms of the Legendre functions
for cos (◊ij) and the power spectra CT T

¸ , CT E
¸ and CBB

¸ (see
e.g. Appendix A of Tegmark & de Oliveira-Costa 2001, for
more details). It can be straightforwardly shown that the
‰2 statistic is invariant when using the {T, Q, U} quantities 335
or the {T, E, B} quantities. For the purposes of this sub-
section, we choose the {T, Q, U} maps which allows to use
the same mask and to read directly the component sepa-
ration {T, Q, U} products without any other intermediate
operation. 340

The ‰2 statistics corresponding to the component sep-
aration Planck data maps are computed and compared
with the ‰2 statistics corresponding to realistic simulations
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Fig. 32. Searching for the power asymmetry direction by stack-
ing Q + iU on P

T

peaks (threshold ‹ = 0). Patches are oriented
such that in the center U

T

vanishes. The colors represent the
logarithm of p-value (log

10

P (‰2

simulation

> ‰2

data

)). Patch size:
5 degrees; resolution: 7.5 arcmin. Panels from top to bottom
are computed with 250, 500 and 1000 FFP8 simulations, respec-
tively.

build the lower-tail probability with respect to the presence
of an anomaly in the observed map. The results are shown
in Fig. 34.

All the three component separation methods considered1470
are in very good agreement showing a more anomalous low
variance as we go towards lower resolutions. In fact, up to
Nside = 128 all the methods show a lower-tail probability
of about 2%, but then it starts to decrease. Going to lower
resolution the lower-tail probability reaches the minimum1475
value at Nside = 16 where it is 0.5% for all the methods.
This result is stable with respect to the amplitude factor
that we use to correct the MC simulations. The impact
to the lower-tail probability of the correction factor is less

Table 18. Lower-tail probability in percentage for the variance,
skewness and kurtosis of the low resolution component separated
maps obtained with the common mask and the extended masks
considered.

Variance Skewness Kurtosis
Common mask (f

sky

= 58%)
Commander . . . . 0.5 14.6 88.4
SEVEM . . . . . . . . 0.5 17.2 84.8
SMICA . . . . . . . . 0.5 16.6 82.7

f
sky

= 48%
Commander . . . . 0.1 29.4 65.0
SEVEM . . . . . . . . 0.1 29.4 62.4
SMICA . . . . . . . . 0.1 29.4 57.3

f
sky

= 40%
Commander . . . . 0.4 35.2 32.4
SEVEM . . . . . . . . 0.4 34.3 30.2
SMICA . . . . . . . . 0.4 33.8 25.5

than 0.5% at the lower resolutions. These results can be 1480
explained to the presence of a low variance anomaly located
at the largest scales and related to the lack of power at
the large angular scales. Going from high resolution to low
resolution we observe a larger impact of this anomaly to the
total variance of the observed map. Also the Skewness and 1485
the Kurtosis, at lower resolution, show a small deviation
from the model respectively with lower tail probabilities of
about 15% and 85%.

We further investigate the low variance anomaly at large
scales focusing on the component separated maps at the 1490
resolution of Nside = 16. We consider two additional masks
obtained by extending the edge of the Nside = 16 common
mask by 5 and 9 degrees. The resulting masks consider a
sky fraction of respectively 48%% and 40% compared to the
low resolution common masks that considers a sky fraction 1495
of 58%. We applied the unit variance estimator to the low
resolution component separated maps considering the new
masks. The variance, skewness and kurtosis obtained are
summarized in Table 18.

When we consider the 48% of the sky we observe a de- 1500
crease in the lower-tail probability for all the component
separation methods. Only 1 map over 1000 is found to be
more anomalous (lower variance) than the observed map.
We notice also that we are only considering 1000 maps,
so we reached the sensitivity limit of our estimator due to 1505
the limited number of MC simulations. In addition, we ob-
serve a decrease of the lower-tail probability from values
of about 85% to values more compatible with the �CDM
model. These results may be explained by the presence of a
low variance anomaly in the primary CMB signal. When we 1510
use the common mask the presence of residual foregrounds
along the Galactic plane and close to the borders of the
mask tends to increase the variance of the map. This ef-
fect disappears when we increase the sky fraction covered.
When we use a more aggressive mask that covers about 1515
the 60% of the sky, our results are limited by the sampling
variance and the lower-tail probability slightly increases.

In addition to this set of maps, here we consider the
low resolution Temperature maps generated for the low-¸
Likelihood. This map has been cleaned using the C-R com- 1520
ponent separation methods, but considering a larger set of
templates even coming outside the Planck data. More in-
formation about this map can be found in the Likelihood
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The variance of the CMB is estimated from the Planck maps and corresponding realistic simulations.  
The higher order moments are calculated from the normalized data map.  



N-point correlation functions 

Planck 2014: The microwave sky in temperature and polarization, Ferrara, Dec 2014 
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Fig. 5. The di�erence of the 2-point (upper left), pseudo-collapsed (upper right), equilateral (lower left) 3-point and reduced
rhombic 4-point (lower right) functions for the N

side

= 64 DX11v2 CMB temperature estimates and mean estimated from 1000
MC simulations. The red solid, blue dashed, purple dotted and brown dash-dotted lines correspond to the Commander, NILC, SEVEM
and SMICA maps, respectively. The shaded dark and light grey regions indicate the 68% and 95% confidence regions, respectively.
See Sect. 5.3 for the definition of the separation angle ◊.

Table 8. Probabilities of obtaining values for the ‰2 statistic of
the equilateral 3-point functions shown in Fig. 4 for the Planck
fiducial �CDM model at least as large as the observed values of
the statistic for the fiducial FFP8 CMB maps with resolution
parameter N

side

= 64, estimated using the Commander, NILC,
SEVEM and SMICA methods. For comparison there are shown also
probabilities for the input map with added noise corresponding
to the SMICA map.

Probability

Fields Input Comm. NILC SEVEM SMICA

T T Q
r

. . . . . . . . . . . . . . . . . 0.016 0.244 0.023 0.029 0.187
T T U

r

. . . . . . . . . . . . . . . . . 0.674 0.708 0.145 0.482 0.683
T Q

r

Q
r

. . . . . . . . . . . . . . . . 0.842 0.145 0.013 0.010 0.550
T Q

r

U
r

. . . . . . . . . . . . . . . . 0.203 0.541 0.004 0.023 0.300
T U

r

U
r

. . . . . . . . . . . . . . . . 0.733 0.022 0.000 0.003 0.064
Q

r

Q
r

Q
r

. . . . . . . . . . . . . . . 0.164 0.531 0.000 0.000 0.759
Q

r

Q
r

U
r

. . . . . . . . . . . . . . . 0.211 0.805 0.003 0.031 0.820
Q

r

U
r

U
r

. . . . . . . . . . . . . . . 0.502 0.461 0.000 0.000 0.775
U

r

U
r

U
r

. . . . . . . . . . . . . . . . 0.082 0.340 0.006 0.003 0.364

ation is seen for the NILC map and the smallest deviation480
– for the Commander map.

Table 9. Probabilities of obtaining values for the ‰2 statistic
of the N -point functions shown in Fig. 5 for the Planck fiducial
�CDM model at least as large as the observed values of the
statistic for the Planck temperature CMB maps with resolution
parameter N

side

= 64, estimated using the Commander, NILC,
SEVEM and SMICA methods.

Probability

Function Comm. NILC SEVEM SMICA
Two-pt. . . . . . . . . . . . . . . . . 0.972 0.982 0.974 0.981
Pseudo-coll. three-pt. . . . . . 0.921 0.922 0.918 0.922
Equil. three-pt. . . . . . . . . . 0.740 0.769 0.758 0.790
Four-pt. . . . . . . . . . . . . . . . 0.646 0.655 0.656 0.659

5.4. Minkowski functionals

Minkowski functionals (hereafter MFs) describe the mor-
phology of fields in any dimension and have long been
used as estimators of non-Gaussianity and anisotropy in 485
the CMB (see e.g., Mecke et al. 1994; Schmalzing & Buchert
1997; Schmalzing & Gorski 1998; Komatsu et al. 2003; Erik-
sen et al. 2004c; Curto et al. 2007; De Troia et al. 2007;
Spergel et al. 2007; Curto et al. 2008; Hikage et al. 2008;
Komatsu et al. 2009; Planck Collaboration XXIII 2014). 490
They are additive for disjoint regions of the sky and invari-
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Fig. 5. The di�erence of the 2-point (upper left), pseudo-collapsed (upper right), equilateral (lower left) 3-point and reduced
rhombic 4-point (lower right) functions for the N

side

= 64 DX11v2 CMB temperature estimates and mean estimated from 1000
MC simulations. The red solid, blue dashed, purple dotted and brown dash-dotted lines correspond to the Commander, NILC, SEVEM
and SMICA maps, respectively. The shaded dark and light grey regions indicate the 68% and 95% confidence regions, respectively.
See Sect. 5.3 for the definition of the separation angle ◊.

Table 8. Probabilities of obtaining values for the ‰2 statistic of
the equilateral 3-point functions shown in Fig. 4 for the Planck
fiducial �CDM model at least as large as the observed values of
the statistic for the fiducial FFP8 CMB maps with resolution
parameter N

side

= 64, estimated using the Commander, NILC,
SEVEM and SMICA methods. For comparison there are shown also
probabilities for the input map with added noise corresponding
to the SMICA map.

Probability

Fields Input Comm. NILC SEVEM SMICA

T T Q
r

. . . . . . . . . . . . . . . . . 0.016 0.244 0.023 0.029 0.187
T T U

r

. . . . . . . . . . . . . . . . . 0.674 0.708 0.145 0.482 0.683
T Q
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. . . . . . . . . . . . . . . . 0.842 0.145 0.013 0.010 0.550
T Q
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U
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. . . . . . . . . . . . . . . . 0.203 0.541 0.004 0.023 0.300
T U
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U
r

. . . . . . . . . . . . . . . . 0.733 0.022 0.000 0.003 0.064
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Q
r

Q
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. . . . . . . . . . . . . . . 0.164 0.531 0.000 0.000 0.759
Q
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Q
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U
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. . . . . . . . . . . . . . . 0.211 0.805 0.003 0.031 0.820
Q
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U
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U
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. . . . . . . . . . . . . . . 0.502 0.461 0.000 0.000 0.775
U

r

U
r

U
r

. . . . . . . . . . . . . . . . 0.082 0.340 0.006 0.003 0.364

ation is seen for the NILC map and the smallest deviation480
– for the Commander map.

Table 9. Probabilities of obtaining values for the ‰2 statistic
of the N -point functions shown in Fig. 5 for the Planck fiducial
�CDM model at least as large as the observed values of the
statistic for the Planck temperature CMB maps with resolution
parameter N

side

= 64, estimated using the Commander, NILC,
SEVEM and SMICA methods.

Probability

Function Comm. NILC SEVEM SMICA
Two-pt. . . . . . . . . . . . . . . . . 0.972 0.982 0.974 0.981
Pseudo-coll. three-pt. . . . . . 0.921 0.922 0.918 0.922
Equil. three-pt. . . . . . . . . . 0.740 0.769 0.758 0.790
Four-pt. . . . . . . . . . . . . . . . 0.646 0.655 0.656 0.659

5.4. Minkowski functionals

Minkowski functionals (hereafter MFs) describe the mor-
phology of fields in any dimension and have long been
used as estimators of non-Gaussianity and anisotropy in 485
the CMB (see e.g., Mecke et al. 1994; Schmalzing & Buchert
1997; Schmalzing & Gorski 1998; Komatsu et al. 2003; Erik-
sen et al. 2004c; Curto et al. 2007; De Troia et al. 2007;
Spergel et al. 2007; Curto et al. 2008; Hikage et al. 2008;
Komatsu et al. 2009; Planck Collaboration XXIII 2014). 490
They are additive for disjoint regions of the sky and invari-

Article number, page 8 of 68

Pseudo-collapsed 3-point 
A&A proofs: manuscript no. IandS_main

Fig. 5. The di�erence of the 2-point (upper left), pseudo-collapsed (upper right), equilateral (lower left) 3-point and reduced
rhombic 4-point (lower right) functions for the N

side

= 64 DX11v2 CMB temperature estimates and mean estimated from 1000
MC simulations. The red solid, blue dashed, purple dotted and brown dash-dotted lines correspond to the Commander, NILC, SEVEM
and SMICA maps, respectively. The shaded dark and light grey regions indicate the 68% and 95% confidence regions, respectively.
See Sect. 5.3 for the definition of the separation angle ◊.

Table 8. Probabilities of obtaining values for the ‰2 statistic of
the equilateral 3-point functions shown in Fig. 4 for the Planck
fiducial �CDM model at least as large as the observed values of
the statistic for the fiducial FFP8 CMB maps with resolution
parameter N

side

= 64, estimated using the Commander, NILC,
SEVEM and SMICA methods. For comparison there are shown also
probabilities for the input map with added noise corresponding
to the SMICA map.

Probability

Fields Input Comm. NILC SEVEM SMICA

T T Q
r

. . . . . . . . . . . . . . . . . 0.016 0.244 0.023 0.029 0.187
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ation is seen for the NILC map and the smallest deviation480
– for the Commander map.

Table 9. Probabilities of obtaining values for the ‰2 statistic
of the N -point functions shown in Fig. 5 for the Planck fiducial
�CDM model at least as large as the observed values of the
statistic for the Planck temperature CMB maps with resolution
parameter N

side

= 64, estimated using the Commander, NILC,
SEVEM and SMICA methods.

Probability

Function Comm. NILC SEVEM SMICA
Two-pt. . . . . . . . . . . . . . . . . 0.972 0.982 0.974 0.981
Pseudo-coll. three-pt. . . . . . 0.921 0.922 0.918 0.922
Equil. three-pt. . . . . . . . . . 0.740 0.769 0.758 0.790
Four-pt. . . . . . . . . . . . . . . . 0.646 0.655 0.656 0.659

5.4. Minkowski functionals

Minkowski functionals (hereafter MFs) describe the mor-
phology of fields in any dimension and have long been
used as estimators of non-Gaussianity and anisotropy in 485
the CMB (see e.g., Mecke et al. 1994; Schmalzing & Buchert
1997; Schmalzing & Gorski 1998; Komatsu et al. 2003; Erik-
sen et al. 2004c; Curto et al. 2007; De Troia et al. 2007;
Spergel et al. 2007; Curto et al. 2008; Hikage et al. 2008;
Komatsu et al. 2009; Planck Collaboration XXIII 2014). 490
They are additive for disjoint regions of the sky and invari-
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Fig. 5. The di�erence of the 2-point (upper left), pseudo-collapsed (upper right), equilateral (lower left) 3-point and reduced
rhombic 4-point (lower right) functions for the N

side

= 64 DX11v2 CMB temperature estimates and mean estimated from 1000
MC simulations. The red solid, blue dashed, purple dotted and brown dash-dotted lines correspond to the Commander, NILC, SEVEM
and SMICA maps, respectively. The shaded dark and light grey regions indicate the 68% and 95% confidence regions, respectively.
See Sect. 5.3 for the definition of the separation angle ◊.

Table 8. Probabilities of obtaining values for the ‰2 statistic of
the equilateral 3-point functions shown in Fig. 4 for the Planck
fiducial �CDM model at least as large as the observed values of
the statistic for the fiducial FFP8 CMB maps with resolution
parameter N

side

= 64, estimated using the Commander, NILC,
SEVEM and SMICA methods. For comparison there are shown also
probabilities for the input map with added noise corresponding
to the SMICA map.
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ation is seen for the NILC map and the smallest deviation480
– for the Commander map.

Table 9. Probabilities of obtaining values for the ‰2 statistic
of the N -point functions shown in Fig. 5 for the Planck fiducial
�CDM model at least as large as the observed values of the
statistic for the Planck temperature CMB maps with resolution
parameter N

side

= 64, estimated using the Commander, NILC,
SEVEM and SMICA methods.

Probability

Function Comm. NILC SEVEM SMICA
Two-pt. . . . . . . . . . . . . . . . . 0.972 0.982 0.974 0.981
Pseudo-coll. three-pt. . . . . . 0.921 0.922 0.918 0.922
Equil. three-pt. . . . . . . . . . 0.740 0.769 0.758 0.790
Four-pt. . . . . . . . . . . . . . . . 0.646 0.655 0.656 0.659

5.4. Minkowski functionals

Minkowski functionals (hereafter MFs) describe the mor-
phology of fields in any dimension and have long been
used as estimators of non-Gaussianity and anisotropy in 485
the CMB (see e.g., Mecke et al. 1994; Schmalzing & Buchert
1997; Schmalzing & Gorski 1998; Komatsu et al. 2003; Erik-
sen et al. 2004c; Curto et al. 2007; De Troia et al. 2007;
Spergel et al. 2007; Curto et al. 2008; Hikage et al. 2008;
Komatsu et al. 2009; Planck Collaboration XXIII 2014). 490
They are additive for disjoint regions of the sky and invari-
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Fig. 5. The di�erence of the 2-point (upper left), pseudo-collapsed (upper right), equilateral (lower left) 3-point and reduced
rhombic 4-point (lower right) functions for the N

side

= 64 DX11v2 CMB temperature estimates and mean estimated from 1000
MC simulations. The red solid, blue dashed, purple dotted and brown dash-dotted lines correspond to the Commander, NILC, SEVEM
and SMICA maps, respectively. The shaded dark and light grey regions indicate the 68% and 95% confidence regions, respectively.
See Sect. 5.3 for the definition of the separation angle ◊.

Table 8. Probabilities of obtaining values for the ‰2 statistic of
the equilateral 3-point functions shown in Fig. 4 for the Planck
fiducial �CDM model at least as large as the observed values of
the statistic for the fiducial FFP8 CMB maps with resolution
parameter N

side

= 64, estimated using the Commander, NILC,
SEVEM and SMICA methods. For comparison there are shown also
probabilities for the input map with added noise corresponding
to the SMICA map.
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ation is seen for the NILC map and the smallest deviation480
– for the Commander map.

Table 9. Probabilities of obtaining values for the ‰2 statistic
of the N -point functions shown in Fig. 5 for the Planck fiducial
�CDM model at least as large as the observed values of the
statistic for the Planck temperature CMB maps with resolution
parameter N

side

= 64, estimated using the Commander, NILC,
SEVEM and SMICA methods.

Probability

Function Comm. NILC SEVEM SMICA
Two-pt. . . . . . . . . . . . . . . . . 0.972 0.982 0.974 0.981
Pseudo-coll. three-pt. . . . . . 0.921 0.922 0.918 0.922
Equil. three-pt. . . . . . . . . . 0.740 0.769 0.758 0.790
Four-pt. . . . . . . . . . . . . . . . 0.646 0.655 0.656 0.659

5.4. Minkowski functionals

Minkowski functionals (hereafter MFs) describe the mor-
phology of fields in any dimension and have long been
used as estimators of non-Gaussianity and anisotropy in 485
the CMB (see e.g., Mecke et al. 1994; Schmalzing & Buchert
1997; Schmalzing & Gorski 1998; Komatsu et al. 2003; Erik-
sen et al. 2004c; Curto et al. 2007; De Troia et al. 2007;
Spergel et al. 2007; Curto et al. 2008; Hikage et al. 2008;
Komatsu et al. 2009; Planck Collaboration XXIII 2014). 490
They are additive for disjoint regions of the sky and invari-
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Difference with respect to the ∧CDM model  

General agreement is found for the N-point 
correlation functions.  
However, the 2-point function shows a 
relatively low χ2 value indicating low 
correlations relative to the model (a similar 
behaviour to the one already seen in WMAP 
and Planck Collaboration XXIII 2014).  
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Fig. 9. Needlet space MFs using Planck 2014 SMICA SEVEM and Commander foreground cleaned intensity maps and the common
mask. The columns from left to right correspond to the needlet parameters j = 4, 6, 8, respectively; the jth needlet parameter has
a compact support over multipole ranges [2j≠1, 2j+1]. The ¸

c

= 2j in the figures shows the central multipole of the corresponding
needlet map. The error-bars represent the dispersions around the mean obtained with realistic FFP8 simulations. Note that to
have the same range at all the needlet scales, the y-axis is multiplied by a factor which takes into account the steadily decrement
of the variance of MFs as a function of scale.
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Fig. 10. ‰2 for the genus MF, v
2

, from Planck 2014 intentsity SMICA SEVEM and Commander foreground cleaned maps and the
common mask. The histograms are for the FFP8 simulations, while the vertical lines are for the data. The figures from left to right
are for the needlet parameters j = 4, 6, 8, with the central multipoles ¸

c

= 2j shown in each panel.

In the above equation, W Â
¸ (R) is the window function

associated with the filter Â(R, p), ¸max is the maximum
multipole allowed by the corresponding HEALPix pixeliza-
tion, Y¸m (p) is the spherical harmonic basis, and s¸m are

the spherical harmonic coe�cients of the analyzed map:

s¸m =
⁄

d�Y ú
¸m (p) S (p) , (29)

where d� = d◊ sin ◊d„ and ú denotes complex conjugation.
In the present work, the signal S (p) could refer to a tem-
perature map —T (p)–. It could also account for a E-mode
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MFs in needlet space 

General consistency with Gaussianity is 
found. However, some differences 
among CS methods are seen for some 
MFs. 

MFs tell us about the morphological 
properties of the data.  
There are three on 2D:  
•  v0=area,  
•  v1=perimeter  
•  v2=genus.  
MFs are computed in real and needlet 
spaces. Needlet space allows a 
multiresolution analysis of MFs. 
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Fig. 15. Modified upper tail probabilities (mUTP) obtained from the analyses the four Planck noise maps (green, Commander; red,
NILC; blue, SEVEM; and magenta, SMICA) estimates through the half-ring half-di�erence. As in Figure 13, the panels provide, from
left to right, the results for the standard deviation, skewness and kurtosis of the SMHW coe�cients as a function of the wavelet
scale R.

Table 17. Modified upper tail probability (mUTP, in %) as-
sociated to the cold (top) and hot (bottom) areas. Results are
given for ‹ > 4‡

R

threshold of the SMHW coe�cients, and for
the four Planck CMB temperature maps. The four most signif-
icant scales are shown.

SMHW/T-map UTP
Area Scale [Õ] Comm. NILC SEVEM SMICA

200 3.8 6.5 3.7 3.8
Cold . . . . . . 250 1.4 1.5 1.4 1.4

300 0.4 0.5 0.4 0.4
400 0.9 0.5 0.9 0.9
200 2.0 2.0 1.7 1.5

Hot . . . . . . 250 2.4 2.0 2.1 2.0
300 4.2 4.0 4.1 3.9
400 N/A N/A N/A N/A

filtering the data with the GAUSS and SSG filters, resèc-
tively.

Results are similar to those obtained in 2013, with some
small di�erences at the scales related to the Cold Spot (be-
tween 200 and 400 arcminutes), which are the only ones
that show a consistent discrepancy. First, the Cold Area is
slightly less significant than in the past at the lower part of
the scale range, whereas the anomaly remains at the higher
part. Second, the Hot Area, which remains less anomalous
than the Cold Area, is a bit more significant than in 2013,
specially at the lower part of the scale range. The three fil-
ters shows similar numbers, but, as expected from Fig. 12,
the SMHW provides higher significances than SSG84 and
GAUSS filters. However, it is worth recalling that, for a
given scale, the three filters are not probing exactly the
same multipole range and, therefore, some di�erences are
expected.

In Fig. 16 we plot the areas for thresholds ‹ > 3.0‡R as
determined from the SEVEM temperature map. The upper
rows refers to SMHW scales of R = 200Õand R = 250Õ,
whereas bottom does to R = 300Õand R = 400Õ. The most
extreme value (in terms of ‡R) of each area is indicated.

The coldest area corresponds to the Cold Spot with the
minimum value of the wavelet coe�cient at the position
(209¶, ≠57¶) in Galactic coordinates, whereas the hottest
area has already been identified in the WMAP data (e.g.,
Vielva et al. 2007) as an anomalous hot spot. This does

Table 18. Modified upper tail probability (mUTP, in %) as-
sociated to the cold (top) and hot (bottom) areas. Results are
given for ‹ > 4‡

R

threshold of the GAUSS coe�cients, and for
the four Planck CMB temperature maps. The four most signif-
icant scales are shown.

GAUSS/T-map UTP
Area Scale [Õ] Comm. NILC SEVEM SMICA

200 1.7 3.0 1.7 1.7
Cold . . . . . . 250 1.2 2.0 1.2 1.2

300 1.6 6.0 1.2 1.8
400 N/A N/A N/A N/A
200 2.9 6.0 2.8 2.6

Hot . . . . . . 250 5.7 11.0 5.6 5.4
300 N/A N/A N/A N/A
400 N/A N/A N/A N/A

Table 19. Modified upper tail probability (mUTP, in %) as-
sociated to the cold (top) and hot (bottom) areas. Results are
given for ‹ > 4‡

R

threshold of the SSG coe�cients, and for the
four Planck CMB temperature maps. The four most significant
scales are shown.

SSG/T-map UTP
Area Scale [Õ] Comm. NILC SEVEM SMICA

200 9.4 21.0 9.4 9.0
Cold . . . . . . 250 12.3 29.0 10.8 12.3

300 1.4 4.0 1.4 1.5
400 0.9 1.0 0.8 0.9
200 1.1 3.0 1.0 0.9

Hot . . . . . . 250 4.8 8.0 4.5 4.3
300 N/A N/A N/A N/A
400 N/A N/A N/A N/A

not depend on the CMB temperature that is analysed, be-
ing very stable among the four CMB temperature maps. It
is obvious that the southern Galactic hemisphere presents
more anomalous signatures than the northern one. These
results confirm the importance of the Cold Spot as the most
extreme feature in the analyzed sky. More insights about
its nature is given in Sect. 6.12.
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Similar results are obtained for other filters (GAUSS, SSG84). 
The area is dominated by the Cold spot and shows a significantly low probability, as do the kurtosis and 
peak statisitics. 
The results are similar to the ones for the first release (Planck Collaboration XXIII 2014). 
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Fig. 15. Modified upper tail probabilities (mUTP) obtained from the analyses the four Planck noise maps (green, Commander; red,
NILC; blue, SEVEM; and magenta, SMICA) estimates through the half-ring half-di�erence. As in Figure 13, the panels provide, from
left to right, the results for the standard deviation, skewness and kurtosis of the SMHW coe�cients as a function of the wavelet
scale R.

Table 17. Modified upper tail probability (mUTP, in %) as-
sociated to the cold (top) and hot (bottom) areas. Results are
given for ‹ > 4‡

R

threshold of the SMHW coe�cients, and for
the four Planck CMB temperature maps. The four most signif-
icant scales are shown.

SMHW/T-map UTP
Area Scale [Õ] Comm. NILC SEVEM SMICA

200 3.8 6.5 3.7 3.8
Cold . . . . . . 250 1.4 1.5 1.4 1.4

300 0.4 0.5 0.4 0.4
400 0.9 0.5 0.9 0.9
200 2.0 2.0 1.7 1.5

Hot . . . . . . 250 2.4 2.0 2.1 2.0
300 4.2 4.0 4.1 3.9
400 N/A N/A N/A N/A

filtering the data with the GAUSS and SSG filters, resèc-
tively.

Results are similar to those obtained in 2013, with some
small di�erences at the scales related to the Cold Spot (be-
tween 200 and 400 arcminutes), which are the only ones
that show a consistent discrepancy. First, the Cold Area is
slightly less significant than in the past at the lower part of
the scale range, whereas the anomaly remains at the higher
part. Second, the Hot Area, which remains less anomalous
than the Cold Area, is a bit more significant than in 2013,
specially at the lower part of the scale range. The three fil-
ters shows similar numbers, but, as expected from Fig. 12,
the SMHW provides higher significances than SSG84 and
GAUSS filters. However, it is worth recalling that, for a
given scale, the three filters are not probing exactly the
same multipole range and, therefore, some di�erences are
expected.

In Fig. 16 we plot the areas for thresholds ‹ > 3.0‡R as
determined from the SEVEM temperature map. The upper
rows refers to SMHW scales of R = 200Õand R = 250Õ,
whereas bottom does to R = 300Õand R = 400Õ. The most
extreme value (in terms of ‡R) of each area is indicated.

The coldest area corresponds to the Cold Spot with the
minimum value of the wavelet coe�cient at the position
(209¶, ≠57¶) in Galactic coordinates, whereas the hottest
area has already been identified in the WMAP data (e.g.,
Vielva et al. 2007) as an anomalous hot spot. This does

Table 18. Modified upper tail probability (mUTP, in %) as-
sociated to the cold (top) and hot (bottom) areas. Results are
given for ‹ > 4‡

R

threshold of the GAUSS coe�cients, and for
the four Planck CMB temperature maps. The four most signif-
icant scales are shown.

GAUSS/T-map UTP
Area Scale [Õ] Comm. NILC SEVEM SMICA

200 1.7 3.0 1.7 1.7
Cold . . . . . . 250 1.2 2.0 1.2 1.2

300 1.6 6.0 1.2 1.8
400 N/A N/A N/A N/A
200 2.9 6.0 2.8 2.6

Hot . . . . . . 250 5.7 11.0 5.6 5.4
300 N/A N/A N/A N/A
400 N/A N/A N/A N/A

Table 19. Modified upper tail probability (mUTP, in %) as-
sociated to the cold (top) and hot (bottom) areas. Results are
given for ‹ > 4‡

R

threshold of the SSG coe�cients, and for the
four Planck CMB temperature maps. The four most significant
scales are shown.

SSG/T-map UTP
Area Scale [Õ] Comm. NILC SEVEM SMICA

200 9.4 21.0 9.4 9.0
Cold . . . . . . 250 12.3 29.0 10.8 12.3

300 1.4 4.0 1.4 1.5
400 0.9 1.0 0.8 0.9
200 1.1 3.0 1.0 0.9

Hot . . . . . . 250 4.8 8.0 4.5 4.3
300 N/A N/A N/A N/A
400 N/A N/A N/A N/A

not depend on the CMB temperature that is analysed, be-
ing very stable among the four CMB temperature maps. It
is obvious that the southern Galactic hemisphere presents
more anomalous signatures than the northern one. These
results confirm the importance of the Cold Spot as the most
extreme feature in the analyzed sky. More insights about
its nature is given in Sect. 6.12.
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A multiscale analysis is performed based on three different filters: the wavelet SMHW, the matched 
filter for a 2D-Gaussian profile GAUSS and the Savitzky-Golay kernel SSG84 
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Fig. 15. Modified upper tail probabilities (mUTP, in %) obtained from the analyses the four Planck noise maps (red, Commander;
orange, NILC; green, SEVEM; and blue, SMICA) estimates through the half-ring half-di�erence. As in Figure 13, the panels provide,
from left to right, the results for the standard deviation, skewness and kurtosis of the SMHW coe�cients as a function of the
wavelet scale R. Note that the NILC results are a�ected by the lower number of available simulations.

Fig. 16. Cold and Hot Areas for thresholds ‹ > 3.0‡
R

as determined from the SEVEM temperature map. From left to right, from
up to bottom, the maps are for SMHW scales of R = 200Õ, R = 205Õ, R = 300Õand R = 400Õ.

5.5.4. Peak statistics 890

A natural way to study the CMB is to look at statis-
tics of local extrema (both minima and maxima, which
we will refer to collectively as peaks), as for example was
done for WMAP temperature maps in Larson & Wandelt
(2004, 2005); Hou et al. (2009). Peaks trace topological 895
properties of the map, and their locations and values com-
press information about the CMB sky in a way comple-
mentary to power spectrum, which make them good can-
didates to study potential non-Gaussianity. Peak statistics
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Pixels above 3σ 



Multiscale analysis 

The statistics of peaks constitutes a powerful alternative test to search for non-Gaussian features. 

Planck 2014: The microwave sky in temperature and polarization, Ferrara, Dec 2014 

Percentage of peaks common to the 4 methods are above 90% for all scales. 
The peak distributions are consistent with Gaussianity apart from the Cold Spot. 

Comparison of the peak CDF of temperature data and simulations   
Commander SEVEM NILC SMICA 
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Stacking in polarization 

Planck 2014: The microwave sky in temperature and polarization, Ferrara, Dec 2014 

The stacking in polarization probes degree angular 
scales and shows good consistency with Gaussianity 
(for the generalized stacking see Z. Huang talk) 

Stacking of polarization patches at 
temperature peak positions 
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Anomalies 

Some of the most relevant anomalies have been studied in the Planck 
full data: 
•  Low variance: already reviewed                                  
•  Large scale asymmetries 
•  The Cold Spot 
 

Planck 2014: The microwave sky in temperature and polarization, Ferrara, Dec 2014 

See G. Polenta Talk 



The Cold Spot 

First detected in the WMAP first year data (Vielva et al. 2004) and later confirmed by later WMAP and Planck releases. 
In the previous slides the Cold Spot appeared as an anomalous feature in terms of kurtosis, area and peak statistics at 
scales above several degrees. 
Here we focus on its internal structure that has also been recently considered in the literature. 

 

Planck 2014: The microwave sky in temperature and polarization, Ferrara, Dec 2014 

The mean profile is anomalous whereas the higher order ones are compatible with Gaussianity. 
 
In polarization the high-pass filtering of the map impedes us in probing the Cold Spot.  
A forecast based on the unfiltered simulations and the CS noise levels provides an 8% 
discrimination significance (in agreement with Fernandez-Cobos et al. 2013) 

Planck Collaboration: Planck 2014 results. XII. Isotropy and Statistics

Fig. 67. From left to right: mean, variance, skewness and kurtosis angular profiles computed for a region of radii r centered at the
Cold Spot position for temperature map at full resolution. Solid lines represent the data for the di�erent component separation
methods (Commander in red, NILC in orange, SEVEM in green, and SMICA in blue). The expected value obtained from the simulations
is the black dashed line and grey regions represent the 1‡ and 2‡ intervals.

Fig. 68. Placeholder. Simulations need to be changed. 2-point correlation function at the Cold Spot region for TT, TQ,TU
from left to right in the top panels and QQ, QU and UU. The values for the data of the four component separation methods
are represented in solid lines (red=Commander, orange=NILC, green=SEVEM, blue=SMICA). Black dashed line is the mean value
computed with simulations (SMICA pipeline), and gray regions represent 1‡ and 2‡ intervals.

Article number, page 63 of 66

A&A proofs: manuscript no. IandS_main

calculated for every disk center location, and the value of
Kolmogorov-Smirnov deviation is translated into upper tail
probability similar to the way it was done for peak counts.
The maps of log10(UTP) of Kolmogorov-Smirnov deviation
within 30¶and 90¶diameter disks are shown in Fig. 64. The
strong features seen to the left in 30¶KS maps, in particu-
lar in NILC and SMICA, trace known CO structures quite
well, while the one in the north in Commander is Virgo,
a strong SZ cluster. The big feature south of the Galac-
tic center appears to be associated with a huge cold region
crossing the Galactic plain. The feature near the south pole
in both SMICA and Commander is unknown.

6.12. The Cold Spot

Since its discovery in the WMAP first year data (Vielva
et al. 2004), the Cold Spot (centred at Galactic longitude
l = 210¶ and latitude b = ≠57¶) has been one of the most
extensively studied large-scale CMB anomalies. In the 2013
release (Planck Collaboration XXIII 2014), Planck con-
firmed the anomalous nature of this feature in temperature,
in terms of the area of the SMHW coe�cients at angular
scales of ¥ 10¶ in the sky; the 2014 release alfo has con-
firmed this anomaly (see Sect. 5.5.3 and 5.5.4). The tem-
perature and polarisation around the Cold Spot is shown in
Figure 65 as observed by Planck.

The new Planck release allows us to explore further
whether the Cold Spot is just a rare extreme spot of a
Gaussian temperature field or, on the contrary, could have
some non-Gaussian information. On the one hand, thanks
to the improved noise sensitivity it is possible to probe the
small-scale fluctuations inside the Cold Spot (down to a few
arcmin); on the other hand, CMB polarization opens the
possibility of studying the nature of the Cold Spot. In par-
ticular, as discussed in Vielva et al. (2011) and Fernández-
Cobos et al. (2013), studying either the E-mode or the Qr
profiles around the location of the Cold Spot allows one
to check whether the feature has a primordial origin (non-
negligible polarization counterpart) or, it is due to a grav-
itational secondary anisotropy (negligible polarization sig-
nal), as it would the case, for instance, of a cosmic texture
or a void in the large-scale structure. However, the current
high-pass filtering of the Planck CMB maps will reduce this
latter analyses (see below).We have to decide if we are in
the situation of exploring bubble collisions implications for
polarization as in Czech et al. (2010).

6.12.1. Local properties of the Cold Spot

In this section we are interested in the study of the internal
structure of the Cold Spot. There are, at least, two previ-
ous works that looked at the internal fluctuations within
the Cold Spot area, using WMAP-9yr data (Zhao 2013;
Gurzadyan et al. 2014). Both papers indicated that the in-
ternal properties of the Cold Spot showed some inconsis-
tencies with the Gaussian hypothesis. However, the Zhao
(2013) work presents some statistical inconsistencies on the
Cold Spot definition (see below), and the Gurzadyan et al.
(2014) is somehow qualitative.

We dedicate this section to perform a detailed analyses
of the internal properties of the Cold Spot region, defining
such as a disk centred of the Cold Spot, and with a radius

Table 28. Probabilities (in %) of obtaining values for the ‰2

statistic of the angular profiles of the estimators shown in Fig. 67
larger than the value obtained with the data for SMICA, SEVEM
and Commander.

Statistics Commander SEVEM SMICA
Mean . . . . . . . . . . . . . . . . . 1.5 1.7 1.3
Variance . . . . . . . . . . . . . . . 26 26 30
Skewness . . . . . . . . . . . . . . 81 87 81
Kurtosis . . . . . . . . . . . . . . . 60 57 64

of ¥ 25¶. Both, temperature and polarization (high-pass
filtered) are analysed.

A multiscale view of peaks making up the Cold Spot

structure is shown in Fig. . See Sect. 5.5.5 for details.
First, some basic statistics are computed in the temper-

ature maps at full resolution for di�erent concentric rings
separated by 1¶. At each ring, the mean, variance, skew-
ness and kurtis are computed, which provides, at the end,
an angular profile for each statistic. This data profiles are
compared with CMB simulations, compatible with the Cold

Spot.
These simulations are generated as follows. Gaussian

CMB spherical harmonic coe�cients are drawn for a angu-
lar power spectrum coherent with the one used to generate
the FFP8 simulations, these a¸m are filtered at the targeted
resolution (5 arcmin for temperature and 10 arcmin for po-
larisation). As for the FFP8 simulations, these maps are
also rescaled, as discussed previously. Out of these simula-
tions, we only keep those that have a spot as cold as the
Cold Spot at a scale R=300 arcmin, in SMHW space (this
criterion is imposed, since this characteristic was the one
that, originally, indicated the presence of the Cold Spot in
the CMB data). These simulations are rotated such as the
cold spot is placed in the actual position of the Cold Spot

(this assures that the noise properties are the same for the
data and for the simulations). As a final step, a coherent
noise realization (passed through the pipeline of each com-
ponent separation method) is added.

The results are presented in Fig. 67 for all the com-
ponent separation methods. The angular profiles of all the
statistics are within the 2‡ error bars (for simplicity, only
the SMICA error bars are shown, although they are very sim-
ilar to the ones from the other three methods). Focusing on
the profile of the mean value, one can see that the largest
deviations from the simulations appear at scales around 15
degrees where the value for the data is above zero. This is
due to the hot ring structure that is observed in the data
(fig 65) and has been also noticed in Cayón et al. (2005)
and Nadathur et al. (2014).

In order to quantify the possible deviation from the sim-
ulations, the probabilities of finding a ‰2 larger than the
value obtained for the data are computed and summarized
in table 28. To compute the ‰2 value for the data we have
used the Cold Spot simulations (1000 for each component
separation method) to estimate the covariance matrix and
this is compred to the theoretical chi2 distribution with
25 degrees of freedom. expect for NILC due to the reduced
number of noise simulations available. The results indicate
that the angular profile for the mean is hardly represented
by the simulations, with a P(‰2 > ‰2

data) lower than 2%
for all component separation methods studied. On the con-
trary, the radial profiles of the higher order moments are
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The Cold Spot 

Several possibilities have been proposed to explain its nature although none of them is 
very convincing: 
•  Statistical fluke of the LCDM model. 

•  Foreground contamination seems to be discarded (Cruz et al. 2006, Planck 
Collaboration XXIII 2014). 

•  The texture origin was originally proposed by Cruz et al. 2007. It was later re-
examined by Feeney et al. 2012 for the whole sky finding no evidence but without 
ruling out this possibility.  

•  The void origin has been recently invoked based on a super void found by Szapudi 
et al. (2014) in the WISE-2MASS-Panstarrs galaxy catalogue and independently by 
Finelli et al. (2014) in WISE-2MASS. However the -150 µK amplitude first estimated 
by Finelli et al. 2014 using an LTB model has not been confirmed by any of the 
later works (Zibin 2014, Nadathur et al. 2014). 

•  Another possibility is the bubble collision considered in Feeney et al. 2013 who 
found no evidence for it but again not ruling it out. 
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Conclusions 

Planck 2014: The microwave sky in temperature and polarization, Ferrara, Dec 2014 

•  Tests of isotropy and Gaussianity provide the basis to support the 
assumptions made in the derivation of the power spectra and the 
cosmological parameters.  

•  In addition they also probe physics beyond the standard cosmological 
model. 

•  Planck data demonstrate good consistency with the Gaussianity 
assumption apart from the known anomalies of low variance and the 
Cold Spot. 

•  Polarization at degree angular scales has been probed by stacking at 
positions of hot/cold spots identified in temperature. The polarization 
profiles are consistent with the ∧CDM model. 

•  The anomalies are seen in the temperature full data set at similar 
levels as in the 2013 release. Due to the high-pass filtering in 
polarization most of the signal at the largest scales is removed. 

•  In addition to the significantly low probabilities found for the area, 
kurtosis and peak statistics, the temperature profile of the Cold Spot 
shows an anomalous behaviour.  



The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada   
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