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The	original	detec1on	

The Cold Spot is a very cold and large region in the sky located in the southern hemisphere, firstly detected 
in 2004 [Vielva et al. 2004] and identified as the most prominent feature contributing to a deviation of 
Gaussianity claimed by analyzing the WMAP data with the Spherical Mexican Hat Wavelet. 

l	=	209o	b	=	-57o	
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The	original	detec1on	

[Vielva et al. 2004] 

The Cold Spot was noticed during a global test of Gaussianity of WMAP data performed in wavelet space. 
In particular, the CMB map was analyzed at several scales and standard statistics were computed from the 
wavelet coefficients: the kurtosis deviates above 99% CL. 

This corresponds to R=250 
and 300 arcmin 

The NG deviation was localized at the 
Southern galactic hemisphere. 
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The	original	detec1on	

[Cold and Hot spots above 3σ, for SMHW scale of 250 
arcmin]  

The Cold Spot appears as the most prominent 
feature.  

Notice that the hot spot of 4.6σ was not seen in 
the original WMAP analysis because was 
covered by the mask. This is also the case for 
some other of the spots here represented. 

 
[Planck Collaboration 2016, 594, 16] 

Soon after the detection, several additional works confirmed the Cold Spot, by analyzing different statistics 
related to the Gaussianity and the isotropy of the CMB. 

An incomplete census is: area of the SMHW coefficients above a given threshold [e.g., Cruz et al. 2005], the 
Higher-Criticism (also in SMHW space, [e.g., Cayón et al. 2005]), additional wavelets (as directional [e.g., 
McEwen et al. 2005], steerable [e.g., Wiaux et al. 2008] and needlets [Pietrobon et al. 2008]), scalar indices [e.g., 
Räth et al. 2007], and Kolmogorov stochasticity parameter [e.g., Gurzadyan et al. 2009]. 

A&A 594, A16 (2016)
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Fig. 9. Cold and hot areas for thresholds ⌫ > 3.0 as determined from the
SEVEM temperature map. From top to bottom, the maps are for SMHW
scales of R = 2000, R = 2500, R = 3000, and R = 4000.

Here, we consider the peak statistics of the Planck
component-separated temperature maps at Nside = 2048. The
maps are pre-whitened as described in Appendix A. This step
allows the construction of an estimator that is nearly optimal
with respect to the fiducial CMB properties. After application
of the common mask, weighted convolutions of the data are per-
formed with either SSG or GAUSS kernels of variable scale. In

Table 9. Peak counts in maps filtered to di↵erent scales.

Number of minima/maxima

Filter scale Comm. NILC SEVEM SMICA Match
[arcmin]

SMHW
200 . . . . . . . . 176/187 170/178 173/182 169/182 161/169
250 . . . . . . . . 105/105 104/103 107/123 105/107 97/ 99
300 . . . . . . . . 70/ 70 71/ 70 70/ 72 68/ 71 66/ 66
400 . . . . . . . . 43/ 32 46/ 32 44/ 31 43/ 33 37/ 30

GAUSS
200 . . . . . . . . 152/170 152/166 157/179 156/165 142/155
250 . . . . . . . . 102/ 93 104/ 95 108/ 99 99/101 92/ 85
300 . . . . . . . . 60/ 63 57/ 62 63/ 64 56/ 62 50/ 53
400 . . . . . . . . 33/ 28 29/ 29 31/ 33 29/ 28 24/ 27

SSG84
200 . . . . . . . . 180/187 178/183 180/185 183/183 167/175
250 . . . . . . . . 131/119 118/114 122/123 121/110 109/103
300 . . . . . . . . 68/ 69 73/ 68 73/ 73 70/ 68 56/ 61
400 . . . . . . . . 29/ 35 29/ 36 29/ 32 30/ 38 27/ 27

order to avoid potential contamination by boundary e↵ects, the
mask is extended by rejecting pixels with an e↵ective convolu-
tion weight that di↵ers from unity by more than 12%. Peaks are
extracted from the filtered map (removing any that are adjacent
to masked pixels), their positions and values are recorded for
further analysis, and their cumulative density function (CDF) is
constructed by sorting peak values. Table 9 presents peak counts
for the component-separated sky maps for several di↵erent ker-
nels and representative filtering scales, together with the number
of peaks that are common to all maps. There is excellent agree-
ment between the various CMB estimates. All statistical infer-
ence is then performed by comparison of the peak distributions
derived from the data with equivalently processed simulations.
As an internal consistency check, the properties of the FFP8
simulations are found to be in agreement with the predictions
of Eq. (27).

Figure 10 presents the distributions of peaks for the SMICA
CMB map filtered with two representative kernels on scales of
400 and 8000 FWHM. The lower panels show the empirical peak
CDFs as a function of peak value x, defined for a set of n peaks
at values {Xi} as

Fn(x) =
1
n

n
X

i= 1

IXi  x, IXi  x ⌘
(

1, if Xi  x
0, otherwise. (28)

For plotting purposes alone, the horizontal axis is scaled in units
of � defined by Eq. (27) and derived from the underlying median
CDF, F̄(x), of the simulations. The upper panels show the di↵er-
ence between the observed and median simulated CDF values,p

n [Fn(x) � F̄(x)], with the grey bands representing the 68.3%,
95.4%, and 99.7% regions of the simulated CDF distributions.
The maximal value of this di↵erence defines a Kolmogorov-
Smirnov (KS) deviation estimator:

Kn ⌘
p

n sup
x

�

�

�Fn(x) � F̄(x)
�

�

� . (29)

This forms the basis of a standard KS test of consistency between
the two distributions. Although the KS deviation has a known
limiting distribution, we also derive its CDF directly from the
simulations.

A16, page 14 of 62
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A	genuine	CMB	feature	

Clearly, once detected, the next step is to provide a nature for the Cold Spot. Perhaps, the two first obvious 
suspects were: 

•  Systematics 

•  Residual foregrounds 
 

Already at the time of WMAP data, it was confirmed that the simulations were in reasonable agreement with the 
data. Example of these tests were: 

•  Compatible results when analyzing maps from different detector combinations 

•  Null signal when analyzing map differences 

•  Signal stable against changes on the cosmological parameters 
 

Also the foregrounds hypothesis was explored very much in detail: 

•  The estimate level of residual galactic foregrounds (even with generous margins) was shown to be 
clearly below the CMB signal.  

•  At the WMAP time, a clear possibility was a the Sunyaev-Zeldovich effect (providing a negative 
fluctuation for all the frequency range observed by WMAP, with an almost flat dependence). But it was 
discarded through a Bayesian test against the ΛCDM hypothesis.   
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However, it was the Planck data what really helped us to confirm than the Cold Spot was a genuine CMB 
feature: 

•  First, two different satellites observed the same signal at roughly the same significance, 
discarding so the systematics hypothesis. 
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•  Second, the larger frequency range of Planck, and the fact of having several clean CMB maps 
obtained under different assumptions with respect to the foregrounds, allowed us to: 

•  Completely discard the SZ hypothesis (the Cold Spot also appears at 217GHz) 

•  Establish that the anomalous signal is frequency independent from 100 GHz to 217GHz, 
doing its explanation in terms of galactic foregrounds very unlikely 
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•  Second, the larger frequency range of Planck, and the fact of having several clean CMB maps 
obtained under different assumptions with respect to the foregrounds, allowed us to: 

•  Completely discard the SZ hypothesis (the Cold Spot also appears at 217GHz) 

•  Establish that the anomalous signal is frequency independent from 100 GHz to 217GHz, 
doing its explanation in terms of galactic foregrounds very unlikely 

A&A 594, A16 (2016)
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Fig. 6. Modified upper tail probabilities (mUTP) obtained from the analyses of the filter coe�cients as a function of the filter scale R for the
Commander (red), NILC (orange), SEVEM (green), and SMICA (blue) sky maps. From left to right, the panels correspond to standard deviation,
skewness, and kurtosis results, when determined using the SMHW (top), GAUSS (middle), and SSG84 (bottom) filters. The squares represent
UTP values above 0.5, whereas circles represent UTP values below 0.5.
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Fig. 7. Modified upper tail probabilities (mUTP) obtained from the analyses of the SMHW coe�cients as a function of the wavelet scale R for the
SEVEM-100 (blue), SEVEM-143 (yellow), SEVEM-217 (magenta), and SEVEM (green) maps. From left to right, the panels correspond to the standard
deviation, skewness, and kurtosis.

Table 8 summarizes the results for the hot and cold areas
determined for the four CMB temperature maps analysed with
the common mask (and its associated exclusion masks). The
results are similar to those obtained in 2013, with some small

di↵erences on those scales related to the Cold Spot (between
2000 and 4000). Specifically, the cold area is slightly less sig-
nificant for smaller values of R, whereas the anomalous be-
haviour remains for larger filter scales. The three filters are in

A16, page 12 of 62

Modified upper-tail probability of the variance, skewness and kurtosis of the SMHW coefficients for the 4 Planck CMB maps 
(Commander, NILC, SEVEM and SMICA) 

[Planck Collaboration 2016, 594, 16] 
Variance Skewness Kurtosis 
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Fig. 6. Modified upper tail probabilities (mUTP) obtained from the analyses of the filter coe�cients as a function of the filter scale R for the
Commander (red), NILC (orange), SEVEM (green), and SMICA (blue) sky maps. From left to right, the panels correspond to standard deviation,
skewness, and kurtosis results, when determined using the SMHW (top), GAUSS (middle), and SSG84 (bottom) filters. The squares represent
UTP values above 0.5, whereas circles represent UTP values below 0.5.
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Fig. 7. Modified upper tail probabilities (mUTP) obtained from the analyses of the SMHW coe�cients as a function of the wavelet scale R for the
SEVEM-100 (blue), SEVEM-143 (yellow), SEVEM-217 (magenta), and SEVEM (green) maps. From left to right, the panels correspond to the standard
deviation, skewness, and kurtosis.

Table 8 summarizes the results for the hot and cold areas
determined for the four CMB temperature maps analysed with
the common mask (and its associated exclusion masks). The
results are similar to those obtained in 2013, with some small

di↵erences on those scales related to the Cold Spot (between
2000 and 4000). Specifically, the cold area is slightly less sig-
nificant for smaller values of R, whereas the anomalous be-
haviour remains for larger filter scales. The three filters are in

A16, page 12 of 62

Modified upper-tail probability of the variance, skewness and kurtosis of the SMHW coefficients for three clean CMB 
maps from SEVEM: 100GHz, 143 GHz and 217GHz. 

[Planck Collaboration 2016, 594, 16] 
Variance Skewness Kurtosis 
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A	modern	characteriza1on	

A recent work [Marcos-Caballero et al. 2017] has provided a further insight on the Cold Spot: 

•  First, providing a robust characterization in terms of the natural characteristics of a peak: amplitude, 
curvature, gradient, and eccentricity (defined in terms of the 0th, 1st and 2nd derivate) 

•  Second, showing its relation to another CMB anomaly: the low variance 

JCAP05(2017)023

Figure 2. The peak degrees of freedom labeled with the numbers which identify each peak throughout
the paper. Whilst the peak height ⌫ and the curvature  are shown in the left panel, the values of the
eccentricity tensor ✏ are depicted in the complex plane in the right panel. The ellipses represent the
probability contours at 95% and 99% levels. In the case of the ⌫- plane, the contours for the peaks 1-4
are represented in black, and the corresponding ellipses for the Cold Spot (peak 5) are shown in red.

around the peak:

Tm(✓) =
1

2⇡

Z
d� T (✓,�)e�im� , (3.1)

where the coordinates ✓ and � represent the radial and azimuthal coordinates, respectively,
centered at the peak location. The monopolar profile with m = 0 corresponds to the standard
profile, which takes into account the spherical symmetric component of the peak. On the
other hand, the higher order profiles describe di↵erent asymmetrical shapes, depending on
the multipole m. For instance, the profiles with m = 1 and m = 2 represent a dipole and a
quadrupole around the peak, respectively.

The derivatives at the centre of the peak a↵ects to the local shape depending on its
spin. In particular, if the values of ⌫, , ⌘ and ✏ are fixed at the centre, it is obtained the
following mean profiles [38]:

hT0(✓)i =
1X

`=0

2`+ 1

4⇡
[b⌫ + b`(`+ 1)] b`w`C` P`(cos ✓) , (3.2a)

hT1(✓)i = b⌘

1X

`=0

2`+ 1

4⇡
b`w`C` P

1
` (cos ✓) , (3.2b)

hT2(✓)i = b✏

1X

`=0

2`+ 1

4⇡
b`w`C` P

2
` (cos ✓) , (3.2c)

and hTm(✓)i = 0 for m 6= 0, 1, 2. In these equations, we have assumed that the peak is
selected in the temperature field filtered with the window function w`, whereas the profiles

– 5 –

[Marcos-Caballero et al. 2017]	

This work: model 
normalization (18%) 

Previous works: data 
normalization (1%) 

The curvature (κ), estimated at a 
given angular resolution is totally 
equivalent to the SMHW 
coefficient at that scale. 
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However [Marcos-Caballero et al. 2017] propose an alternative study of the peaks exploiting this geometrical 
quantities, in particular, in terms of the coefficients of the Fourier transform of the azimuthal angle around the 
peak:  

Tm θ( ) = 1
2π

dφ T θ,φ( )e−imφ∫

Whereas To(θ) only depends on the amplitude and the curvature, T1(θ) does it on the gradient and T2(θ) on the 
eccentricity. This analysis was applied to the most prominent peaks localized in Planck data, four of them with 
a scale of 10o (peaks 1 to 4), and one with 5o (the Cold Spot). 

[Marcos-Caballero et al. 2017]	

JCAP05(2017)023

Figure 1. Locations of the large-scale peaks considered in the paper, which are labeled with the
numbers as referred in the text. The color map represents the theoretical mean field produced by
conditioning the derivatives at the centre of the peaks. Notice that the correlation between peaks are
not taken into account in this figure, causing that the derivatives do not correspond exactly to the
observed values.

a higher deviation in the ⌫- plane, mainly caused by the large value of  ⇡ 4. This value
di↵ers from the SMHW coe�cient  ⇡ 4.7 reported in [27] and confirmed by [3] for the same
scale, giving a lower probability of finding a Cold Spot in the CMB temperature. The main
di↵erence between these calculations is that, whereas in this work the value of  is calculated
by normalizing by the theoretical variance �, in [27] and [3] the value of the SMHW coe�-
cient is calculated by using the variance estimated from the data, which is a↵ected by the low
variance of the measured CMB field at large scales [3, 6]. On the other hand, the eccentricity
of the Cold Spot is within the 2� level, which implies that its shape is almost circular [41].

The deviation of the peaks derivatives with respect to the standard model is considered
by calculating the expected number of peaks with ⌫ and  as extreme as the corresponding
observed values which are present in one realization of the temperature field (see [38] for the
expression of the number density of peaks on the sphere). These numbers are 0.054 for the
Cold Spot and 0.14 for the largest cold spot at R = 10� (peak 1), whereas the rest of the peaks
have an expected number per realization ⇡ 1. This implies that a peak as extreme as the
Cold Spot in terms of ⌫ and  is expected in every 19 realizations of the CMB temperature,
given a more likely probability for the Cold Spot than the calculation in [27], which considers
a larger value for the curvature  at the centre of the peak, as explained above.

3 Multipolar profiles

In this section, we study the shape of the largest peaks observed in the CMB temperature.
Following the formalism of [38], the shape of the peaks can be studied through the multipolar
profiles, which consist in the coe�cients of the Fourier transform of the azimuthal angle

– 4 –
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When the values of the amplitude and curvature are the conditioned to those of the data, none of the peaks 
(including the Cold Spot) are anomalous.  

[Marcos-Caballero et al. 2017]	

JCAP05(2017)023

Figure 3. Monopolar profiles (m = 0) and their fit parameters z (see the text for details) for the di↵er-
ent peaks considered. The blue line represents the theoretical mean profiles conditioned to the values
of ⌫ and  at ✓ = 0 observed for each peak, and the shaded regions show the 1� error bars. The fit pa-
rameter z is depicted as a function of ✓

max

, the maximum value of ✓ of the profile considered in the fit.

4 Phase correlations of the multipolar profiles

In order to detect deviations from the standard model, the statistical properties of the phases
of the spherical harmonics coe�cients have been studied in several works. If the CMB
temperature field is non-Gaussian or anisotropic, correlations in the phases of the a`m’s may
exists, which causes that they are not uniformly distributed in the interval [0, 2⇡]. There
are di↵erent statistical tests which can be applied to study the randomness of this kind of
periodic variables. For instance, the Kuiper’s test, which is a generalization of the KS test for
circular data, has been used in the analysis of the phases [43]. On the other hand, in [44], the
study of the Rayleigh statistics and the random walk performed by the a`m’s in the complex
plane are applied to the CMB temperature data. All the analyses considered in these works
are based on the spherical harmonics coe�cients, which describe the field in a particular
system of reference, and therefore their results could depend on the direction of the z axis.
Additionally, in a previous work [45], the genus of the largest structures on the CMB (`  8)
are analysed concluding that they corresponds to the ones derived from Gaussian field with
random phases. In the following, the phases of the multipolar expansion centred at di↵erent
peak locations are studied in terms of the multipolar profiles.

– 9 –

Similar results are obtained 
for the other profiles. 
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However, for the case of the Cold Spot, only when the amplitude is conditioned and the curvature is integrated 
out, then the Cold Spot show an excess above 3σ for all the θmax explored.  

Hence, the Cold Spot anomaly is caused by the large value of the curvature. 

[Marcos-Caballero et al. 2017]	

JCAP05(2017)023

Figure 6. Left: monopolar profiles of the Cold Spot obtained by conditioning the amplitude ⌫,
the curvature , or both. The shaded region represent the 1� error bar in each case. Right: �2

test performed over these profiles measured in terms of the normal variable z as a function of the
maximum value of ✓ considered in the analysis.

Since the action of the rotation group on the steps Zm
N is di↵erent for each value of m, we

consider a random walk for di↵erent multipolar profile separately. In previous works [44]
based on the spherical harmonics coe�cients, di↵erent values of m contribute to the steps,
which implies that the resulting random walk analysis is not invariant under rotations of the z
axis. On the other hand, in the scenario considered in this paper, the analysis of the random
walks performed by the phases of each multipolar profile only depends on the position of the
peak, and not on the orientation of the local system of reference.

The distance between the random walk position at the step N and the origin of the
complex plane is approximately distributed following the probability density

PN (r) =
2r

N
e�r2/N , (4.3)

which is valid for large values of N . From this equation, it can be deduced that the variablep
2/Nr is distributed according to the Rayleigh distribution (or equivalently, 2r2/N follows

a �2 with two degrees of freedom). In order to achieve better precision with this formula,
the value of r is calculated as follows [46]:

rmN =

s✓
1� 1

2N

◆
|Zm

N |2 +
|Zm

N |4
4N2

. (4.4)

For large values of N , the variable rmN approach to the distance travelled by the random walk
|Zm

N |. Considering this definition, the variable rmN follows the probability in eq. (4.3) with
O(N�2) accuracy, instead of the O(N�1) error achieved with the standard definition of the
distance (rmN = |Zm

N |).
The analysis is based on the fact that if the phases of the profiles T̂m(✓a) are correlated,

the distances travelled by the random walks will be greater than the ones expected from
eq. (4.3). The paths followed by the random walks obtained from the phases of the multipolar
profiles of the di↵erent peaks considered are represented in figure 7. In addition, the lower
tail probability of the distance travelled by the random walk at the time step N is depicted.

– 12 –
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CMB temperature has provided already all the 
information that can be obtained form it. Only very small 
scales could still help to distinguish the secondary 
anisotropy nature via the CMB lensing [Das & Spergel 
2008]. 

4

FIG. 1: Various terms that enter the calculation of the sig-
nal to noise equation (12). The solid curve represents the
CMB power spectrum Cℓ, while the dot-dashed curve rep-
resents the instrumental noise for the assumed experimental
specifications (see text) and for an exposure time of 16 min-
utes. The upper (lower) dotted curve represents Sℓ for the
void with δ = −1 (δ = −0.3). The dashed line represents Sℓ

for the texture.

observed, to correct for the fact that all Fourier modes
cannot be realized on a finite patch. Here,

Sℓ =

∫

d2ℓ′

(2π)2
[

α(ℓ′) · (ℓ− ℓ′)
]2

C̃|ℓ−ℓ′| (13)

and we have used the definition of the power spectrum,

〈

T ∗(ℓ)T (ℓ′)
〉

= (2π)2Cℓδ(ℓ− ℓ′). (14)

In equation (12), Nℓ is the instrumental noise for the
CMB experiment, and is given by

Nℓ = 4πfsky
τ2e
tobs

exp

[

ℓ(ℓ+ 1)θ2FWHM

8 ln 2

]

(15)

where τe is the effective noise-equivalent-temperature
(NET) of the detector array (usually expressed in
µK

√
s), tobs is the duration of observation, and θFWHM

is the full-width-at-half-maximum of the beam, assuming
it to be Gaussian.
In order to evaluate Sℓ, we compute the Fourier trans-

forms of the deflection fields due to the void equation (1)
and the texture equation (5),

α(ℓ) =

{

−iℓ 4πAV RV J1(ℓR)/ℓ3 (Void)

iℓ π
2ATRT e−ℓRT /2(ℓRT + 2)/ℓ3 (Texture).

(16)
Various spectra that enter the calculation of the signal
to noise are depicted in Fig. 1. For the void we have

FIG. 2: Signal to noise for the detection of the lensing tem-
plate by the experiment described in the text, as a function
of the time of exposure of an 8◦ square region centered on the
Cold Spot. The upper (lower) dotted line corresponds to the
case for the void with δ = −1 (δ = −0.3). The dashed line
represent the case for the cosmic texture.

considered two cases: a completely empty δ = −1 case,
which is a toy model suggested by [10] and the δ = −0.3
case as modeled in detail by [8]. As expected, the signal
variance Sℓ for the texture is about an order of magnitude
smaller than that of the void with δ = −0.3. To calculate
the signal to noise, we consider a CMB experiment with
a 1′ beam and a detector array with effective NET of
τe ∼ 11 µK

√
s. We assume that the instrument spends

an amount of time tobs on a 8◦ × 8◦ patch containing
the Cold Spot, so that fsky ∼ 1.55 × 10−3. Figure 2
displays the signal to noise ratio for the detection of the
deflection template as a function of exposure time. Note
that although the signal-to-noise per multipole is low (cf.
Fig. 1), so that detection of individual vector modes will
be difficult, the total signal-to-noise for the detection that
combines the information from all multipoles is high. It
is seen that the δ = −1 void should be readily detectable
(or ruled out) at high significance with exposure times
of only a few minutes. On the other hand, a significant
detection of the texture would require several hours of
integration. The calculations above suggest that both the
void and the texture hypotheses can be easily tested by
any of the ongoing and upcoming experiments, although
realistically, the texture case may need some dedicated
allocation of time at the Cold Spot.

The CMB polarization from the Planck 2015 release 
was not enough to study in detail the Cold Spot. 

The signal was filtered for multipoles < 40. The SMHW 
filter (blue curve) at the scales of interest (~250 
arcmin) cuts by itself all the multipoles above 40. 
Hence, no interesting signal was left. 

Planck Collaboration: Planck 2015 results. XVI.
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Fig. 5. Comparison of the window functions (normalized to have equal
area) for the SMHW (blue), GAUSS (yellow), and SSG84 (magenta)
filters. The scales shown are 250 (top) and 2500 (bottom).

Fig. 5: the SMHW is the narrowest filter, followed by SSG84,
then GAUSS. The three filters have an equivalent e↵ective `max,
but di↵er in the e↵ective `min. Overall, the di↵erences between
the filters become smaller with increasing e↵ective scale. In this
paper, we refer to both the scale, R, and FWHM as parameters
defining the size of the filters. For the SMHW, these are related
by FWHM = R

p
8 ln 2, whereas for the GAUSS and SSG84

filters, the scale is defined to be half the FWHM. The latter def-
inition is appropriate for filters that include pre-whitening since
it is simple yet matches the `-space bandwidth reasonably well.

Following the procedure explained in PCIS13, after convo-
lution with a given filter, the common mask is extended to omit
pixels from the analysis that could be contaminated by the mask.
These pixels introduce an extra correlation between the data and
the simulations, degrading the statistical power of the compari-
son with the null hypothesis (see, e.g., Vielva et al. 2004). For
a given scale R, the exclusion mask is defined by extending an
auxiliary mask by a distance 2R from its border, where the aux-
iliary mask is that part of the common mask related to residual

di↵use Galacic emission (i.e., the auxiliary mask does not mask
point sources).

The following figures represent the upper-tail probability
(UTP) for a given statistic, i.e., the fraction of simulations that
yield a value equal to or greater than that obtained for the data.
In fact, as explained in PCIS13, if a given UTP is larger than
0.5, a new quantity is defined as mUTP = 1 � UTP. Therefore,
mUTP is constrained to lie between 1/N and 0.5, where N is the
number of simulations used for each statistic.

Figure 6 presents the comparison of the CMB tempera-
ture maps with the corresponding simulations for the SMHW,
GAUSS, and SSG84 filters. The full mission Planck data con-
firm the results already obtained with the 2013 release for tem-
perature. In particular, for the SMHW, we find (i) an excess of
kurtosis (⇡0.8%) at scales of around 3000; (ii) that the dispersion
of the wavelet coe�cients at these scales and at around 7000 is
relatively low (⇡1%); and (iii) that the dispersion of the wavelet
coe�cients at scales below 50 is significantly high (<⇠0.1%).

The excess of kurtosis has been previously associated with
the Cold Spot (e.g., Vielva et al. 2004), and the low value of the
standard deviation of the coe�cients on large scales could be
related to the low variance discussed in Sect. 5.1. Regarding the
large dispersion of the coe�cients on the smallest scales, this can
be understood either by the presence of residual foreground con-
tributions (extragalactic point sources) or by incomplete charac-
terization of the true instrumental noise properties by the FFP8
simulations. We explore these possibilities with two additional
tests undertaken with the SMHW.

Figure 7 shows the significance of the statistics derived from
the SEVEM-100, SEVEM-143, and SEVEM-217 maps. The three
cleaned maps yield very consistent values of the mUTP for the
standard deviation, skewness, and kurtosis of the wavelet coef-
ficients, with only small di↵erences seen at small scales. This
frequency-independence of the results argues against the fore-
ground residuals hypothesis. Figure 8 presents the same statistics
as applied to an estimator of the noise properties of the CMB
maps. This is derived from the half-di↵erence of the half-ring
data sets, which provides the best estimate of the noise prop-
erties of the full mission data set. However, since there is still
a known mismatch in noise properties, any conclusions will be
more qualitative than quantitative. Nevertheless, the noise study
reveals that, at the smallest scales, there are some discrepancies
with the FFP8 simulations, and in particular the estimated dis-
persion of the SMHW noise coe�cients is higher than predicted.

4.5.2. The area above/below a threshold

In the context of the study of the Cold Spot, the area above/below
a given threshold, as a function of the SMHW wavelet scale, has
been demonstrated to provide a useful and robust statistic (e.g.,
Cruz et al. 2005), since it is rather independent of any mask-
ing required. Our previous analysis (PCIS13) confirmed that the
CMB temperature fluctuations exhibit an anomalously large cold
area on scales of around 10�, which can be mostly associated
with the Cold Spot. Here, we extend the analysis by including
results derived using the GAUSS and SSG84 filters.

At a given scale R and threshold ⌫, the cold (A�⌫R ) and hot
(A+⌫R ) areas of a filtered map are defined as

A�⌫R ⌘ #{!S (R, p) < �⌫}, (25)
A+⌫R ⌘ #{!S (R, p) < +⌫}, (26)

where the operator # represents the number of pixels p in which
the condition defined between the braces is satisfied.

A16, page 11 of 62

[Vielva 2007]	
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The Planck 2018 release will provide the best large-scale CMB polarization, for the next ~20 
years, at least. 

Nevertheless, the signal-to-noise is too low, for instance, to distinguish between a primary or 
secondary anisotropy, or to distinguish among different sources for this secondary fluctuations. 
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We will need missions like LiteBIRD, CORE or PICO to say the last word on the CMB side about 
the Cold Spot. 

In addition, an hypothetical B-mode detection (at a reasonable level) could open a new window for 
probing primordial physics associated to the Cold Spot. 

[µK/deg]	
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Probes of the LSS (galaxy surveys and 21cm) can still provide much more information, 
particularly if more evidences for tensions between CMB and LSS appears [e.g., Kovac 2018]. 
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Figure 9. Left: ISW profiles of the coldest spot in Jubilee (RSMHW = 5� filtering) with and without large-scale modes. We compare
these profiles with various model estimates for the ISW contribution to the Cold Spot and report good consistency. The inset shows the
` > 10 Jubilee temperature data in the location of the coldest spot. Right: the ` > 10 AISW ⇡ 1 Jubilee coldest spot template (dark blue)
and an enhanced AISW ⇡ 9 Jubilee coldest spot template (blue) are compared to the Cold Spot data (gray points and errors). Improved
agreement is seen if the angular size of the imprint is increased a posteriori by 20% and if the amplitude is modified to AISW ⇡ 7.5, still
in line with BOSS findings. The inset shows the CMB temperature data at the Cold Spot.

However, a few additional forethoughts are needed be-
fore comparing this finding to the observational results.
Models studied by Nadathur et al. (2014) and Macken-
zie et al. (2017), above all, fail to explain the hot ring in
the shape of the Cold Spot profile and can only predict
�T0 ⇡ �20� 30µK whereas the observed depression in the
Cold Spot center is �T0 ⇡ �150µK. If the assumed void
density profile is more strongly compensated, then the more
general ISW model by Finelli et al. (2015) can predict hot
ring features around a central cold spot feature. Since the
overall fluctuation in the � gravitational potential becomes
less significant in those models (see also Naidoo et al. 2016),
consequently the magnitude of the central ISW imprint is
reduced. Note that such modification in the modeling as-
sumptions could bring the reconstructed ISW profiles of the
Cold Spot closer to the profile of the coldest Jubilee spot.

For our main analysis, we conservatively choose the
coldest spot profile defined in the ` > 10 Jubilee map. As
discussed in Section 4.2, this way the profile is presumably
free of temperature biases, caused by large-scale modes, at
the expense of slightly reducing the magnitude of the signal.
Note that this profile shape closely resembles the imprint of
the largest Jubilee and BOSS supervoids.

The resulting AISW = 1 template coldest ISW spot pro-
file, shown in the right panel of Figure 9, is of course in clear
disagreement with the Cold Spot observations. If, however,
the ISW amplitude is blindly enhanced to AISW ⇡ 9 based
on our BOSS findings, then the resulting central tempera-
ture depression closely matches that of the Cold Spot. We
emphasize that the empirical relations based on our BOSS
analyses play a key role in this comparison.

The qualitative and quantitative agreement in the full
extent of the profile, including the hot ring region, is remark-
able. The agreement can be further improved by a posteriori

increasing the angular size of the imprint by 20% and by
changing the amplitude to AISW ⇡ 7.5. It is important that
the size of the particular coldest ISW spot can change from
realization to realization thus such a di↵erence is not unex-
pected. Besides, the BOSS supervoid data is also consistent
with slightly lower values of AISW.

We note that features like the Cold Spot are also com-
patible with the statistical properties of coldest spots in ran-
dom CMB maps thus chance correlation is a possible expla-
nation (Nadathur et al. 2014; Naidoo et al. 2017). Proposing
a chance alignment of a primordial cold spot and a ⇤CDM
ISW imprint of multiple voids, Naidoo et al. (2016) argued
that subtracting the reconstructed ISW imprints from the
observed Cold Spot profile reduces the extremeness of the
Cold Spot below ⇡ 2�.

Our logic here, however, was di↵erent. Instead of focus-
ing on the Cold Spot as a CMB anomaly, we first analyzed
BOSS supervoids and then finally estimated what the ISW-

like profile of the Eridanus supervoid might look like if the
observed AISW ⇡ 9 value is considered.

We conclude that, if the enhanced density-temperature
correlation amplitude of supervoids is confirmed, the Cold
Spot can be a further evidence for such an unexpected cos-
mological phenomenon or for a strange ISW-like CMB con-
tamination that is correlated with these large-scale density
fluctuations.

6 CONCLUSIONS

We performed localized measurements of the ISW e↵ect by
analyzing the imprints of cosmic supervoids. With the Ju-
bilee simulation, we critically revisited most of the aspects of
the recent observational results by Cai et al. (2016) and Na-

MNRAS 000, 1–?? (2017)
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Figure 7. CTH-filtered temperatures profiles of BOSS supervoids are compared to those of Jubilee supervoids. Results using BaryCenter
and MinDensCenter definitions are compared, including point-by-point �TBOSS/�T Jubilee values shown in the bottom of the sub-figures.
The vertical line marks the R/Rv ⇡ 0.7 CTH re-scaling parameter where the filtered signal peaks in the simulation analysis. The absolute
error bars for �TBOSS in top panels and the errors relative to �T Jubilee in the bottom panels (marked by the yellow shaded area) are
based on the 1000 random stacking measurements using Gaussian CMB simulations that we describe in Section 5.3.

using both BaryCenter and MinDensCenter definitions and
compare the results to the corresponding Jubilee image.

For the MinDensCenter case, the BOSS data shows a
visually compelling �T ⇡ �10 µK cold imprint in the cen-
tral region of the image at R/Rv

<⇠ 0.7 and a �T > 0 area
in the surroundings. In its nature, this imprint appears to
be very similar to the Jubilee result, with the BOSS imprint
being more compact and having higher amplitude.

The amplitude of the imprint appears to be more mod-
est for the BaryCenter definition but the shape is again sim-
ilar. This reduced imprint is not unexpected since the deep-
est regions of voids are expected to correspond to the coldest
ISW imprints, even if in our simulation we found a di↵erent
trend for some voids, possibly due to cosmic variance.

5.3 CTH filter analysis

We then measure the traditional CTH-filtered CMB temper-
atures as a function of R/Rv filter re-scaling to quantify the
results. We estimated statistical errors by performing 1000
random stacking measurements using Gaussian CMB simu-
lations. The randoms have been generated with the HEALPix
(Gorski et al. 2005) synfast routine using the Planck 2015
data release best fit CMB power spectrum (Planck 2015 re-
sults. XI. 2016). Gaussian CMB simulations without instru-
mental noise su�ce because the CMB error is dominated
by cosmic variance on the scales we consider (see Hotchkiss
et al. 2015). We decided to keep the void positions fixed
and vary the CMB realization, because in this case overlap-
e↵ects for voids are accounted for more e�ciently.

The results, shown in Figure 7, reflect the visual im-

pression. While the signal is mostly consistent with zero for
BaryCenter definition, we find evidence for a ⇡ 2� temper-
ature depression for the MinDensCenter case. We measure
AISW ⇡ 9 using the presumably optimal R/Rv ⇡ 0.7 CTH
re-scaling parameter, but the filtered signal in fact peaks at
smaller radii (R/Rv ⇡ 0.6).

The signal exceeds the Jubilee expectation and it is
comparable to the imprints found by Kovács et al. (2017)
who analyzed supervoids in the DES footprint. The origin
of this di↵erence in the imprints due to di↵erent void centre
definitions, if understood, might be a key feature to trace
the unexpected signals, thus we perform more tests below.

5.4 ISW template fit analysis

We fit an AISW amplitude to the observable imprints in the
BOSS data using the ISW template profile we constructed
with Jubilee. We evaluate a statistic �2 =

P
ij(�TBOSS

i �
�T Jubilee

i )C�1
ij (�TBOSS

j ��T Jubilee
j ) where C is the covari-

ance matrix obtained using the 1000 random stacking mea-
surements. Overall, the BOSS data favors an enhanced am-
plitude but another unexpected feature is seen in the real-
world data; additional re-scaling of radii is needed for a good
fit, as shown in Figure 8. As an additional test, we do not
find evidence for frequency dependence when using WMAP9
Q, V, and W temperature maps (see left panel of figure 8).

We note that in the case of CTH-filtering the R/Rv ⇡
0.7 re-scaling maximizes the filtered signal for the Jubilee
supervoids because of the particular shape of the ISW im-
print profiles. In spite of that, the reason for the extra ↵
re-scaling is the more compact ISW-like imprint of BOSS

MNRAS 000, 1–?? (2017)

Anomalous ISW signal in Planck data, after stacking on the positions of supervoids form BOSS. An 
amplitude ~9 times larger than expected. Similar increase requested by Cold Spot, after choosing 
an already favorable model of the gravitational field. 
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