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   The Cold Spot CMB anomaly

•  The	Cold	Spot	anomaly	was	detected	in	the	first	year	WMAP	data	
by	Vielva	et	al.	2004	by	studying	the	moments	of	the	Spherical	
Mexican	Hat	Wavelet	coefficients.		

•  It	was	confirmed	by	Cruz	et	al.	2005	looking	at	the	area	of	spots:	
The	Cold	Spot	showed	an	anomalously	large	and	cold	area.			

•  It	has	a	roundish	shape	and	in	terms	of	the	SMHW	coefficient	at	
R=5deg	it	represents	a	4.7σ.	

•  Many	other	works	have	later	confirmed	its	anomalous	nature:		
–  Foreground	residuals	or	instrumental	systemaEcs	have	been	excluded	

(Cruz	et	al.	2006)	
–  Looking	at	different	data	sets,	WMAP	three	(Cruz	et	al.	2007),	five,	

seven	and	nine	years	data	and	Planck	first	year	(Planck	collaboraEon	
2013.	XXIII)	and	full	data	(Planck	collaboraEon	2015.	XVI).	

–  Using	other	staEsEcs:	high	order	criEcism	(Cayón	et	al.	2005),	
direcEonal	wavelets	(McEwen	et	al.	2005),	scaling	indices	(Rath	et	al.
2007),	needlets	(Pietrobon	et	al.	2008),	the	Kolmogorov	stochasEcity	
parameter	(Gurzadyan	et	al.	2009),	temperature	profile	(Planck	2015).	

	

	

Hemispherical	asymmetry	and	cold	spot	

Spherical	Mexican	Hat	Wavelet	



   The Cold Spot CMB anomaly
Planck	2015	results.	XVI.	Isotropy	and	staEsEcs	of	the	CMB	

Planck Collaboration: Isotropy and statistics of the CMB
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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 = 200Õ, R = 250Õ, R = 300Õ, and
R = 400Õ.

For plotting purposes alone, the horizontal axis is scaled in
units of ‡ defined by Eq. (27) and derived from the underly-
ing median CDF, F̄ (x), of the simulations. The upper pan-
els show the di�erence between the observed and median
simulated CDF values,

Ô
n [F

n

(x) ≠ F̄ (x)], with the grey

Fig. 10. Cumulative density function of the peak distribu-
tion for the SMICA CMB temperature map. The top row shows
the peak CDF for maps filtered with a GAUSS kernel of 40Õ

FWHM. The bottom row shows the corresponding peak CDF
for an SSG84 kernel of 800Õ FWHM. The spectral shape parame-
ter “ (see Eq. 27) is the best-fit value for the simulated ensemble,
as indicated by the cyan circle in Fig. 11. Similar results are ob-
tained for the other component-separation methods.

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) devia-
tion estimator:

K
n

©
Ô

n sup
x

--F
n

(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.

The temperature peak distributions in Fig. 10 are con-
sistent with Gaussian peak statistics, apart from a single
anomalously cold peak on scales around 800Õ FWHM. This
corresponds to the previously reported Cold Spot. Although
this exercise confirms that the Cold Spot is a rare cold fea-
ture, as already noted by Cruz et al. (2005) and confirmed
in this paper, the most peculiar characteristic of the Cold
Spot is not its coldness, but rather its size. A more detailed
analysis of its nature is presented in Sect. 5.7.
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Fig. 8. Modified upper tail probabilities (mUTP) obtained from the analyses of the SMHW coe�cients as a function of the wavelet
scale R for the Commander (red), NILC (orange), SEVEM (green), and SMICA (blue) half-ring half-di�erence noise estimates. From left
to right, the panels correspond to the standard deviation, skewness, and kurtosis.

Table 8. Modified upper tail probability (mUTP ) for the cold
(top) and hot (bottom) areas. Results are given for the ‹ >

4 ‡R threshold of the SMHW, GAUSS, and SSG84 coe�cients.
The four most significant scales related to the Cold Spot feature
are shown. An ellipsis (. . . ) indicates that no area above that
threshold was found in the data.

Probability [%]
Area Scale Comm. NILC SEVEM SMICA

[arcmin]
SMHW

200 3.8 5.1 3.7 3.8
Cold . . . . . . 250 1.4 2.4 1.4 1.4

300 0.4 1.5 0.4 0.4
400 0.9 0.9 0.9 0.9

200 2.0 2.6 1.7 1.5
Hot . . . . . . 250 2.4 3.0 2.1 2.0

300 4.2 5.0 4.1 3.9
400 . . . . . . . . . . . .

GAUSS
200 1.7 2.7 1.7 1.7

Cold . . . . . . 250 1.2 1.2 1.2 1.2
300 1.6 1.8 1.2 1.8
400 . . . . . . . . . . . .

200 2.9 3.5 2.8 2.6
Hot . . . . . . 250 5.7 6.4 5.6 5.4

300 . . . . . . . . . . . .

400 . . . . . . . . . . . .

SSG84
200 9.4 11.0 9.4 9.0

Cold . . . . . . 250 12.3 13.4 10.8 12.3
300 1.4 2.6 1.4 1.5
400 0.9 1.9 0.8 0.9

200 1.1 1.8 1.0 0.9
Hot . . . . . . 250 4.8 5.1 4.5 4.3

300 . . . . . . . . . . . .

400 . . . . . . . . . . . .

Efstathiou (1987). The integrated number density of peaks,
n

pk

(composed of maxima and minima with corresponding
densities n
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), with amplitudes x above a certain
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where ‡ is the rms fluctuation amplitude measured on the
sky, and “ is the spectral shape parameter of the underly-
ing field. Uncharacteristically cold and hot spots are then
manifested as extreme outliers in the peak values, and can
constitute evidence for non-Gaussianity or deviation from
isotropy.

Here, we consider the peak statistics of the Planck

component-separated temperature maps at N
side

= 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 convolu-
tions of the data are performed with either SSG or GAUSS
kernels of variable scale. In order to avoid potential contam-
ination by boundary e�ects, the mask is extended by reject-
ing pixels with an e�ective convolution 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 kernels and representative filtering scales, together
with the number of peaks that are common to all maps.
There is excellent agreement between the various CMB es-
timates. All statistical inference is then performed by com-
parison of the peak distributions derived from the data with
equivalently processed simulations. As an internal consis-
tency 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 40Õ and 800Õ 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 {X

i

} as

F
n

(x) = 1
n

nÿ

i=1

I
XiÆx

, I
XiÆx

©
;

1, if X
i

Æ x
0, otherwise . (28)
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Fig. 26. From left to right: the mean, variance, skewness, and kurtosis angular profiles computed for rings at radii ◊ centred on
the Cold Spot position for Commander (red), NILC (orange), SEVEM (green), and SMICA (blue). The expected value obtained from the
simulations is denoted by the black dashed line and the dark and light grey regions represent the 1 ‡ and 2 ‡ intervals, respectively.

and anisotropic simulations. The free parameters, i.e., the
number and size of the discs, were then fixed by these sim-
ulations. It was found that for 3072 patches centred on the
set of pixels defined at N

side

= 16, the simulated asymmetry
signals were not detected when either very small (r

disc

< 4¶)
or very large (r

disc

> 16¶) discs were used.
The former e�ect is due to a combination of the low

number of pixels per disc and an insu�cient number of
discs to cover the entire sky when N

side

= 16 reference
grids are used. However, it has recently been shown by Ad-
hikari (2015) that using a larger number of small discs (by
increasing N

side

to 32, 64, 128, and 256, depending on the
disc size) in order to cover the entire sky allows the local-
variance method to detect the large-scale anomalous asym-
metry as well as the Doppler boost signal from the Planck

2013 data, at a significance of > 3.3 ‡. Fantaye (2014) has
demonstrated that the Doppler boost signal can be detected
at a similar level of significance using needlet bandpass fil-
tering of the data, even with large discs, when simulations
are deboosted. Here, in contrast to the 2013 analysis, we
use maps which contain Doppler boosting, for both simula-
tions and data, and therefore we do not detect any Doppler
boost signal when using a large number of small discs.

The low observed significance levels when large discs
are used is due to the cosmic variance associated with the
largest-scale modes. Motivated by the analysis of Fantaye
(2014), and in order to address this issue, we also perform
analyses using a Butterworth high-pass filter,

H(¸) = (¸/¸
0

)4

1 + (¸/¸
0

)4

, (42)

centred at multipoles ¸
0

= 5, 10, 15, 20, and 30. In addition,
the filtering of low multipoles allows us to establish the
contribution of such modes to any detected asymmetry.

Here, based on the analysis of Akrami et al. (2014), we
restrict our analysis to those disc sizes for which 3072 discs,
corresponding to an N

side

= 16 map, cover the entire sky,
i.e., to the range 4¶–90¶. Consistent results can be obtained
by choosing other values of N

side

for a given disc size pro-
vided that the entire sky is covered by the discs. Here, for
simplicity, we work with the same N

side

(= 16) for all disc
sizes.

Our results for the measured amplitude of the variance
asymmetry, compared to the values from the simulations,
as well as the corresponding dipole directions, are shown in

Fig. 27. The p-values are given for di�erent disc sizes and
in terms of the number of simulations with local-variance
dipole amplitudes greater than the ones measured from the
data. Note that since the discs with di�erent sizes used in
our analysis are correlated, the significance levels are also
correlated. For this reason we choose to show the p-values
as a function of disc size instead of combining them into a
single number. Moreover, it should be noted that the signif-
icance values we present here do not incorporate any correc-
tions to account for the choice of parameters adopted during
method calibration, specifically the dipole amplitudes and
directions for the anisotropic simulations that were used to
fix the range of disc sizes and number of patches.

It can be seen from the upper panel of Fig. 27 that for
the unfiltered map the significance of the power asymmetry
drops quickly when we increase the disc size to radii greater
than 16¶. This is no longer the case, however, when the low-
est multipoles are filtered out. For example, when the filter
scale is set to ¸

0

= 5, i.e., when the very low multipoles
which are a�ected most by cosmic variance are suppressed,
the variance asymmetry is detected at the 3 ‡ level for all
disc sizes, as shown in Fig. 27. Table 20 presents the p-
values of the variance asymmetry using 8¶ discs and for
various values of ¸

0

. Our results show that variance asym-
metry is detected with a remarkable significance for all disc
sizes when very low multipoles are filtered out. In addition,
the variance asymmetry amplitude slowly decreases with
increasing ¸

0

, as seen in the upper panel of Fig. 28. For
¸

0

& 20, the dipole amplitude becomes too small and we
find no significant variance asymmetry. It is interesting to
note, however, that the dipole directions found for large ¸

0

are closely aligned with those found for ¸
0

< 20.
The lower panel of Fig. 27 shows the dipole directions

we find using di�erent disc sizes and di�erent filter scales for
SMICA. The dipole directions for the Commander, NILC, and
SEVEM component-separated maps are very similar to those
shown. The asymmetry directions found here are consistent
with those determined by other analyses in this paper.

In the upper panel of Fig. 28, we show the local-
variance dipole amplitudes for the 8¶ discs as a function
of the central multipole of the high-pass filter, ¸

0

. In the
lower panel of the same figure we show, as an example,
the mean-subtracted and inverse-variance-weighted local-
variance map using 8¶ discs for the Commander component-
separation method. The pixels of the map are given in terms
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where r and rÕ denote the ranks of a value with index i in
the full set of n and restricted set of nÕ samples, respectively.
Maps of the upper tail probability are then determined by
comparison with the equivalent quantities computed from
simulations; ≠log

10

(UTP) maps are shown in Fig. 24. The
majority of the selected locations are consistent with the
full-sky distribution, thus indicating the statistical isotropy
of the Planck maps. The most prominent feature in each of
the local KS-deviation maps appears south of the Galactic
centre and may be associated with a cold region crossing
the Galactic plane. However, as with the peak counts, it
cannot be interpreted as statistically anomalous.

5.7. The Cold Spot
Since its discovery in the WMAP first-year data (Vielva
et al. 2004), the Cold Spot, centred at Galactic coordi-
nates (l, b) = (210¶, ≠57¶) has been one of the most exten-
sively studied large-scale CMB anomalies. In the 2013 re-
lease (Planck Collaboration XXIII 2014), Planck confirmed
the apparently anomalous nature of this feature in temper-
ature, in terms of the area of the SMHW coe�cients on
angular scales of ¥ 10¶ on the sky; the 2015 release has
also confirmed this feature (see Sects. 4.5.2 and 4.5.3). The
CMB temperature anisotropies around the Cold Spot as ob-
served by Planck are shown in the top panel of Fig. 25. The
peak merger tree within the Cold Spot region is presented
in the lower panel of the figure and provides a multiscale
view of its structure (see Sect. 4.5.4 for details).

The robustness of the detection of the anomalies dis-
cussed in this paper is a non-trivial issue. For the particu-
lar case of the Cold Spot, this has been reviewed by Vielva
(2010), and addressed in detail by Cruz et al. (2006), paying
specific attention to the impact of a posteriori choices. In
particular, the latter study focused on the original test that
indicated the presence of this feature on the sky, confirming
a significance between 1 % and 2 %. An alternative analysis
of the significance based on two statistical tests with di�er-
ent levels of conservativeness was made by McEwen et al.
(2005), providing values of 0.1 % and 4.7 %, respectively.
The statistical significance of the Cold Spot was questioned
by Zhang & Huterer (2010) who found a low significance
after performing a study based on di�erent kernels. As dis-
cussed in more detail by Vielva (2010), this result can also
be interpreted as evidence that not all kernels are neces-
sarily suitable for the detection of arbitrary non-Gaussian
features.

The possibility that the Cold Spot arises from instru-
mental systematics (Vielva et al. 2004) or foreground resid-
uals (Liu & Zhang 2005; Cruz et al. 2006) has been largely
rejected. However, several non-standard physical mecha-
nisms have been proposed as possible explanations. These
include the gravitational e�ect produced by a collapsing
cosmic texture (Cruz et al. 2007), the linear and nonlin-
ear ISW e�ect caused by a void in the large-scale structure
(e.g., Tomita 2005; Inoue & Silk 2006; Rudnick et al. 2007;
Tomita & Inoue 2008; Finelli et al. 2014), a cosmic bub-
ble collision within the eternal inflation framework (Czech
et al. 2010; Feeney et al. 2011; McEwen et al. 2012), and a
localized version of the inhomogeneous reheating scenario
within the inflationary paradigm (Bueno Sanchez 2014).

Since the other scenarios lack additional evidence, the
void hypothesis would seem to be the most plausible, de-
pending on the sizes, density contrasts, and profiles as-

Table 19. Probabilities of obtaining values for the ‰

2 statistic
of the angular profiles of the estimators shown in Fig. 26 larger
than those determined from the data.

Probability [%]
Angular profiles Comm. NILC SEVEM SMICA

Mean . . . . . . . . . . . . 0.9 0.8 1.0 0.9
Variance . . . . . . . . . . 40.0 40.0 38.0 42.0
Skewness . . . . . . . . . 79.0 82.0 85.0 80.0
Kurtosis . . . . . . . . . . 75.0 56.0 75.0 77.0

sumed in the computations, some of which are not in agree-
ment with either observation (Cruz et al. 2008) or current
N -body studies (Cai et al. 2010; Watson et al. 2014). How-
ever, Szapudi et al. (2015) have recently detected a large
void in the WISE-2MASS galaxy catalogue aligned with the
Cold Spot, with an estimated radius of around 200h≠1 Mpc,
an averaged density contrast of ”̄ ¥ ≠0.1, and centred on a
redshift of z ¥ 0.15. Large voids with similar characteristics
are not unusual in the standard �CDM model (Nadathur
et al. 2014). In fact, N -body simulations predict about 20
such voids in the local Universe (z < 0.5). However, Zibin
(2014) and Nadathur et al. (2014) indicate that the ex-
pected signal due to the linear and nonlinear ISW e�ects
caused by this structure is not large enough to explain the
temperature decrement associated with the Cold Spot.

The new Planck data release allows us to further ex-
plore the statistical nature of the Cold Spot. Two previous
studies (Zhao 2013; Gurzadyan et al. 2014) have claimed
inconsistencies of the internal properties of the Cold Spot
with the Gaussian hypothesis, which we re-address here. In
particular, we consider the small-scale fluctuations within
a disc-like region of radius ¥ 25¶.

Several statistical quantities are computed from the full-
resolution temperature maps within the Cold Spot region.
This is divided into a central disc of diameter 1¶ surrounded
by a set of 13 concentric annuli with central radii spaced
in steps of about 2¶, thus allowing us to build angular pro-
files for the mean, variance, skewness, and kurtosis. These
are then compared to specialized CMB realizations, gen-
erated as follows. A set of Gaussian CMB skies is simu-
lated using the FFP8 reference spectrum, and convolved
with a Gaussian beam of 5Õ FWHM. As for the FFP8 sim-
ulations themselves, these maps are rescaled, as discussed
previously. Only those that contain a spot as extreme as
the Cold Spot at a scale R = 300Õ in SMHW space are
retained, and these are rotated such that each simulated
cold spot is relocated to the actual position of the Cold
Spot (this ensures that the noise properties are identical
for both data and simulations). This selection criterion cor-
responds to the characteristic that originally indicated the
presence of the Cold Spot in the observed sky. As a final
step, for each remaining CMB simulation a noise realiza-
tion is added, consistent with each component-separation
method.

The results are presented in Fig. 26. Focusing on the
profile of the mean value, it is apparent that the largest de-
viations from the simulations appear on scales around 15¶,
which corresponds to a hot ring structure, as seen in Fig. 25
and previously discussed in Cayón et al. (2005) and Na-
dathur et al. (2014). Notice that on the smallest scales the
mean profile is also somewhat deviant with respect to the
simulations, but this may be connected to selection bias,
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   Proposed interpreta8ons

•  StaEsEcal	fluke	at	around	1%	probability.	

•  Texture	hypothesis	(Cruz	et	al.	2007,	Feeney	et	al.	2012)	

•  Bubble	collision	(Czech	et	al.	2010,	McEwen	et	al.	2012,	Feeney	et	al.	

2013)	

•  AlternaEve	inflaEonary	models	(Bueno	Sánchez	2014)	

•  Void	 hypothesis	 (Tomita	 2005,	 Inoue	 and	 Silk	 2006,	 Rudnick	 et	 al.	

2007,	Cruz	et	al.	2008,	Bremer	et	al.	2010,	Granek	et	al.	2010)	

•  SZ	effect,	including	the	Eridanus	cluster	of	galaxies	(Cruz	et	al.	2008)	

	

•  Non	 of	 the	 hypotheses	 have	 been	 either	 confirmed	 or	 discarded,	

except	for	the	SZ	effect.	

simple Lie group [like the special unitary group,
SU(2)] is broken. They consist of localized,
twisted configurations of fields which collapse
and unwind on progressively larger scales, a
scaling process continuing into the late uni-
verse. Each unwinding texture creates a con-
centration of stress-energy and a time-varying
gravitational potential. CMB photons passing
through such a region receive a red- or blue-
shift, creating a cold or hot spot (19) with a
magnitude set by the symmetry-breaking en-
ergy scale f0. We have used high-resolution
texture simulations and Bayesian statistical anal-
ysis to investigate whether the observed spot is
consistent with a texture. We conclude that it
is, and we propose further tests. If confirmed,
the detection will provide a window onto phys-
ics at extremely high energies.

Texture unwinding events may be approxi-
mated by a spherically symmetric scaling so-
lution (21) on a comoving radius r < kt, where
k is a fraction of unity and t is the conformal
time when the texture unwinds. Such events
lead to hot and cold spots, with a fractional
temperature distortion

DT
T

ðqÞ ¼ $e
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4 q
qC

" #2
r ð1Þ

where q is the angle from the center, the am-
plitude is set by e = 8 p2 G f0

2 and the scale
parameter qC ≡ 2 √2 k(1+z)/ (E(z) ∫0z [(d ‾z )/
E (‾z )]) and E(z) = √{WM (1+z)3 +WL}, with WM

and WL the present-day matter and dark-energy
density parameters and z the redshift of the
unwinding texture. Because the scaling profile is
not valid at large comoving radii r, we truncate
Eq. 1 beyond its half-maximum by matching its
value and derivative to a Gaussian function. A
scale-invariant distribution of spots on the sky is
predicted (22), with the number of spots of scale
qC or above, Nspot (> qC) = 4 pnk3 /(3qC

2).
Here, n parameterizes the comoving number
density n of unwinding textures: dn/dt = nt−4.
High-resolution simulations of SU(2) textures
yield k ≈ 0.1 and n ≈ 2 (23). The corresponding
fraction of the sky covered by textures with qC
larger than 1° is fS ≈ 0.017.

We perform a Bayesian analysis of the prob-
ability ratio r of two hypotheses given the data
[see, e.g., (24)]. The null hypothesis H0 de-
scribes the data D as a statistically homogeneous
and isotropic Gaussian random field (CMB)
plus instrument noise. The alternative hypothe-
sis H1 describes the data as CMB plus noise and
an additional template, T, given by a cosmic
texture with parameters e and qC. The evidence
is the average of the likelihood L with respect to
the prior, P: Ei = Pr(D|Hi) = ∫ Li(Qi|Hi)P(Qi)dQi,
where the Qi are the parameters in hypothesis Hi.
This formula naturally incorporates an Occam
factor favoring the hypothesis with fewer para-
meters. Our template fitting is performed in a
circular area of 20° radius centered on b = −57°,
l = 209°, in the three-year foreground-cleaned

WMAP combined-frequency map (WCM) (1) at
≈ 1° resolution (22).

The posterior probability ratio r = Pr(H1|D)/
Pr(H0|D) = E1 Pr(H1)/[E0 Pr(H0)] can be used
to decide between the hypotheses. The alter-
native hypothesis is favored when r > 1 and re-
jected otherwise. The a priori probability ratio for
the two models, Pr(H1)/Pr(H0), is usually set to
unity, but because we center the template at an a
posteriori selected pixel, we set Pr(H1)/Pr(H0)
to the fraction of sky covered by textures. To
compute E1/E0, we need the likelihood and nor-
malized priors. The likelihood function is just
L º exp(−c2/2), where c2 = (D − T)′ N−1 (D −
T) and N is the generalized noise matrix,
including CMB and instrument noise (22).

As a conservative prior on e, we choose 0 ≤
e ≤ 10−4, the latter value being the upper limit
imposed by the large-scale Cosmic Background
Explorer (COBE) satellite measurements (25–27).
The prior for qC is obtained by normalizing the
number of spots distribution, dNspot/dqC º qC

−3,
to unity between qmin and qmax. Photon diffusion
would smear out textures smaller than a degree

or so, hence we set qmin = 1°. At large scales,
textures are unlikely because the sky is finite:
We set qmax = 15°.

We find the probability ratio r ≈ 2.5, favor-
ing the texture plus Gaussian CMB over the
Gaussian-only model. The data, the best-fit tem-
plate, and the difference between the two are
presented in Fig. 1. The best-fit amplitude
and scale are e = 7.7×10−5 and qC = 5.1°.
Marginalizing the posterior (i.e, likelihood times
prior; see Fig. 2), we find qC = 4.9°−2.4

+2.8 and
e = 7.3−3.6

+2.5×10−5 at 95% confidence. The value
of e inferred in this way from a single extreme
event is biased by the detection of signals with
high noise, that is, large Gaussian fluctuations.
To check this, we generated 500 all-sky,
Gaussian CMB simulations (10, 22) and added
one cold texture spot to each, with amplitude
e = 4 × 10−5 below the upper limit, 5 × 10−5

inferred from the observed CMB anisotropy
spectrum (28). We perform the same template fit
we applied to the data on each cold spot and then
select the spots with high posterior probability
ratios, r > 1. The mean amplitude obtained from
these spots is e ≈ 7.9 × 10−5; hence, there is
considerable overestimation. Moreover, a more
realistic model of textures would predict some
dispersion in the spot strength, with stronger spots
caused by asymmetric, multiple, or moving
textures. Again, estimating e from the strongest
texture spot would lead to a biased value.

As a complementary test for the a posteriori
selection of the template center, we should also
study whether prominent Gaussian CMB spots
produce such high values of r. Following the
same procedure for 10,000 Gaussian simulations,
we select the most prominent spot, finding that
these spots show typical values of r ≈ 0.14 < 1,
with only ~ 5.8% of the simulations showing
spots with r > 2.5. Because the kurtosis of the
data shows a more appreciable departure from
Gaussianity, the percentage might further decrease
if spots of all sizes were taken into account.

To analyze further the CMB signal from tex-
tures, we generate 10,000 texture plus Gaussian

Fig. 1. (A) Azimuthal projection of a 43° × 43°
patch of the WCM, centered on (b = −57°, l =
209°). (B) Best-fit texture template. (C) WCM
subtracting the texture template. The temperature
units shown in the color bars are mK and the pixel
is 13.7 arcmin. The y axis points to the Galactic
north pole. (The template is available on request).
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Fig. 2. Posterior (likelihood times prior) as a
function of amplitude e and scale qC for the tex-
ture template fit. The prior limit on the amplitude
is marked by a dashed white line.
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   Void hypothesis

•  The	void	origin	has	been	recently	invoked	based	on	a	super	void	found	by	Szapudi	et	al.	(2015)	in	the	

WISE-2MASS-Pan-STARRS1	galaxy	catalogue	and	independently	by	Finelli	et	al.	(2016)	in	WISE-2MASS.		
PS1-WISE-2MASS void 291

Figure 4. Our measurements of the matter density in the line of sight using the !z = 0.07 photo-z bins we defined. We detected a significant depression in δm

in r = 5◦ and 15◦ test circles. We used our simple modelling tool to examine the effects of photo-z errors, and test the consistency of simple top-hat voids with
our measurements. A data point by Granett et al (2010) accounts for the higher redshift part of the measurement. Dark blue (blue) stripes in error bars mark
the contribution of Poisson (cosmic variance) fluctuations to the total error, while the additional part of the bars indicates the systematic effect of small survey
coverage. See text for details.

our fiducial angular radii, r = 5◦, and 15◦, and compare the results
to the average redshift distribution of our sample. Since the latter
discs are cut by the PS1 mask, we always use the available area,
and compensate accordingly. We fit the observed redshift distribu-
tion with a model dN/dz ∝ e−(z/z0)α zβ , estimating the parameters
as z0 = 0.16, α = 3.1, and β = 1.9. The average redshift distribution
was obtained by counting all galaxies within our catalogue outside
the 15◦ test circle, i.e. using 750 deg2, and errors of this measure-
ment are propagated to our determination of the underdensity as
follows. Our photo-z bins were of width !z = 0.07, and we com-
pared the galaxy counts inside the test circles to those of the control
area. We added an extra bin from the measurement of Granett et al.
(2010) centred at z = 0.4 in order to extend our analysis to higher
redshifts in Fig. 4.

Assuming accurate knowledge of the average density, the detec-
tion significance has Poisson statistics. However, given the fact that
our photo-z catalogue is less than a factor of 2 larger than the area
enclosed within the 15◦ radius, we include error corresponding to
the uncertainty of the average density due to Poisson and cosmic
variance, as well as systematic errors. We estimate each term using
simulations and the data.

In order to create simulations of the density field, we first esti-
mated the bias of the galaxy distribution. We modelled the angular
power spectrum of the WISE-2MASS galaxy density map using
the PYTHON COSMOPY package,1 and performed a measurement using
SPICE (Szapudi, Prunet & Colombi 2001). We assumed concordance
flat %CDM cosmological model with a fiducial value for the ampli-

1 http://www.ifa.hawaii.edu/cosmopy/

Figure 5. Measurement of the angular power spectrum of the WISE-
2MASS galaxies is presented along with the best-fitting theoretical model
from concordance %CDM cosmology, and a best-fitting model with bias
bg = 1.41 ± 0.07. See text for details.

tude of fluctuations σ 8 = 0.8. Then we carried out a χ2-based max-
imum likelihood parameter estimation, finding bg = 1.41 ± 0.07.
The minimum value of χ2

min = 4.72 is an excellent fit for ν = 7
degrees-of-freedom of our fitting procedure (8 bins in the angu-
lar power spectrum shown in Fig. 5 and an amplitude parameter).
This bias is comparable to earlier findings that measured the value
of bg for 2MASS selected galaxies (Rassat et al. 2007), despite
the additional uncertainty due to that of σ 8. Using the bias, we
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•  Top-hat	best-fimng	parameters:	
-  zvoid=0.22±0.03	
-  Rvoid=220±50	h-1Mpc	
-  δm=-0.14±0.04	

•  This	supervoid	represents	a	6σ	fluctuaEon	in	
the	standard	ΛCDM	scenario.	



   ISW-RS profiles
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FIG. 3. Left panel : The total temperature anisotropy �T (✓) due to the fiducial void profile with �0 = 0.25, r0 = 195 h�1Mpc
and zc = 0.155, as calculated with the LTB model (blue solid line), and with perturbation theory (blue dot-dashed line). In
both cases, the dominant contribution is a dipole term. The red dashed curve shows �T (✓) for the cLTB model, which does not
show a dipole. Right panel : The angular dependence of �TISW (blue solid curve) and �TRS (red dashed) for the fiducial void,
as calculated from eqs. (36) and (37). The RS anisotropy is magnified by a factor of 100 for clarity. The green (dot-dashed)
line shows the �T (✓) claimed in [39], multiplied by 0.1 for clarity.

FIG. 4. The dependence of the total temperature anisotropy
�TISW + �TRS for the fiducial void profile, as a function of
�0 for a void of size r0 = 195 h�1Mpc, as calculated using
the full LTB approach (blue solid line) and the perturbation
theory approach (red dashed line). The redshift of the void
centre is fixed at zc = 0.4 so that the dipole contribution to
the LTB calculation is negligible.

To do this we calculate the Gaussian-filtered density con-
trast at the centre of the void, when the filter width is
set equal to r

0

, in units of the rms density fluctuation
�(r

0

) at the same scale and using the same Gaussian fil-
ter.5 We then use standard peaks theory for a Gaussian
random field [61] to estimate the cumulative number den-
sity of peaks of the matter density field which represent
an equal or greater negative fluctuation, quantified by

5 The use of a Gaussian filter rather than a top-hat is necessary to
ensure the convergence of higher-order moments of the density
field used in the number density calculation [61].

⌫ = �
filt

/�
0

. By multiplying this number density by the
total volume of the universe enclosed within redshift 0.5,
we obtain an estimate of the number of voids of equal or
greater “extremeness” that we should expect to observe
within the local universe in a ⇤CDM cosmology. Note
that here we use the fiducial density profile of eq. (1)
to calculate �

filt

; for a compensated top-hat profile like
the cLTB, �

filt

will be much larger and therefore the void
correspondingly less likely.

In Figure 5 we show the results of these two calcula-
tions: the solid lines show contours of equal �T |

✓=0

, and
the dashed lines contours of equal expected number of
voids. When the expected number values are < 1, they
can be regarded as representing the probability of finding
a single void of such extremeness in ⇤CDM. The likeli-
hood contours should be treated as rough guides only, as
our treatment is only approximate and a proper calcula-
tion of the likelihood is beyond the scope of this paper.

However, some important general conclusions can be
drawn. Voids such as that postulated in [39], with
�
0

= 0.25 and r
0

= 195 h�1Mpc, are not particularly
unlikely in a ⇤CDM universe – we should expect to see
⇠ 10 � 20 of them, as argued in Section II. Such voids
also produce a temperature e↵ect that is far too small to
explain the Cold Spot. On the other hand, the proba-
bility of existence of voids drops o↵ much more rapidly
than the possible temperature signal increases, such that
voids capable of producing �T |

✓=0

= �60 µK are al-
ready exceedingly unlikely and the probability that any
void could explain the full Cold Spot temperature decre-
ment of �150 µK is very small within the ⇤CDM model.
This conclusion is in agreement with the earlier results
[37, 41, 43, 44] discussed in Section II.

It is also worth noting that for combinations (�
0

, r
0

)
for which voids are relatively likely to exist, not only is
the �T calculated with the LTB model small in absolute

Nadathur	et	al.	2014	

Finelli	et	al.	2016	

•  The	ISW	effect	can	have	a	posiEve	ring	for	specific	profiles	of	

the	potenEal	(Finelli	et	al.	2016):	

	

•  The	 non-linear	 Rees-Sciama	 effect	 in	 the	 LTB	 model	 has	

found	to	be	negligible	compared	to	the	linear	ISW	one	(Zibin	

2014,	Nadathur	et	al.	2014):	

•  	N-body	simulaEons	also	show	a	negligible	RS	effect	compared	to	the	linear	ISW	one	(Cai	et	al.	2010).	



   Void explana8on

•  Marcos-Caballero,	 Fernández-Cobos,	 M-G	 and	 Vielva	 2016	 have	 reviewed	 the	 ISW	 contribuEon	
induced	on	the	CMB	by	the	Szapudi	et	al.	2015	supervoid.	For	a	spherical	model	the	ISW	is	given	by:	

2 A. Marcos-Caballero et al.

2 THE VOID INFLUENCE ON THE CMB

As it is known, within the standard cosmological model, the
contribution of any possible supervoid is already included
in the total CMB anisotropies (as a part of the linear ISW
contribution) and therefore the presence of a standard and
linear underdensity cannot explain the anomalous temper-
ature decrement of the CS. The assumption that the effect
on the CMB photons due to the nonlinear evolution of the
potential is negligible with respect to the ISW contribution
is based on previous analyses of the Rees-Sciama contribu-
tion, which becomes noticeable at multipoles ℓ > 80 (! 2◦),
and even at these angular scales, its value is much lower
than the ISW component at large scales (see e.g. Cai et al.
2010). Therefore, a rare void is needed in order to explain
the CS with the ISW and Rees-Sciama effects. These non-
standard scenarios are explored varying the void eccentricity
up to very unlikely values. In any case, the angular size of
the ISW effect of the voids considered in this work is greater
than several degrees.

Besides the amplitude of this decrement, the profile of
the CS is also important to characterize the anomaly because
a particular shape is preferred when it is selected in the
SMHW coefficients. In this section, we first review the main
conclusions about the ISW contribution expected from the
presence of a void as that detected by Szapudi et al. (2015).
Subsequently, the impact of varying the ellipticity of the
void is also explored. In addition, non-standard scenarios
with different values of ω are considered to check whether
the void prediction is able to cause a temperature decrement
as that observed in the CS.

2.1 Spherical model

Because of symmetry assumptions, the ISW contribution
to the CMB anisotropies caused by a large-scale structure
(LSS) fluctuation can be written as:

∆T (θ)

TCMB

= −2

∫

dz
dG(z)

dz
Φ

(

√

χ2(z) + χ2
0
− 2χ(z)χ0 cos θ

)

,

(1)

where θ denotes the angular distance from the centre of the
void at χ0 = χ(z0), in comoving distance. The gravitational
potential Φ(r, z) is factorized into the growth suppression
factor G(z) and a spatial dependence Φ(r) which, assuming
G(0) = 1, represents the potential at z = 0.

In this letter, two different density profiles, which have
been already used to the same purpose, are considered. On
the one hand, a spherical top hat (TH) model (Szapudi et al.
2015), parametrized by its radius R. In this case, the poten-
tial can be written as

Φ(r) =

⎧

⎪

⎨

⎪

⎩

φ0R
2

(

3−
r2

R2

)

, if r " R

φ0

2R3

r
, if r > R,

(2)

where r denotes the comoving distance from the centre of
the void.

When distances greater than R are considered, this
model behaves as a point-like particle: it presents an inverse
dependence on distance, and therefore the gravitational ef-
fect is extended far beyond distances as the size of the void.

On the other hand, a particular case of LTB model is

considered (Finelli et al. 2014; Nadathur et al. 2014). The
potential is described in this case by a Gaussian profile:

Φ(r) = φ0r0
2 exp

(

−
r2

r02

)

, (3)

where r0 accounts for the scale. Hereafter, this profile is
referred as the Gaussian model, although the matter under-
density profile is not Gaussian in this case1.

It is easy to show that, whilst the density profile asso-
ciated to the Gaussian potential is compensated, that asso-
ciated to the TH model is not.

In both cases, the amplitude φ0 is proportional to the
matter density fluctuation at the void centre δ0:

φ0 =
Ωmδ0
4G(0)

(

H0

c

)2

, (4)

where, in a flat universe, Ωm = 1 − ΩΛ denotes the matter
energy density (in our case, with a fixed dark-energy density
ΩΛ = 0.685), H0 is the Hubble constant at present time and
c the speed of light in vacuum.

The best-fitting set of parameters is considered for each
model. In particular, we take R = (220± 50)h−1Mpc, δ0 =
0.14±0.04 and z0 = 0.22±0.03, for the TH model (Szapudi
et al. 2015); and r0 = (195 ± 35)h−1Mpc, δ0 = 0.25 ± 0.10
and z0 = 0.155 ± 0.037, in the case of the LTB Gaussian
model (Finelli et al. 2014; Nadathur et al. 2014).

In order to characterize the feature induced in the CMB
temperature anisotropies by the presence of a supervoid, we
compute its 1-dimensional shape. This profile can be ex-
panded in terms of the Legendre polynomials:

∆T (θ)
TCMB

=
∞
∑

ℓ=0

√

2ℓ+ 1
4π

aℓPℓ(cos θ), (5)

where aℓ denotes the coefficients of the expansion. In the
particular case in which the void is aligned with the z-axis,
the coefficients aℓ are equivalent to the spherical harmonic
coefficients with m = 0. They can be therefore computed
from the theoretical profile of Eq. (1) as

aℓ =
√

(2ℓ+ 1)π

∫

1

−1

d(cos θ)
∆T (θ)
TCMB

Pℓ(cos θ). (6)

The corresponding ISW profiles induced by each void
model and the CS data are depicted in Figure 1. The pro-
files are very different in terms of the amplitude. Within
the considered ΛCDM model, the standard deviation of the
ISW temperature fluctuations is estimated to be σISW =
19.58µK. Whilst the Gaussian model induces a profile whose
value at θ = 0 lies at the 1σ level when the standard devi-
ation due exclusively to the ISW contribution is taken as
reference, the TH profile at the centre reaches a 4.5σ level.

In terms of the standard deviation of the matter field
convolved by a top hat function of scale R, the corresponding
value of δ0 for the TH best-fit profile lies at the ≈ 6σ level2.

1 Notice that this model is denoted simply as LTB in previous
papers (Szapudi et al. 2015; Finelli et al. 2014; Nadathur et al.
2014).
2 Notice that Szapudi et al. (2015) provide a value of at least
3.3σ based on a more conservative estimate of the rareness of the
void which takes into account a 1σ deviation of the TH best-fit
parameters.
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•  Two	different	density	profiles	are	considered:	
-  The	top	hat	model	(Szapudi	et	al.	2015):	

-  The	Gaussian	model	(Finelli	et	al.	2016,	Nadathur	et	al.	2014)	
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contribution of any possible supervoid is already included
in the total CMB anisotropies (as a part of the linear ISW
contribution) and therefore the presence of a standard and
linear underdensity cannot explain the anomalous temper-
ature decrement of the CS. The assumption that the effect
on the CMB photons due to the nonlinear evolution of the
potential is negligible with respect to the ISW contribution
is based on previous analyses of the Rees-Sciama contribu-
tion, which becomes noticeable at multipoles ℓ > 80 (! 2◦),
and even at these angular scales, its value is much lower
than the ISW component at large scales (see e.g. Cai et al.
2010). Therefore, a rare void is needed in order to explain
the CS with the ISW and Rees-Sciama effects. These non-
standard scenarios are explored varying the void eccentricity
up to very unlikely values. In any case, the angular size of
the ISW effect of the voids considered in this work is greater
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Besides the amplitude of this decrement, the profile of
the CS is also important to characterize the anomaly because
a particular shape is preferred when it is selected in the
SMHW coefficients. In this section, we first review the main
conclusions about the ISW contribution expected from the
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void is also explored. In addition, non-standard scenarios
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where θ denotes the angular distance from the centre of the
void at χ0 = χ(z0), in comoving distance. The gravitational
potential Φ(r, z) is factorized into the growth suppression
factor G(z) and a spatial dependence Φ(r) which, assuming
G(0) = 1, represents the potential at z = 0.

In this letter, two different density profiles, which have
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the one hand, a spherical top hat (TH) model (Szapudi et al.
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where r denotes the comoving distance from the centre of
the void.

When distances greater than R are considered, this
model behaves as a point-like particle: it presents an inverse
dependence on distance, and therefore the gravitational ef-
fect is extended far beyond distances as the size of the void.

On the other hand, a particular case of LTB model is

considered (Finelli et al. 2014; Nadathur et al. 2014). The
potential is described in this case by a Gaussian profile:
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where r0 accounts for the scale. Hereafter, this profile is
referred as the Gaussian model, although the matter under-
density profile is not Gaussian in this case1.

It is easy to show that, whilst the density profile asso-
ciated to the Gaussian potential is compensated, that asso-
ciated to the TH model is not.

In both cases, the amplitude φ0 is proportional to the
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where, in a flat universe, Ωm = 1 − ΩΛ denotes the matter
energy density (in our case, with a fixed dark-energy density
ΩΛ = 0.685), H0 is the Hubble constant at present time and
c the speed of light in vacuum.

The best-fitting set of parameters is considered for each
model. In particular, we take R = (220± 50)h−1Mpc, δ0 =
0.14±0.04 and z0 = 0.22±0.03, for the TH model (Szapudi
et al. 2015); and r0 = (195 ± 35)h−1Mpc, δ0 = 0.25 ± 0.10
and z0 = 0.155 ± 0.037, in the case of the LTB Gaussian
model (Finelli et al. 2014; Nadathur et al. 2014).

In order to characterize the feature induced in the CMB
temperature anisotropies by the presence of a supervoid, we
compute its 1-dimensional shape. This profile can be ex-
panded in terms of the Legendre polynomials:
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where aℓ denotes the coefficients of the expansion. In the
particular case in which the void is aligned with the z-axis,
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The corresponding ISW profiles induced by each void
model and the CS data are depicted in Figure 1. The pro-
files are very different in terms of the amplitude. Within
the considered ΛCDM model, the standard deviation of the
ISW temperature fluctuations is estimated to be σISW =
19.58µK. Whilst the Gaussian model induces a profile whose
value at θ = 0 lies at the 1σ level when the standard devi-
ation due exclusively to the ISW contribution is taken as
reference, the TH profile at the centre reaches a 4.5σ level.

In terms of the standard deviation of the matter field
convolved by a top hat function of scale R, the corresponding
value of δ0 for the TH best-fit profile lies at the ≈ 6σ level2.

1 Notice that this model is denoted simply as LTB in previous
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2 Notice that Szapudi et al. (2015) provide a value of at least
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2 THE VOID INFLUENCE ON THE CMB

As it is known, within the standard cosmological model, the
contribution of any possible supervoid is already included
in the total CMB anisotropies (as a part of the linear ISW
contribution) and therefore the presence of a standard and
linear underdensity cannot explain the anomalous temper-
ature decrement of the CS. The assumption that the effect
on the CMB photons due to the nonlinear evolution of the
potential is negligible with respect to the ISW contribution
is based on previous analyses of the Rees-Sciama contribu-
tion, which becomes noticeable at multipoles ℓ > 80 (! 2◦),
and even at these angular scales, its value is much lower
than the ISW component at large scales (see e.g. Cai et al.
2010). Therefore, a rare void is needed in order to explain
the CS with the ISW and Rees-Sciama effects. These non-
standard scenarios are explored varying the void eccentricity
up to very unlikely values. In any case, the angular size of
the ISW effect of the voids considered in this work is greater
than several degrees.

Besides the amplitude of this decrement, the profile of
the CS is also important to characterize the anomaly because
a particular shape is preferred when it is selected in the
SMHW coefficients. In this section, we first review the main
conclusions about the ISW contribution expected from the
presence of a void as that detected by Szapudi et al. (2015).
Subsequently, the impact of varying the ellipticity of the
void is also explored. In addition, non-standard scenarios
with different values of ω are considered to check whether
the void prediction is able to cause a temperature decrement
as that observed in the CS.

2.1 Spherical model

Because of symmetry assumptions, the ISW contribution
to the CMB anisotropies caused by a large-scale structure
(LSS) fluctuation can be written as:
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where θ denotes the angular distance from the centre of the
void at χ0 = χ(z0), in comoving distance. The gravitational
potential Φ(r, z) is factorized into the growth suppression
factor G(z) and a spatial dependence Φ(r) which, assuming
G(0) = 1, represents the potential at z = 0.

In this letter, two different density profiles, which have
been already used to the same purpose, are considered. On
the one hand, a spherical top hat (TH) model (Szapudi et al.
2015), parametrized by its radius R. In this case, the poten-
tial can be written as
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where r denotes the comoving distance from the centre of
the void.

When distances greater than R are considered, this
model behaves as a point-like particle: it presents an inverse
dependence on distance, and therefore the gravitational ef-
fect is extended far beyond distances as the size of the void.

On the other hand, a particular case of LTB model is

considered (Finelli et al. 2014; Nadathur et al. 2014). The
potential is described in this case by a Gaussian profile:

Φ(r) = φ0r0
2 exp

(

−
r2

r02

)

, (3)

where r0 accounts for the scale. Hereafter, this profile is
referred as the Gaussian model, although the matter under-
density profile is not Gaussian in this case1.

It is easy to show that, whilst the density profile asso-
ciated to the Gaussian potential is compensated, that asso-
ciated to the TH model is not.

In both cases, the amplitude φ0 is proportional to the
matter density fluctuation at the void centre δ0:

φ0 =
Ωmδ0
4G(0)

(

H0

c

)2

, (4)

where, in a flat universe, Ωm = 1 − ΩΛ denotes the matter
energy density (in our case, with a fixed dark-energy density
ΩΛ = 0.685), H0 is the Hubble constant at present time and
c the speed of light in vacuum.

The best-fitting set of parameters is considered for each
model. In particular, we take R = (220± 50)h−1Mpc, δ0 =
0.14±0.04 and z0 = 0.22±0.03, for the TH model (Szapudi
et al. 2015); and r0 = (195 ± 35)h−1Mpc, δ0 = 0.25 ± 0.10
and z0 = 0.155 ± 0.037, in the case of the LTB Gaussian
model (Finelli et al. 2014; Nadathur et al. 2014).

In order to characterize the feature induced in the CMB
temperature anisotropies by the presence of a supervoid, we
compute its 1-dimensional shape. This profile can be ex-
panded in terms of the Legendre polynomials:

∆T (θ)
TCMB

=
∞
∑

ℓ=0

√

2ℓ+ 1
4π

aℓPℓ(cos θ), (5)

where aℓ denotes the coefficients of the expansion. In the
particular case in which the void is aligned with the z-axis,
the coefficients aℓ are equivalent to the spherical harmonic
coefficients with m = 0. They can be therefore computed
from the theoretical profile of Eq. (1) as

aℓ =
√

(2ℓ+ 1)π

∫

1

−1

d(cos θ)
∆T (θ)
TCMB

Pℓ(cos θ). (6)

The corresponding ISW profiles induced by each void
model and the CS data are depicted in Figure 1. The pro-
files are very different in terms of the amplitude. Within
the considered ΛCDM model, the standard deviation of the
ISW temperature fluctuations is estimated to be σISW =
19.58µK. Whilst the Gaussian model induces a profile whose
value at θ = 0 lies at the 1σ level when the standard devi-
ation due exclusively to the ISW contribution is taken as
reference, the TH profile at the centre reaches a 4.5σ level.

In terms of the standard deviation of the matter field
convolved by a top hat function of scale R, the corresponding
value of δ0 for the TH best-fit profile lies at the ≈ 6σ level2.

1 Notice that this model is denoted simply as LTB in previous
papers (Szapudi et al. 2015; Finelli et al. 2014; Nadathur et al.
2014).
2 Notice that Szapudi et al. (2015) provide a value of at least
3.3σ based on a more conservative estimate of the rareness of the
void which takes into account a 1σ deviation of the TH best-fit
parameters.
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This could give a hint that the TH model is not a realistic
description of a void expected within the standard model,
although it is shown closer –but not enough yet– to explain
the CS anomaly. Actually, this void description would im-
ply an anomaly larger than the one that is expected to be
explained. For the Gaussian model, the value of δ0 is only
at a ≈ 2σ level.

In addition to the amplitude, a deeper insight can be
obtained by paying attention to the shape of the profile.
The SMHW coefficient of the CS with scale R = 300′ de-
scribes both the temperature at the centre and the hot ring
at 15◦, since the specific shape of the SMHW at this scale
weighs these features in a single number. Therefore, if the
theoretical profiles fit the CS data, they will have a simi-
lar value of the SMHW coefficient. It is also important to
remark that the the CS represents a ≈ 4.7σ fluctuation in
terms of this coefficient, which implies that any theoretical
model assumed for the CS must explain this large deviation.
The value of the SMHW coefficient can be computed as

W0 =
∞
∑

ℓ=0

√

2ℓ+ 1
4π

wℓaℓ. (7)

The standard deviation of the SMHW coefficients with
R = 300′ (the scale at which the CS anomaly is manifested)
due to the ISW contribution is σISW(W0) = 0.94µK. We ob-
tain W0 values at around −1.07µK for the TH description
and −0.54µK for the Gaussian model, and both lie within
the ≈ 1σ level when only the ISW contribution is taken into
account. On the other hand, the SMHW coefficient associ-
ated to the CS is a 20σ fluctuation with respect to the ISW
effect, and therefore is very unlikely to explain the CS only
taking into account the ISW fluctuations of linear standard
voids. Other possible scenario is that the CS is the sum of
a primordial CMB fluctuation and the ISW effect of a void,
but even in this case the probability of this event is small.
The SMHW coefficient of the observed data once the effect
the voids is subtracted is still a ≈ 4.5σ fluctuation. There-
fore, whilst the effect predicted by the theoretical models for
this particular void is shown compatible with the expected
ISW signal from typical LSS fluctuations within the ΛCDM,
the CS appears anomalous in relation to both properties:
shape and amplitude.

In principle, to consider the void as explanation of the
CS, it would not be neccessary that its contribution accounts
for all the CS amplitude, but it should be intense enough
to make anomalous the primordial fluctuation. In terms of
the amplitude of the Gaussian model, the ISW contribution
from the void represents a 13% with respect to the temper-
ature at the centre of the CS. However, in terms of W0, this
fraction drops to 2.8%.

2.2 Ellipsoidal model

All previous conclusions are derived from a spherical void
model, but we could wonder whether they remain when the
void presents an ellipsoidal geometry. For this purpose, we
decompose the radial coordinate r of the matter density pro-
file, defined from the centre of the void, into a component
parallel to the line of sight r∥ and another orthogonal to
it r⊥, which is a 2-dimensional vector in the normal plane,
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Figure 1. CMB temperature profiles induced by the presence of
a supervoid modelled as a TH (in blue) and a Gaussian model
(in red). The data points correspond to the CS profile from the
Planck SMICA map, and the error bars represent the cosmic vari-
ance.

such that:

r =
√

r2∥ (1− e2) + r2⊥, (8)

where e denotes the ellipticity. This toy model allows to
stretch the void along the line of sight in terms of the ellip-
ticity, whereas the semi-minor axis is fixed to the scale of
the density profile (R for the TH and r0 for the Gaussian
model, respectively), implying an increase of the volume.
The centre position of the void is also kept at z0. This con-
figuration favors the increase of the ISW contribution due to
the presence of the void, because the void influence is kept
in a greater redshift interval along the line of sight.

Although the standard model imposes limits to the el-
lipticity (e.g. Icke 1984; Bardeen et al. 1986), three values
are considered such that the semi-major axis is increased by
1, 2 and 3 times the error bar of r0 (the value of 35h−1Mpc is
taken in both models for simplicity). A comparison between
CMB temperature profiles caused by supervoids with differ-
ent ellipticity is shown in Figure 2. As expected, the absolute
value of the amplitude at θ = 0 increases as the ellipticity
grows. In the case of the TH model, the radial profile at the
centre of the void reaches a value close to of the CS temper-
ature decrease when an ellipticity of e = 0.76 is considered,
whilst these values remain unreachable with the Gaussian
model. However, all the SMHW coefficients lie within the
1σ level of the ISW contribution, as in the spherical case.
This means that the shape of the profiles differs from that
shown by the CS. The W0 value for all cases are given in Ta-
ble 1. They should be compared with the SMHW coefficient
at the CS location in the Planck temperature data whose
value is estimated in −19.3± 4.1µK.

2.3 Varying ω in the dark-energy equation of state

Assuming ΛCDM, ΩΛ regulates the amplitude of the ISW
effect produced by these void models. Considering dark en-
ergy, the ISW contribution also depends on its evolution. In
this section, we extend the void models so that the dark-
energy equation of state parameter ω can be set to another
value different from −1. This dependence affects explicity
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•  Both	 the	 TH	 and	 the	 Gaussian	 void	 have		
amplitudes	 smaller	 than	 the	 CS	 and	 a	 much	
flaker	profile.	

•  A	 quanEty	 that	 takes	 into	 account	 both	 the	
amplitude	 and	 shape	 of	 the	 CS	 is	 the	 SMHW	
coefficient:	
-  the	 CS	 is	 -19.3	 μK,	 whereas	 the	 TH	model	

produces	 -1.07	 μK	 and	 the	 Gaussian	 -0.54	
μK.			

-  The	SMHW	coefficient	of	the	CS	is	20	Emes	
larger	 than	 the	 typical	 ISW	 effect	
fluctuaEon	(σISW=0.94	μK).	

•  The	CS	is	a	4.7σ	fluctuaEon	that	ater	subtracEng	
the	void	effect	is	sEll	a	≈4.5σ	fluctuaEon.	
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Figure 2. Comparison of CMB temperature profiles induced by
the presence of a elliptical supervoid modelled as a TH (top pan-
nel) and a Gaussian model (bottom pannel) with different values
of ellipticity.

e TH [µK] Gaussian [µK]
0.00 -1.07 -0.54
0.53 -1.42 -0.71
0.68 -1.81 -0.85
0.76 -2.20 -1.03

Table 1. SMHW coefficients W0 induced by elliptical voids mod-
elled by TH and Gaussian profiles with different ellipticity. All
coefficients correspond to a wavelet scale R = 300′. The W0

computed at the CS location in the Planck temperature data
is −19.3± 4.1µK.

to the growth suppression factor G(z) and the comoving
distance χ(z). Decreasing the value of ω causes a stronger
evolution in the density parameter of the dark energy, im-
plying a larger ISW imprint. Actually, for our purposes, the
assumption that the ω is different from −1 is only necessary
at the redshift interval in which the CMB photon is suffering
the effect of the void but not in the whole evolution of the
Universe.

A comparison between CMB temperature profiles in-
duced by the void corresponding to different values of ω is
given in Figure 3. The temperature at the centre reaches a
similar value than that shown by the CS only for the TH
model and considering a value of ω = −3.0 which, obviously,
is ruled out by current observations (e.g. Planck Collabora-
tion et al. 2015). Similar intervals in ω does not correspond
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Figure 3. Comparison of CMB temperature profiles induced by
the presence of a spherical supervoid modelled as a TH (top pan-
nel) and a Gaussian model (bottom pannel) with different values
of ω.

ω TH [µK] Gaussian [µK]
-1.00 -1.07 -0.54
-1.50 -1.74 -0.96
-2.00 -2.13 -1.28
-2.50 -2.34 -1.49
-3.00 -2.38 -1.60

Table 2. SMHW coefficients W0 induced by a spherical void as
that detected by Szapudi et al. (2015) modelled by TH and Gaus-
sian profiles for different values of ω. All coefficients correspond
to a wavelet scale R = 300′. The W0 computed at the CS location
in the Planck temperature data is −19.3± 4.1µK.

with similar increases of the absolute value of the amplitude
of the profiles, but this increase is smaller as the values of
ω become more extreme. However, the W0 values for these
profiles also lie within the 1σ level with respect to the stan-
dard deviation of the ISW signal. They are shown in Table
2.

3 DISCUSSION

We have reviewed the ISW contribution from a supervoid as
the one detected by Szapudi et al. (2015) in the light of two
different models previously considered: a TH matter density
profile and a particular case of the LTB model with a Gaus-
sian potential. The comparison between the feature induced
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e TH [µK] Gaussian [µK]
0.00 -1.07 -0.54
0.53 -1.42 -0.71
0.68 -1.81 -0.85
0.76 -2.20 -1.03

Table 1. SMHW coefficients W0 induced by elliptical voids mod-
elled by TH and Gaussian profiles with different ellipticity. All
coefficients correspond to a wavelet scale R = 300′. The W0

computed at the CS location in the Planck temperature data
is −19.3± 4.1µK.

to the growth suppression factor G(z) and the comoving
distance χ(z). Decreasing the value of ω causes a stronger
evolution in the density parameter of the dark energy, im-
plying a larger ISW imprint. Actually, for our purposes, the
assumption that the ω is different from −1 is only necessary
at the redshift interval in which the CMB photon is suffering
the effect of the void but not in the whole evolution of the
Universe.

A comparison between CMB temperature profiles in-
duced by the void corresponding to different values of ω is
given in Figure 3. The temperature at the centre reaches a
similar value than that shown by the CS only for the TH
model and considering a value of ω = −3.0 which, obviously,
is ruled out by current observations (e.g. Planck Collabora-
tion et al. 2015). Similar intervals in ω does not correspond

-180

-160

-140

-120

-100

-80

-60

-40

-20

 0  20  40  60  80  100

T(
θ)

 [µ
K]

θ [deg]

w = -1.00
w = -1.50
w = -2.00
w = -2.50
w = -3.00

-50
-45
-40
-35
-30
-25
-20
-15
-10
-5
 0

 0  20  40  60  80  100

T(
θ)

 [µ
K]

θ [deg]

w = -1.00
w = -1.50
w = -2.00
w = -2.50
w = -3.00

Figure 3. Comparison of CMB temperature profiles induced by
the presence of a spherical supervoid modelled as a TH (top pan-
nel) and a Gaussian model (bottom pannel) with different values
of ω.

ω TH [µK] Gaussian [µK]
-1.00 -1.07 -0.54
-1.50 -1.74 -0.96
-2.00 -2.13 -1.28
-2.50 -2.34 -1.49
-3.00 -2.38 -1.60

Table 2. SMHW coefficients W0 induced by a spherical void as
that detected by Szapudi et al. (2015) modelled by TH and Gaus-
sian profiles for different values of ω. All coefficients correspond
to a wavelet scale R = 300′. The W0 computed at the CS location
in the Planck temperature data is −19.3± 4.1µK.

with similar increases of the absolute value of the amplitude
of the profiles, but this increase is smaller as the values of
ω become more extreme. However, the W0 values for these
profiles also lie within the 1σ level with respect to the stan-
dard deviation of the ISW signal. They are shown in Table
2.

3 DISCUSSION

We have reviewed the ISW contribution from a supervoid as
the one detected by Szapudi et al. (2015) in the light of two
different models previously considered: a TH matter density
profile and a particular case of the LTB model with a Gaus-
sian potential. The comparison between the feature induced
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e TH [µK] Gaussian [µK]
0.00 -1.07 -0.54
0.53 -1.42 -0.71
0.68 -1.81 -0.85
0.76 -2.20 -1.03

Table 1. SMHW coefficients W0 induced by elliptical voids mod-
elled by TH and Gaussian profiles with different ellipticity. All
coefficients correspond to a wavelet scale R = 300′. The W0

computed at the CS location in the Planck temperature data
is −19.3± 4.1µK.

to the growth suppression factor G(z) and the comoving
distance χ(z). Decreasing the value of ω causes a stronger
evolution in the density parameter of the dark energy, im-
plying a larger ISW imprint. Actually, for our purposes, the
assumption that the ω is different from −1 is only necessary
at the redshift interval in which the CMB photon is suffering
the effect of the void but not in the whole evolution of the
Universe.

A comparison between CMB temperature profiles in-
duced by the void corresponding to different values of ω is
given in Figure 3. The temperature at the centre reaches a
similar value than that shown by the CS only for the TH
model and considering a value of ω = −3.0 which, obviously,
is ruled out by current observations (e.g. Planck Collabora-
tion et al. 2015). Similar intervals in ω does not correspond
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the presence of a spherical supervoid modelled as a TH (top pan-
nel) and a Gaussian model (bottom pannel) with different values
of ω.

ω TH [µK] Gaussian [µK]
-1.00 -1.07 -0.54
-1.50 -1.74 -0.96
-2.00 -2.13 -1.28
-2.50 -2.34 -1.49
-3.00 -2.38 -1.60

Table 2. SMHW coefficients W0 induced by a spherical void as
that detected by Szapudi et al. (2015) modelled by TH and Gaus-
sian profiles for different values of ω. All coefficients correspond
to a wavelet scale R = 300′. The W0 computed at the CS location
in the Planck temperature data is −19.3± 4.1µK.

with similar increases of the absolute value of the amplitude
of the profiles, but this increase is smaller as the values of
ω become more extreme. However, the W0 values for these
profiles also lie within the 1σ level with respect to the stan-
dard deviation of the ISW signal. They are shown in Table
2.

3 DISCUSSION

We have reviewed the ISW contribution from a supervoid as
the one detected by Szapudi et al. (2015) in the light of two
different models previously considered: a TH matter density
profile and a particular case of the LTB model with a Gaus-
sian potential. The comparison between the feature induced
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to the growth suppression factor G(z) and the comoving
distance χ(z). Decreasing the value of ω causes a stronger
evolution in the density parameter of the dark energy, im-
plying a larger ISW imprint. Actually, for our purposes, the
assumption that the ω is different from −1 is only necessary
at the redshift interval in which the CMB photon is suffering
the effect of the void but not in the whole evolution of the
Universe.

A comparison between CMB temperature profiles in-
duced by the void corresponding to different values of ω is
given in Figure 3. The temperature at the centre reaches a
similar value than that shown by the CS only for the TH
model and considering a value of ω = −3.0 which, obviously,
is ruled out by current observations (e.g. Planck Collabora-
tion et al. 2015). Similar intervals in ω does not correspond
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Table 2. SMHW coefficients W0 induced by a spherical void as
that detected by Szapudi et al. (2015) modelled by TH and Gaus-
sian profiles for different values of ω. All coefficients correspond
to a wavelet scale R = 300′. The W0 computed at the CS location
in the Planck temperature data is −19.3± 4.1µK.

with similar increases of the absolute value of the amplitude
of the profiles, but this increase is smaller as the values of
ω become more extreme. However, the W0 values for these
profiles also lie within the 1σ level with respect to the stan-
dard deviation of the ISW signal. They are shown in Table
2.

3 DISCUSSION

We have reviewed the ISW contribution from a supervoid as
the one detected by Szapudi et al. (2015) in the light of two
different models previously considered: a TH matter density
profile and a particular case of the LTB model with a Gaus-
sian potential. The comparison between the feature induced

c⃝ 0000 RAS, MNRAS 000, 000–000

SMHW	coefficient	

4 A. Marcos-Caballero et al.

-140

-120

-100

-80

-60

-40

-20

 0  20  40  60  80  100
T(
θ)

 [µ
K]

θ [deg]

e = 0.00
e = 0.53
e = 0.68
e = 0.76

-40

-35

-30

-25

-20

-15

-10

-5

 0

 0  20  40  60  80  100

T(
θ)

 [µ
K]

θ [deg]

e = 0.00
e = 0.53
e = 0.68
e = 0.76

Figure 2. Comparison of CMB temperature profiles induced by
the presence of a elliptical supervoid modelled as a TH (top pan-
nel) and a Gaussian model (bottom pannel) with different values
of ellipticity.

e TH [µK] Gaussian [µK]
0.00 -1.07 -0.54
0.53 -1.42 -0.71
0.68 -1.81 -0.85
0.76 -2.20 -1.03

Table 1. SMHW coefficients W0 induced by elliptical voids mod-
elled by TH and Gaussian profiles with different ellipticity. All
coefficients correspond to a wavelet scale R = 300′. The W0

computed at the CS location in the Planck temperature data
is −19.3± 4.1µK.

to the growth suppression factor G(z) and the comoving
distance χ(z). Decreasing the value of ω causes a stronger
evolution in the density parameter of the dark energy, im-
plying a larger ISW imprint. Actually, for our purposes, the
assumption that the ω is different from −1 is only necessary
at the redshift interval in which the CMB photon is suffering
the effect of the void but not in the whole evolution of the
Universe.

A comparison between CMB temperature profiles in-
duced by the void corresponding to different values of ω is
given in Figure 3. The temperature at the centre reaches a
similar value than that shown by the CS only for the TH
model and considering a value of ω = −3.0 which, obviously,
is ruled out by current observations (e.g. Planck Collabora-
tion et al. 2015). Similar intervals in ω does not correspond
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Figure 3. Comparison of CMB temperature profiles induced by
the presence of a spherical supervoid modelled as a TH (top pan-
nel) and a Gaussian model (bottom pannel) with different values
of ω.

ω TH [µK] Gaussian [µK]
-1.00 -1.07 -0.54
-1.50 -1.74 -0.96
-2.00 -2.13 -1.28
-2.50 -2.34 -1.49
-3.00 -2.38 -1.60

Table 2. SMHW coefficients W0 induced by a spherical void as
that detected by Szapudi et al. (2015) modelled by TH and Gaus-
sian profiles for different values of ω. All coefficients correspond
to a wavelet scale R = 300′. The W0 computed at the CS location
in the Planck temperature data is −19.3± 4.1µK.

with similar increases of the absolute value of the amplitude
of the profiles, but this increase is smaller as the values of
ω become more extreme. However, the W0 values for these
profiles also lie within the 1σ level with respect to the stan-
dard deviation of the ISW signal. They are shown in Table
2.

3 DISCUSSION

We have reviewed the ISW contribution from a supervoid as
the one detected by Szapudi et al. (2015) in the light of two
different models previously considered: a TH matter density
profile and a particular case of the LTB model with a Gaus-
sian potential. The comparison between the feature induced
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Figure 2. Comparison of CMB temperature profiles induced by
the presence of a elliptical supervoid modelled as a TH (top pan-
nel) and a Gaussian model (bottom pannel) with different values
of ellipticity.

e TH [µK] Gaussian [µK]
0.00 -1.07 -0.54
0.53 -1.42 -0.71
0.68 -1.81 -0.85
0.76 -2.20 -1.03

Table 1. SMHW coefficients W0 induced by elliptical voids mod-
elled by TH and Gaussian profiles with different ellipticity. All
coefficients correspond to a wavelet scale R = 300′. The W0

computed at the CS location in the Planck temperature data
is −19.3± 4.1µK.

to the growth suppression factor G(z) and the comoving
distance χ(z). Decreasing the value of ω causes a stronger
evolution in the density parameter of the dark energy, im-
plying a larger ISW imprint. Actually, for our purposes, the
assumption that the ω is different from −1 is only necessary
at the redshift interval in which the CMB photon is suffering
the effect of the void but not in the whole evolution of the
Universe.

A comparison between CMB temperature profiles in-
duced by the void corresponding to different values of ω is
given in Figure 3. The temperature at the centre reaches a
similar value than that shown by the CS only for the TH
model and considering a value of ω = −3.0 which, obviously,
is ruled out by current observations (e.g. Planck Collabora-
tion et al. 2015). Similar intervals in ω does not correspond
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Figure 3. Comparison of CMB temperature profiles induced by
the presence of a spherical supervoid modelled as a TH (top pan-
nel) and a Gaussian model (bottom pannel) with different values
of ω.

ω TH [µK] Gaussian [µK]
-1.00 -1.07 -0.54
-1.50 -1.74 -0.96
-2.00 -2.13 -1.28
-2.50 -2.34 -1.49
-3.00 -2.38 -1.60

Table 2. SMHW coefficients W0 induced by a spherical void as
that detected by Szapudi et al. (2015) modelled by TH and Gaus-
sian profiles for different values of ω. All coefficients correspond
to a wavelet scale R = 300′. The W0 computed at the CS location
in the Planck temperature data is −19.3± 4.1µK.

with similar increases of the absolute value of the amplitude
of the profiles, but this increase is smaller as the values of
ω become more extreme. However, the W0 values for these
profiles also lie within the 1σ level with respect to the stan-
dard deviation of the ISW signal. They are shown in Table
2.

3 DISCUSSION

We have reviewed the ISW contribution from a supervoid as
the one detected by Szapudi et al. (2015) in the light of two
different models previously considered: a TH matter density
profile and a particular case of the LTB model with a Gaus-
sian potential. The comparison between the feature induced

c⃝ 0000 RAS, MNRAS 000, 000–000

Gaussian	



Conclusions and discussion 
•  The	ISW	effect	from	the	supervoid	recently	discovered	by	Szapudi	et	al.	2015	does	not	account	for	the	

observed	CS	CMB	decrement	considering	both	its	amplitude	and	shape.	

•  Even	considering	extreme	scenarios	in	terms	of	the	void	ellipEcity	or	the	DE	equaEon	of	state	parameter,	

the	SMHW	coefficient	is	too	small	compared	to	the	CS	one.	

•  N-body	simulaEons	provide	a	ISW	map	consistent	with	Gaussian	realisaEons	(Cai	et	al.	2010,	Watson	et	

al.	2014).	

•  A	 situaEon	with	many	 aligned	 voids	 does	 not	 provide	 a	 saEsfactory	 soluEon	 to	 explain	 the	 CS	 profile	

(Naidoo	et	al.	2015).		

•  The	probability	of	finding	such	a	supervoid	in	the	direcEon	of	the	CS	and	up	to	the	explored	redshit	(z≈1)	

is	of	a	few	percent.	

	

•  In	conclusion,	the	ISW	effect	within	the	standard	model	is	not	a	plausible	explana/on	for	the	CS,	not	

even	considering	the	Rees-Sciama	effect.	
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András Kovács 
Severo Ochoa Fellow, IFAE Barcelona

Cold imprint of supervoids in the  
Cosmic Microwave Background



The Eridanus supervoid and the Cold Spot - ISW?
Szapudi, Kovács, Granett et al. 2015

Decr
eas

ing vo
id probability

Wrong profile for all models…

Kovács & Garcia-Bellido 2015

400 Mpc/h

400 Mpc/h

300 Mpc/h

200 Mpc/h



The 2MPZ survey of the Eridanus supervoid
Kovács & Garcia-Bellido 2015

SDSS Great Wall in the antipode

Significant elongation!

Cold SpotIts antipode

q~2

1000 Mpc/h

in prep.

Antipode stat:

>3σ



Granett et al. 2008 - ISW?

 

Colder-than-expected imprint!Supervoids Superclusters

Stacking at superstructure locations:

SDSS DR6



Anomaly? ISW(-like)?
Do we have a good model for this?

Only slightly higher ISW in f(R) gravity:

Nadathur et al. 2012

Cai et al. 2014

Flender et al. 2013

3σ high for ΛCDM

Hernandez-Monteagudo & Smith

-2 μK

-2 μK

-2 μK



Granett voids traced by BOSS DR12 LRGs
Average elongation: q= 2.6±0.4

Higher signal than in ΛCDM

Granett, Kovács, & Hawken 2015
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Large photo-z voids in DES

-0.678 1.11

Rv i

Rv j

δ(Rv i)�0 ⇒ i++ 
δ(Rv j) ≥ 0 ⇒ Rv = Rv j

spec-z voids
photo-z voids

-0.78 1.75

Preliminary

Void catalogue

Void finder Mock

with Carles Sánchez (IFAE), Juan Garcia-Bellido, Sesh Nadathur

Year 1 data

Mock and data



Large photo-z voids in DES

Preliminary

Supervoids

Superclusters

Photo-z

Photo-z

Spec-z

Spec-z

Hints of a stacked signal for both
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Next step: stacking BOSS DR11 voids

Preliminary

Granett voids

with Ben Granett, Juan Garcia-Bellido, Sesh Nadathur

void catalogue by Nadathur & Hotchkiss

BOSS voids



Next step: stacking BOSS DR11 voids

Preliminary

Excess signal in the stacking!

Granett voids
BOSS voids

BOSS voids

Re-scaling Stacking

60% of the void radius

130% of the void radius



Preliminary

Kovács et al. in prep.

Compelling imprint for data

Moderate imprint for the reconstructed ISW map

-2 μK-10 μK

Next step: stacking BOSS DR11 voids



Summary
• the anomaly of the ISW-like Granett 

2008 result is still there, the SDSS 
photo-z supervoids are elongated


• elongated supervoid detected at the 
Cold Spot in WISE-PS1 photo-z data but 
there is no convincing evidence for 
causality


• DES provides new data to study this 
outstanding issue with a special set of 
elongated photo-z voids


• BOSS DR11 data shows unexpected 
cold imprint using special merged void 
samples


• New physics or coincidence?

Scaling?

Lin
e-

of
-s

ig
ht

Granett voids Cold Spot

Scaling?
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 Clustering of Lagrangian Halos  

Kwan Chuen Chan
ICE, Barcelona

Porto, 29 Mar 2016

KCC, R K Sheth and R Scoccimarro, 1511.01909
KCC, R K Sheth and R Scoccimarro, to appear    



  

Lagrangian halos

● Final Eulerian halos are hard because of
nonlinear evolution

● Theoretical modeling often starts in Lagrangian
space. Modeling is easier as DM is Gaussian

● But what determine a Lagrangian halos in
theory? Only density matter or other variables as
well? Pioneering work by BBKS 1986.  

● Numerically, reverse the evolution, tracing
particles in the Eulerian halos back to initial
conditions, the position of the Lagrangian halo
is estimated by the CM position of the
constituent particles 



  

Lagrangian window function
● The Lagrangian halo profile is often assumed to be a top hat

filter

● The window function selects a fraction of the DM particles
to form a Lagrangian halo, appear everywhere in
Lagrangian modeling of halos, but its functional form is
unconstrained 

● Used to compute spectrum moments of the power spectrum.
Previously top-hat for zero order, Gaussian for higher order.
 



  

Constructing Lagrangian window
● Stacking the Lagrangian profiles together to get the spherically averaged profile

● The window function is proportional to the probability that a particle at distance r is
incorporated into the Lagrangian halo

● More extended than a top-hat, less diffuse than a Gaussian

● Quite universal in mass and redshift when plotted against R
Lag

  



  

Lagrangian constraints and consistency relations
● What determines a Lagrangian halos?

● Lagrangian halos can be defined by imposing some
constraints on the smoothed dark matter density field

● In peak model, halos are postulated to be peaks in the
density field smoothed by the window function satisfying

● Given some points satisfying certain constraints, the
correlation between some large-scale field and these points
can reveal the constraints, i.e. the halo formation physics 

BBKS 1986



  

Lagrangian constraint and consistency relations

See also Musso Paranjape & Sheth 2012
Paranjape, Sheth & Desjacques 2013 



  

First consistency relation



  

Example, n=2



  

Cross Lagrangian bias parameters
● Cross bias parameter

● A simple model with 2 constrains, threshold and first crossing
condition 

Musso & Sheth 2012



  

Checking the first consistency relation
● For the first time, we can extract the halo formation physics

using the clustering properties of the halos. i.e. the bias

●

● The direct and consistency relation estimate use 1-point and 2-
point statistics respectively.

     



  

Summary
● We have accurately measured the window function

of Lagrangian halo. It is the starting point for
accurate prediction in Lagrangian space. 

● With the effective window function, the excursion
set bias provides a good fit to the Lagrangian cross
bias parameter.

● Using the bias parameters, we check the consistency
relations for the Lagrangian bias. For the first time
we demonstrate the possibility to use clustering
properties, i.e. bias to extract halo formation physics.
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                          THE AMAZINGWORLD OF          THE AMAZINGWORLD OF

       Efective Field Theory of Large       Efective Field Theory of Large

  Scale Structures &  Scale Structures &

  Redshift Space Distortions  Redshift Space Distortions

    Lucía Fonseca de la Bella    Lucía Fonseca de la Bella

University of Sussex
"...to boldly go where no one has gone before..." 



University of Sussex              LFdlB 2

...why is this important?

Millenium simulation, Springer et al 2005

...we'll talk about

EFToLSS UNIVERSE 
INFOR

MATION



University of Sussex              LFdlB 3

 

● Large Scale StructuresLarge Scale Structures
● Most relevant information.
● described by the density contrast of dark matter

and the matter power spectrum, P.
● Evolve almost linearly

EFToLSS- EFToLSS- Effective Field Theory of 

Large Scale Structures                       
                                

                                                 PERTURBATION THEORY 

Carrasco, Hertzberg, Senatore  2012



University of Sussex              LFdlB 4

● Fluid equations in k space

Standard Perturbation Standard Perturbation 
– No good agreement with new 

generation of high precision 
observational data

– Perfect fluid

– UV divergences→Unphysical 
predictions

          EFToLSSEFToLSS
– Much better fit with 

observations.

– Viscosity, dissipation...

– UV divergences absorbed by 
counterterms!

Theta is the divergence of the velocity field, alpha and beta are kernels.



University of Sussex              LFdlB 5

RSD-  RSD-  Redshift
   Space

                 Distortions                                                                  

  

● Learn about velocities.
● Additional countertem (CT) 

contributions to the matter power 
spectrum involving velocity fields.

Kaiser 1987



University of Sussex              LFdlB 6

EFToLSS & RSDEFToLSS & RSD

● Power spectrum

Senatore, Zaldarriaga 2014



University of Sussex              LFdlB 7

...1-loop matter power spectrum in ...1-loop matter power spectrum in 
Redshift SpaceRedshift Space



University of Sussex              LFdlB 8

UV DIVERGENCES AND UV DIVERGENCES AND 
RENORMALISATIONRENORMALISATION

● Local in wave number, k.
● Analytic means polynomial in    .
● Non-analytic, log or fractional powers of     .



University of Sussex              LFdlB 9

● Example of loop integrals in momentum space found 
in 

COUNTERTERMS



University of Sussex              LFdlB 10

K (h/Mpc)

Repeat analysis for                       ,                        and rest of counterterms                    Repeat analysis for                       ,                        and rest of counterterms                    

1 LOOP MATTER POWER SPECTRUM1 LOOP MATTER POWER SPECTRUM

TREE LEVEL
STANDARD PERTURBATION

RENORMALISED (EFT)



University of Sussex              LFdlB 11

  CONCLUSIONS CONCLUSIONS 
● The Universe is treated as a fluid. Most of the relevant information in 

Cosmology is found at large scales.
● At large scales, galaxies are point-like objects. There exist voids, 

filaments, clusters of galaxies...
● We want to study the backreaction from small scales  and the so-called 

Redshift Space Distortion effect on large scale structures. 
● Simulations are very expensive. We would need to run several 

simulations with different initial conditions.
● Effective Field Theory of Large Scale Structures is a powerful tool

–  This framework solves those theoretical issues present in Standard 
perturbation theory.

–  Some parameters need to be included in the analytical prediction and need to 
be measured by matching to numerical data → Renormalisation.

–  It agrees much better with new high precision observational datasets.



University of Sussex              LFdlB 12

& PROSPECTS& PROSPECTS

● To obtain the renormalisation for the 1 loop 
matter power spectrum in Redshift Space.

● Compare with observations and N-body 
simulations.

● To apply this tool to the analysis of the 
screening mechanism in theories of Modified 
Gravity. 
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X-ray L-T relation for the XMM Cluster Survey by 

parameteric and non-parametric Bayesian Statistics

Leyla S. Ebrahimpour

Supervisor:

Pedro T. P. Viana

29 March 2016



Introduction

Properties of galaxy clusters:

• Characterize the growth of structure in the Universe

• Constrain the cosmological parameters 

S. Borgani ,2003 Fedeli et al , A&A, 486, 2008



Scaling Relations

• Carry information about the thermodynamical history of the intra-cluster 

medium, and the non-gravitational processes that have taken place 

• Relate the fundamental properties of galaxy clusters

Precise knowledge of mass 
Direct methods

Indirect methods: Scaling Relations

Introduction



XMM Cluster Survey (XCS)

• X-ray galaxy cluster survey

• 346 optically confirmed galaxy clusters

• 0.06<z<1.39

• 0.44KeV<Temperature<9.89 KeV

• 4.36×1041 erg/s <Luminosity<3.84×1045 erg/s

Introduction



Statistical Framework : Parametric Bayesian Statistics  

log(L/𝐸𝑧)= 𝛼 + 𝛽log T/5 + 𝛾 log(1 + 𝑧) + 𝜖

𝑦𝑖~N(𝑌𝑖 , 𝛿𝑦,𝑖 )

𝜃 ≡ (𝛼, 𝛽, 𝛾, ϵ )

𝐸𝑧 = (0.27 × (1 + 𝑧)3+0.73 )1/2

𝐘 = 𝛼 + 𝛽𝐗 + 𝛾𝑻 + 𝜖

𝑥𝑖~N(𝑋𝑖 , 𝛿x,𝑖 )

𝒑 𝜽 𝒙 , 𝐲 ∝ 𝒑 𝒙 , 𝐲 𝜽 𝒑(𝜽)

PriorPosterior likelihood

Work done



Priors for Temperature ( log(T)):

 Uniform

 Gaussian

 Truncated Gaussian ( Considering clusters with T>2 KeV)

• No selection function 

• Flux cut as a simple selection function

R programming :lira Mauro Sereno, http://arxiv.org/pdf/1509.05778v2.pdf16

Work done



Hilton et al, MNRAS, Vol. 424, 2012

Work done

L-T scaling relation



XCS Selection function

Fitted to a logistic function by 

Bayesian statistics

Cauchy distributions are recommended

on all logistic regression coefficients as 

the priors      Gelman et al., AAS, Vol. 2, 2008

R programming: bayesglm

Work done

p = 1/(1 + exp − 1.2 ± 0.31 − 3.91 ± 0.38 𝑧 + 0.13 ± 0.01 𝐿 − 0.09 ± 0.05 𝑇 )



Statistical Framework : Non-Parametric Bayesian Statistics  

• Gaussian Processes

Python Programming: GaPP

• Temperature and redshift as predictors  

• Marginalize over hyperparameters of 

covariance function

Work done

M. Seikel et al., JCAP, 2012



Luminosity vs Temperature by Non-Parametric results  

Work done



• Apply the selection function by Parametric and Non-Parametric schemes

• Apply the methods on other galaxy clusters data in different wavelengths

• Use the methods to construct the mass of clusters based on galaxy clusters properties in 

different wavelengths

Thanks for your attention

Ongoing and Future work
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TCMB −→
∆α
α

Data and Methodology Results Conclusions

The CMB temperature-redshift relation as tool to probe the
standard cosmology

Ivan de Martino

IberiCOS 2016, March 29th, 2016

in collaboration with F. Atrio-Barandela, C.J.A.P. Martins, et al.

Ivan de Martino, Universidad del Pais Vasco IberiCOS 2016, March 29th, 2016
The CMB temperature-redshift relation as tool to probe the standard cosmology 1 / 12



TCMB −→
∆α
α

Data and Methodology Results Conclusions

From TCMB to ∆α
α

Adiabatic evolution
TCMB(z) = T0(1 + z)

No adiabatic evolution
TCMB(z)

T0
∼ (1 + z)

(
1 + ε∆α

α

)
, [ Avgoustidis, et al. JCAP 06 62(2014)]].

Observations of dipole spatial variation of ∆α
α

• spectroscopic measurements of quasars ∆α/α = (0.61± 0.20)× 10−5
[Webb, J.K. et al.

Phys. Rev. Lett. 107 191101 (2011)];
• CMB power spectrum ∆α/α = (−2.4± 3.7)× 10−2

[Planck Collaboration, A&A 580 A22 (2015)];
• SZ/X-ray scaling relation ∆α/α = (−5.5± 7.9)× 10−3GLyr−1

[ Galli, S., Phys. Rev. D 87, 123516 (2013)].
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From the SZ effect to TCMB

Temperature anisotropies due to SZ effects are given by

∆T
T = g(ν)Yc(θ),

and their frequency dependence by

x =
hν(z)

kBTCMB(z)
g(ν) = xcoth(x)− 4.

If we treat the CMB temperature at cluster location as a free parameter to
constraint then

g(ν) 7−→ g(ν,TCMB(z))
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Data Cleaning TCMB Estimating ∆α
α

Testing ∆α
α

Recipe and ingredients

Ingredients
• X-ray cluster catalog with well measured positions and redshifts

• Planck 2013 Nominal maps

Recipe
STEP 1: you should clean Planck 2013 Nominal maps from foreground emission (i.e. thermal
dust, CO lines, synchrotron and etc...)

STEP 2: you may measure the TSZ emission at cluster location and extract the CMB
temperature

STEP 3: Once you have done, everything is ready to carry out tests of the spatial variation of
the fine structure constant
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Data Cleaning TCMB Estimating ∆α
α

Testing ∆α
α

X-ray Cluster Catalog

Our cluster sample contains almost 618 clusters outside galactic plane.
ROSAT-ESO Flux Limited X-ray catalog (REFLEX)
extended Brightest Cluster Sample (eBCS)
Clusters in the Zone of Avoidance (CIZA)

All three surveys are X-ray selected and X-ray flux limited. The position, flux, X-ray luminosity,
angular extent, and redshifts are measured The X-ray temperature was derived from the LX −TX
relation [Kocevski, D. and Ebeling, H. (2006). ApJ, 645:1043]
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Data Cleaning TCMB Estimating ∆α
α

Testing ∆α
α

Cleaning procedure: P(ν, x) = P(ν, x)− w(ν)P(857GHz, x)

Coma Cluster (A1656): l = 57.8°; b = 88.0°; z = 0.02310

[de Martino, I. et al. 2015, ApJ, 808, 128]
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Obtaining TCMB from the data

For each channel, we measure the TSZ emission over disc of radius θ500: δT̄/T0. Then, we
predict the theoretical averaged TSZ anisotropies at the same apertures

∆T̄ (p, νi )/T0 = G(νi ,TCMB(z))〈Yc〉θ500 ,

where
p = [TCMB(z), 〈Yc〉θ500 ].

We explore the 2D parameter space with Monte Carlo Markov Chain (MCMC) technique. We
run four independent chains employing the Metropolis-Hastings sampling algorithm with different
(randomly set) starting points. The chains stop when contain at least 30,000 steps and satisfy
the Gelman-Rubin criteria.
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Estimating ∆α
α from the data

Once we have extracted the TCMB(z) from the data, we are ready to estimate the variation of
the fine structure constant at cluster location:(

∆α

α

)
obs

= ε−1
(
1− TCMB(z)

T0(1 + z)

)
,

and to compare it with

Model 1.
(

∆α
α

)
th = m + d cos(Θ),

Model 2.
(

∆α
α

)
th = m + dr(z) cos(Θ),

where m and d are the monopole and dipole amplitudes, Θ is the angle on the sky between the
line of sight of each cluster and the best fit dipole direction, and r(z) is the look-back time in
the concordance ΛCDM model.
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Testing ∆α
α from the data

For each model we carry out 4 different MCMC analysis: (A) we assume the monopole amplitude
to be zero and the direction of the dipole to be the best fit ones from QSO. The model has one
free parameter (i.e. the dipole amplitude). (B) we still keep the direction of the dipole fixed at
the best fit ones from QSO, but we leave the monopole and dipole amplitudes free to vary. In
(C) and (D) we repeat the analysis as they are in (A) and (B) leaving the direction of the dipole
free to vary.

Analysis m d RA DEC Npar
(◦) (◦)

(A) 0 [−1, 1] 261.0 −58.0 1
(B) [−1, 1] [−1, 1] 261.0 −58.0 2
(C) 0 [−1, 1] [0, 360] [−90,+90] 3
(D) [−1, 1] [−1, 1] [0, 360] [−90,+90] 4
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Model 1 Model 2

Results from Model 1

Analysis m d RA DEC
(◦) (◦)

(A) 0 −0.002 ± 0.008 261.0 −58.0
(B) 0.006 ± 0.04 −0.008 ± 0.009 261.0 −58.0
(C) 0 −0.030 ± 0.020 255.1 ± 3.8 −63.2 ± 2.6
(D) 0.02 ± 0.03 −0.030 ± 0.014 255.9 ± 4.2 55.3 ± 5.8
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Webb et al. (2012)

King et al. (2013)

Planck (2015)

Model 1 (A)
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Model 1 Model 2

Results from Model 2

Analysis m d RA DEC
(GLyr−1) (GLyr−1) (◦) (◦)

(A) 0 −0.003 ± 0.003 261.0 −58.0
(B) 0.006 ± 0.0045 −0.003 ± 0.005 261.0 −58.0
(C) 0 −0.004 ± 0.005 261.6 ± 16.1 −61.3 ± 2.7
(D) 0.02 ± 0.01 −0.003 ± 0.005 245.0 ± 12.9 −56.0 ± 3.8

−0.02 −0.01 0.00 0.01 0.02

 

Webb et al. (2012)

King et al. (2013)

Galli (2013)

Model 2 (B)
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Conclusions

We have constrained the spatial variation of the fine structure constant using Planck data.

1. Cluster are not competitive with QSO but they play an equally important role since
allow to probe a different redshift range.

2. Introducing the dependence from the look-back time in Model 2 does not help to
improve the final results that are still compatible with zero. This was expected since our
dataset is at z < 0.3.

3. Our best constraints are obtained when the dipole direction is fixed to the best fit ones
from QSO.

4. Our results improve previous analysis of Planck Collaboration and other groups.
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