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ABSTRACT

Understanding the observed Cold Spot (CS, temperature of ~ —150 uK at its centre) on the
cosmic microwave background is an outstanding problem. Explanations vary from assuming
itis just a 230 primordial Gaussian fluctuation to the imprint of a supervoid via the Integrated
Sachs—Wolfe and Rees—Sciama (ISW+RS) effects. Since single spherical supervoids cannot
account for the full profile, the ISW4RS of multiple line-of-sight voids is studied here to
mimic the structure of the cosmic web. Two structure configurations are considered. The
first, through simulations of 20 voids, produces a central mean temperature of ~ — 50 uK.
In this model the central CS temperature lies at ~2¢ but fails to explain the CS hot ring.
An alternative multivoid model (using more pronounced compensated voids) produces much
smaller temperature profiles, but contains a prominent hot ring. Arrangements containing
closely placed voids at low redshift are found to be particularly well suited to produce CS-like
profiles. We then measure the significance of the CS if CS-like profiles (which are fitted to the
ISW+RS of multivoid scenarios) are removed. The CS tension with the A cold dark matter
model can be reduced dramatically for an array of temperature profiles smaller than the CS

itself.
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1 INTRODUCTION

The cosmic microwave background (CMB) has proven to be one of
the most powerful tools for precision cosmology. The CMB is in
remarkable agreement with theoretical predictions, but there remain
certain anomalies that are not fully understood. One such anomaly
is the CMB Cold Spot (CS), which was discovered (Vielva et al.
2004) when searching for non-Gaussianity in Wilkinson Microwave
Anisotropy Probe CMB maps. This was done using the Spherical
Mexican Hat Wavelet (SMHW; Cayén et al. 2001) and was only
observed in 0.1 per cent of 10 000 Gaussian simulations (Cruz
et al. 2005). More recently, the CS hot ring has been shown to be
its defining anomalous feature (Zhang & Huterer 2010; Nadathur
et al. 2014; Planck Collaboration XVI 2015b). The CS has been
studied in great detail (Cruz et al. 2006, 2007, 2008; Bennett et al.
2011; Gurzadyan et al. 2014; Planck Collaboration XVI 2015b)
and while many models have been put forward to explain its origin,
observational evidence to verify them have been lacking.
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In recent years, one of the leading emergent models states the CS
is the imprint of a large void (Inoue & Silk 2006, 2007; Masina &
Notari 2009; Inoue, Sakai & Tomita 2010; Inoue 2012). Light pass-
ing through the void will experience a change in energy due to the
time evolution of gravitational potentials via the Integrated Sachs—
Wolfe (ISW; Sachs & Wolfe 1967) and Rees—Sciama (RS; Rees
& Sciama 1968) effects. Momentum for this idea has been fuelled
by cross-correlation studies of the CMB with large-scale struc-
ture (LSS) which, in some cases, have found higher than predicted
correlation (Rassat et al. 2007; Giannantonio et al. 2008; Granett,
Neyrinck & Szapudi 2008; Papai, Szapudi & Granett 2011; Na-
dathur, Hotchkiss & Sarkar 2012; Flender, Hotchkiss & Nadathur
2013; Manzotti & Dodelson 2014; Kovacs & Granett 2015). Up
until recently, searches for voids along the CS line of sight (LOS)
have failed to find any significant underdensities (Granett, Sza-
pudi & Neyrinck 2010; Smith & Huterer 2010; Manzotti & Dodel-
son 2014), in particular pencil beam surveys (Bremer et al. 2010;
Granett et al. 2010) have effectively ruled out underdensities in the
CS LOS between 0.3 < z < 1. A large supervoid (the so-called
Eridanus Void) was finally discovered by Szapudi et al. (2015),
but Nadathur et al. (2014, NLHR) and Zibin (2014) showed single
spherical structures could not explain the CS profile.
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Despite the numerous studies on the possible ISW and RS
(ISW+RS) imprints of single voids to produce the CS, only a
few studies (such as Finelli et al. 2016) have attempted to look
at the effect of multiple structures along the LOS (which would
imprint a larger than expected temperature profile). The large-scale
cosmic web structure (Bond, Kofman & Pogosyan 1996) of the
Universe, makes the alignment of — at the very least — a few voids
seem very plausible. Hence, toy models of multiple voids are tested.
Although the equations used in this study assume spherical sym-
metry, tightly stacked voids can be considered as representative
of elongated voids (explored in Kovics & Garcia-Bellido 2015;
Marcos-Caballero et al. 2015). These have been found to be the
possible cause of larger than expected cross-correlations between
LSS and the CMB (Granett, Kovacs & Hawken 2015).

2 MODELING

For a spherical void the radius (rg), matter density contrast depth
(80) (which has the opposite sign convention to density contrast),
and central redshift (zo) are required to calculate the corresponding
expected ISW+RS imprint. For the Eridanus void, these parameters
are: rp =220 4 50 h~'Mpc, zo = 0.22 +0.03 and §, = 0.38 £ 0.11!
(Szapudi et al. 2015) with 1o errors.

In this study the density contrast profile of spherical voids (in-
troduced by Finelli et al. 2016) are defined by equation (1). Two
void models are examined: the o« = 0 case — considered by NLHR
—and the @ = 1 — an alternative model introduced by Finelli et al.
(2016). The @ = 1 case contains a more pronounced compensated
region which allows for a hot ring feature to be produced via the
ISW effect (which dominates in both cases),

n 20 1t r? 0
— |exp(—— ).
34 3arg P r}

For « = 0 we employ the model derived by NLHR, while for
a = 1 we use Finelli et al. (2016).> The ISW+RS effect is then
computed by adding the ISW and RS effects across the projected
angular distance (0) on the sky,

ATiswirs(0) = ATisw(0) + ATrs(9). 2

2+ Ta r?
3+ 3ars

8(r) = —8 (1

A toy model approach is utilized to calculate the imprint of multi-
ple voids. Simulations are run using void catalogues, which contain
the void’s effective radius (R.¢) and zo. However, to calculate §,
the central normalized galaxy count (p/p), 0 is used. &y is then
calculated from 8y = —(1/b)[(p/p)g,0 — 1] using a linear bias of
b = 1.9 (Tegmark et al. 2006). For simplicity we assume R is
equivalent to ry. Although in practice it is unlikely that the struc-
tures will match the density contrast profiles assumed. Even in the
case that they do, it is improbable that y would be precisely picked
up by the void finder algorithms. Nevertheless, this provides us with
an indicative ensemble of voids. The ISW+RS temperature profiles
of multiple structures is then found by superimposing the imprints
of single structures along the LOS.

! Obtained from 8¢ = —8,,,81 (NLHR) where §,, = —0.14 4 0.04 (Szapudi
et al. 2015) is the average matter density contrast across the void profile
assuming a biasing factor of b = 1.41.

2 This study began prior to the latest release of Finelli et al. (2016), hence
the o = 0 case was performed using solely the NLHR approach. However,
consistent results for @« = 0 can be obtained from Finelli et al. (2016).

3 Note, the ISW+RS of many voids placed close together is non-linear for
the RS effect (for §p = 0.5), so the process is not completely additive as is
assumed.
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A A cold dark matter (ACDM) model is assumed with cos-
mological parameters: Q, = 0.27, Q4 = 0.73, h = 0.7 and
Tems = 2.7255 K. Although these slightly differ from Planck Col-
laboration XIII (2015a), they are adopted for ease of comparison
with NLHR. Note, the density contrast profile of these structures
extends further out than ry. When structures are placed together,
the extended regions (beyond rj) overlap. In reality such a super-
position is not possible, but the temperature profiles generated are
indicative of what the true profile would be.

3 N ERIDANUS SUPERVOIDS

The temperature profile of the CS (see black dash—dotted line in
Figs 1 and 2) was remeasured in this study using the Planck SMICA
map (Planck Collaboration IX 2015¢) (downgraded to Ngg. = 256)
by measuring the average temperature in concentric rings, of 1°
radius, from the CS centre (located at galactic coordinates (I,
b) ~ (209°, —57°)).

To begin, the effects of N Eridanus voids are computed by plac-
ing them end to end along the LOS. The maximum number of
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Figure 1. The @ = 1 ISW+RS of 1, 6 and 21 Eridanus voids, placed end to
end along the LOS, is plotted with the CS temperature profile (dash—dotted
line) and its associated standard deviation (grey contour). The central CS

temperature is not matched even with the maximum 21 voids, however the
addition of Eridanus voids does make the profile more CS-like.
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Figure 2. The mean, median and general « = 0 ISW+RS profile of Ny =20
Irg voids are plotted in comparison to the CS temperature profile (dash—
dotted line) with its associated standard deviation (grey contour).
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stacked Eridanus voids along the LOS is 21. This is calculated by
dividing the comoving distance to last scattering by the diameter of
the Eridanus void. The first Eridanus void is placed according to its
true redshift centre and the centre of each subsequent Eridanus void
is then placed 2 x ry (in comoving coordinates) from the centre
of the previous void. Simulations involving many Eridanus voids
become increasingly unrealistic; as these place voids at higher red-
shift where: (1) the matter distribution is not sufficiently clumpy
for large underdensities to be present and (2) no meaningful ISW
signal should be expected since dark energy would not be as dom-
inant. For @ = 0, the central CS temperature can be matched by
six Eridanus voids stacked along the LOS. However, this does not
feature a hot ring, which makes it an incompatible CS explanation.
In Fig. 1, the o = 1 temperature profiles are computed for 1, 6 and
21 Eridanus voids. Even with the maximum number, the central
CS temperature cannot be achieved. However, the profile quickly
moves towards one that is similar in shape (up to 10°). Multiple
Eridanus void arrangements are clearly favoured, but this string of
stacked underdensities considered may itself be more problematic
for ACDM than the CS itself.

4 NLRG VOIDS

The temperature profile of multiple voids along the LOS is calcu-
lated by drawing void parameters from LSS catalogues. The moti-
vation is to calculate the ISW+RS profile of an ensemble of voids
that are representative of the distribution of voids in the Universe.

4.1 Data

To calculate the overall effect of multiple LOS voids, we use the
publicly available cluster and void catalogue* compiled by Nadathur
& Hotchkiss (2014). This uses spectroscopic data from Data Re-
lease 7 of the Sloan Digital Sky Survey. The /rgbright and Irgdim
catalogues of Void Type I and Type 2 are combined. This catalogue
[referred to as the luminous red galaxies (Irg) voids] consists of 103
voids. These voids are generally quite large since they are found
using sparser galaxy tracers.

4.2 Method

1000 simulations for the ISW+RS effects of 10 and 20 voids were
run for @ = 0, while 10 000 were run for « = 1. More simula-
tions are carried out for « = 1 since these simulations produce hot
rings. In these simulations, void parameters 8, and ry are randomly
drawn from our /rg catalogue and placed at random between red-
shift z = 0.1-2, whilst ensuring that the voids do not overlap. The
lower bound of z = 0.1 is chosen as a buffer so that the observer is
not mistakenly placed within the structure which would require the
inclusion of a dipole effect (NLHR; Zibin 2014). For each value of
0 the temperature values for all simulations are taken and sorted in
ascending order. 1o and 20 are then found by ensuring 68 per cent
and 95 per cent of the data lies within these envelopes, respectively.

4.3 ISW+RS fora =0

10 and 20 voids (where the number of voids is denoted by N,)
are placed along the LOS between redshifts 0.1 and 2. While our

4 Available from http://research.hip.fi/user/nadathur/download
/dr7catalogue/, where the latest version includes data from SDSS
Data Release 11.

study did consider scenarios involving both voids and clusters, these
arrangements were found to be of no particular interest in regards
to the CS as these profiles are too shallow. We focus instead on
the results produced using only /rg voids. In Fig. 2 the ISW+RS
temperature profile distribution for N, = 20 is shown exhibiting
a central mean temperature of ~ — 50 uK. However, the deepest
profiles are capable of explaining the central CS region (as it is
shown to lie at ~2¢), but cannot produce the hot ring. This makes
it difficult to consider this as a viable explanation for the CS.

4.4 ISW+RS fora =1

Introduced by Finelli et al. (2016), this void profile contains a more
pronounced compensated shell, ensuring that a hot ring is produced
via the ISW eftect. The ISW+RS profiles of Ny, = 10 and 20 voids
were simulated and are much shallower than the @« = 0 model
and is therefore unlikely to explain the full CS profile. However,
perhaps only a fraction of the full CS profile is required (Inoue 2012,
see Section 5). To search for CS-like profiles (or CS candidates),
simulations are sorted (which place voids between z = 0.1 and
2; in the same manner as in Section 4.3) in search of ones with
peaks between 6 = 12 and 18° — to find profiles which have a hot
ring feature aligned with the CS. These profiles tend to occur for
simulations where the distribution of voids is higher than average at
low redshifts (0.1-0.5). Hot ring features are found in 11.26 per cent
of the Ny, = 10 simulations which increases to 13.73 per cent for
N, = 20 simulations. This indicates that tightly arranged voids (or
an elongated void) at low redshift are favoured as CS candidates.

5 HOW MUCH OF THE COLD SPOT NEEDS
TO BE EXPLAINED?

We examine the significance of the primordial CS feature if a frac-
tion of the CS observed is caused by another effect, like the ISW+RS
or some hitherto unknown effect. Temperature profiles lying be-
tween the null hypothesis (i.e. a completely primordial Gaussian
fluctuation) and the full CS profile are subtracted. This is defined
by equation (3), to be similar in shape to the CS — i.e. a central
decrement followed by a hot ring. T, defines the depth of the pro-
file and 6, defines the angle at which the hot ring peaks. If we set
T, 0 =150 pK and 6y = 15°, we acquire a profile which resembles
the CS closely.

2 2

12 1
T,0)=~Tyo|1— 5 09—0 exp | — 1—(7) 9% 3)
The values of T, o and 6 are varied to constructa 7', profile which
is then subtracted from the CMB SMICA map in the direction of the
CS. The SMHW convolution is then applied to this 7, subtracted
map at Ngiqe = 16, with an angular scale of R = 5° (following Zhang
& Huterer 2010). We first compare the centre of the CS in the T,
subtracted maps (carried out at Nyge = 16) to the overall distribution
of the original CMB SMHW map (at Nyq4. = 64) for a particular
SMHW filter. This is shown in Fig. 3 (right). The positions of several
ISW+RS profiles are placed approximately, alongside the current
o = 1 ISW4RS profile of the Eridanus void which is shown to do
little to the significance of the CS. Interestingly, we find that the CS
can be reduced to a 2o primordial fluctuation if a temperature profile
with an aligned hot ring and central temperature of ~ — 70 uK are
considered. However, only the most extreme profile (a void with
ro = 340 h~'Mpc and 8, = 1) actually reduces the significance to
below 20. The other profiles still leave the CS with a significance
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T, subtracted CS vs Coldest Spots in CMB realisations
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Figure 3. On the left the 7', subtracted CS (or residual temperature profile) is compared to the coldest spots in CMB realizations, following the procedure
carried out in fig. 7 of NLHR. On the right, the SMHW of the residual temperature profile is compared to the full SMHW filtered SMICA map (at Nsige = 16).
The white shaded region shows where the residual temperature profile deviates by more than 2o from the mean coldest spots in CMB realisations (identified
using procedure shown in NLHR). The CS significance under the null hypothesis (a completely Gaussian primordial fluctuation) is shown by the dashed blue
line. While the significance of the CS if the following profiles are removed is indicated by: (1) CS (black star), (2) Eridanus void (red circle), (3) Eridanus void
with 8p = 1 (green circle), (4) large void that can match the central CS temperature (blue circle), (5) the deepest profiles for CS candidates found in simulations
with 10 (orange triangle) and 20 (yellow triangle) Irg voids and (6) 6 (pink square) and 21 (brown square) Eridanus voids. Note, only the ISW+RS temperature
imprints of & = 1 are shown. These profiles are fitted approximately to the T, parameters. The region beyond 6¢ > 20° (red dashed line), marks the angle from
which the SMHW filter (used in either measurement) approaches 0 and the position of the CS hot ring is marked by the grey shaded region between 12°and18°.

of 220, despite involving extreme scenarios. So while a smaller
temperature profile could explain the CS we have shown that even
this reduced temperature profile is difficult to achieve through the
ISW+RS effect.

We then compare the residual temperature profile (i.e. the T,
subtracted CS) to the coldest spots in CMB realizations. This is
carried out in the same manner as is shown in NLHR, where the
significance is calculated by measuring the cumulative filtered tem-
perature up to 20° but with an angular scale R = 5° (see fig. 7 of
NLHR). The values found are plotted on the left of Fig. 3, where a
further constraint is applied by calculating the difference between
the residual temperature profile and the mean coldest CMB spots.
In Fig. 3 (left) the region shaded in white, illustrates where the
maximum significance of the residual profile deviates by more than
20 from the mean temperature profile of the coldest CMB spots.
The region not shaded in white with a significance of <2¢ are the
types of profiles that would make the CS more consistent with the
coldest CMB spots. A profile with 8¢ ~ 15° and AT, o ~ —50 uK
would greatly reduce the anomaly. This is well within the scenarios
considered, however voids beyond z > 0.3 have been effectively
ruled out. Nevertheless the CS anomaly could arise due to a crucial
ISW+RS imprint from the Eridanus void which stretches along the
entire LOS region (z < 0.3) (Kovécs & Garcia-Bellido 2015), which
is precisely the region where our simulations have found the best
case for a causal relation.

6 CONCLUSION

To test whether stacked voids can produce the CS anomaly, simula-
tions were run using two density contrast profiles (defined by « =0
and o = 1) (see equation 1). For « = 0, we find that the ISW+RS for
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6 Eridanus voids and 20 Irg voids is capable of providing the cen-
tral CS temperature. However, this model fails to predict a hot ring,
making it incompatible with the full CS profile. For « = 1 (which
contains a more pronounced compensated region), we find that the
ISW+RS cannot provide an explanation for the full CS amplitude
for the void simulations considered. Nevertheless, arrangements
with an excess of voids at low redshift tend to have aligned hot
rings. Furthermore, stacking 6 and 21 Eridanus voids along the
LOS reveals that the elongation of the N Eridanus void structure
makes the temperature profile more CS like (although not as deep).
In both cases, the temperature profiles that are most CS-like tend
to be scenarios involving tightly arranged voids along the LOS, an
arrangement that could be interpreted as a pseudo-elongated void.
A temperature profile, T, (see equation 3), is defined with CS-like
characteristics. The parameters are varied and then subtracted from
the CMB SMICA map in the direction of the CS. The significance
of the residual temperature profile is measured in comparison to
the coldest spots in CMB realizations and the full SMICA map
distribution. We find that a whole range of profiles could relieve the
CS tension with ACDM and display that a temperature profile that is
as deep as the CS is not necessarily required. A temperature imprint
with an aligned hot ring and a central temperature of ~ — 70 uK
would be sufficient to reduce the CS significance to 20. However,
even this reduced temperature profile is shown to be difficult to
achieve through the ISW+RS for « = 1. Alternatively, for the
CS to be consistent with the coldest spots in CMB realizations
requires a central ATiswirs ~ —50 uK. Multiple void structures
at low redshift seem to suggest a stronger causal relation between
the voids and CS. Since the Eridanus void is both elongated and at
low redshift (Kovacs & Garcia-Bellido 2015), a causal relation now
seems very likely. Hence, it is crucial that future galaxy surveys
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map the cosmic web along the LOS to better understand the shape
and role of this void and other structures in the CS anomaly.

ACKNOWLEDGEMENTS

We thank Seshadri Nadathur, Andrias Kovacs and Juan Garcia-
Bellido for correspondence and discussion. Some of the results
in this Letter were derived using the HEALPIX (GOrski et al. 2005)
package. ABL thanks CNES for financial support through its post-
doctoral programme. This work was supported in part by the Kavli
Institute for Cosmological Physics at the University of Chicago
through grant NSF PHY-1125897 and an endowment from the Kavli
Foundation and its founder Fred Kavli. OL acknowledges support
from a European Research Council Advanced Grant FP7/291329,
which also supported ABL and KN.

REFERENCES

Bennett C. L. et al., 2011, ApJS, 192, 17

Bond J. R., Kofman L., Pogosyan D., 1996, Nature, 380, 603

Bremer M. N, Silk J., Davies L. J. M., Lehnert M. D., 2010, MNRAS, 404,
L69

Cayon L., Sanz J. L., Martinez-Gonzdlez E., Banday A. J., Argtieso F.,
Gallegos J. E., Gorski K. M., Hinshaw G., 2001, MNRAS, 326, 1243

Cruz M., Martinez-Gonzdlez E., Vielva P., Cayo6n L., 2005, MNRAS, 356,
29

Cruz M., Tucci M., Martinez-Gonzélez E., Vielva P., 2006, MNRAS, 369,
57

Cruz M., Cay6n L., Martinez-Gonzilez E., Vielva P, Jin J., 2007, ApJ, 655,
11

Cruz M., Martinez-Gonzdlez E., Vielva P., Diego J. M., Hobson M., Turok
N., 2008, MNRAS, 390, 913

Finelli F., Garcia-Bellido J., Kovacs A., Paci F., Szapudi 1., 2016, MNRAS,
455, 1246

Flender S., Hotchkiss S., Nadathur S., 2013, J. Cosmol. Astropart. Phys., 2,
13

Giannantonio T., Scranton R., Crittenden R. G., Nichol R. C., Boughn S. P.,
Myers A. D., Richards G. T., 2008, Phys. Rev. D, 77, 123520

Gorski K. M., Hivon E., Banday A. J., Wandelt B. D., Hansen F. K., Reinecke
M., Bartelmann M., 2005, AplJ, 622, 759

Granett B. R., Neyrinck M. C., Szapudi I., 2008, ApJ, 683, L99

Granett B. R., Szapudi L., Neyrinck M. C., 2010, ApJ, 714, 825

Granett B. R., Kovics A., Hawken A. J., 2015, MNRAS, 454, 2804

Gurzadyan V. G., Kashin A. L., Khachatryan H., Poghosian E., Sargsyan S.,
Yegorian G., 2014, A&A, 566, A135

Inoue K. T., 2012, MNRAS, 421, 2731

Inoue K. T., Silk J., 2006, ApJ, 648, 23

Inoue K. T., Silk J., 2007, ApJ, 664, 650

Inoue K. T., Sakai N., Tomita K., 2010, ApJ, 724, 12

Kovics A., Garcia-Bellido J., 2015, preprint (arXiv:1511.09008)

Kovacs A., Granett B. R., 2015, MNRAS, 452, 1295

Manzotti A., Dodelson S., 2014, Phys. Rev. D, 90, 123009

Marcos-Caballero A., Fernandez-Cobos R., Martinez-Gonzalez E., Vielva
P, 2015, preprint (arXiv:1510.09076)

Masina I., Notari A., 2009, J. Cosmol. Astropart. Phys., 2, 19

Nadathur S., Hotchkiss S., 2014, MNRAS, 440, 1248

Nadathur S., Hotchkiss S., Sarkar S., 2012, J. Cosmol. Astropart. Phys., 6,
42

Nadathur S., Lavinto M., Hotchkiss S., Rasanen S., 2014, Phys. Rev. D, 90,
103510 (NLHR)

Pépai P, Szapudi 1., Granett B. R., 2011, ApJ, 732, 27

Planck Collaboration XIII, 2015a, preprint (arXiv:1502.01589)

Planck Collaboration X VI, 2015b, preprint (arXiv:1506.07135)

Planck Collaboration IX, 2015¢c, preprint (arXiv:1502.05956)

Rassat A., Land K., Lahav O., Abdalla F. B., 2007, MNRAS, 377, 1085

Rees M. J., Sciama D. W., 1968, Nature, 217, 511

Sachs R. K., Wolfe A. M., 1967, ApJ, 147, 73

Smith K. M., Huterer D., 2010, MNRAS, 403, 2

Szapudi I. et al., 2015, MNRAS, 450, 288

Tegmark M. et al., 2006, Phys. Rev. D, 74, 123507

Vielva P.,, Martinez-Gonzalez E., Barreiro R. B., Sanz J. L., Cay6n L., 2004,
Apl, 609, 22

Zhang R., Huterer D., 2010, Astropart. Phys., 33, 69

Zibin J. P., 2014, preprint (arXiv:1408.4442)

This paper has been typeset from a TX/IATgX file prepared by the author.

MNRASL 459, L71-L75 (2016)


http://arxiv.org/abs/1511.09008
http://arxiv.org/abs/1510.09076
http://arxiv.org/abs/1502.01589
http://arxiv.org/abs/1506.07135
http://arxiv.org/abs/1502.05956
http://arxiv.org/abs/1408.4442

