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Warning!	  

ISW	  is	  a	  weak	  signal!	  

~	  3σ	  è	  “detecJon”	  
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•  CMB photons are blue (red) shifted when fall into (out of) gravitational potential wells 

•  An evolution of the gravitational potential during the photon crossing implies a net change in 
the photon energy è secondary anisotropy of the CMB anisotropies 
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•  CMB photons are blue (red) shifted when fall into (out of) gravitational potential wells 

•  An evolution of the gravitational potential during the photon crossing implies a net change in 
the photon energy è secondary anisotropy of the CMB anisotropies 

[Grane3	  et	  al.]	  



•  In a matter dominated (Einstein-De Sitter) universe, the gravitational potentials remain constant w.r.t. 
the conformal time è no net ISW signal. 

•  Hence, the detection of the ISW effect can be related to the presence of a given curvature (e.g., 
Kaminkowski & Spergel 1994) or a dark energy component (e.g., Crittenden & Turok 1996) governing 
the expansion. 

 

•  Other effects modifying the properties of the gravitational potential with time, might introduce, as well, 
an ISW effect. In particular, the ISW could be used to explore modified gravity theories (e.g., Hu 
2002) 
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1.	  The	  ISW	  effect	  
The	  ISW	  detec;on:	  expected	  s2n	  

Unfortunately, the ISW contribution to the 
CMB anisotropies is subdominant: it is 
covered by the primordial fluctuations at very 
large scale. 

It can be detected, however, by cross-
correlating the CMB fluctuations with a 
tracer of the matter distribution (e.g., 
Crittenden & Turok 1996) è a maximum 
of 7σ is expected from a perfect tracer. 
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However, actual tracers (as galaxy catalogue surveys) are far from being ideal tracers: 

•  Incomplete sky coverage (also on the CMB side) è increase sampling variance 
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However, actual tracers (as galaxy catalogue surveys) are far from being ideal tracers: 

•  Incomplete sky coverage (also on the CMB side) è increase sampling variance 

•  Finite number of counts è extra noise on the gravitational potential description 
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However, actual tracers (as galaxy catalogue surveys) are far from being ideal tracers: 

•  Incomplete sky coverage (also on the CMB side) è increase sampling variance 

•  Finite number of counts è extra noise on the gravitational potential description 

•  Reduced redshift range è incomplete mapping of the gravitational potential  

It was in 2004, [Boughn and Crittenden] when the first detection of the ISW effect was claimed, by 
cross-correlating the WMAP CMB signal with HEAO-1 and NVSS. 

~2.5σ	  
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Afterwards, tens of works have explored the ISW by cross-correlating WMAP with several 
LSS surveys. 

An almost complete list: 
Planck Collaboration: The ISW effect with Planck

1. Introduction

This paper, one of a set associated with the 2013 data re-
lease from the Planck1 mission (Planck Collaboration I 2013),
presents the first results on the integrated Sachs-Wolfe (ISW) ef-
fect using Planck data. The ISW effect (Sachs & Wolfe 1967;
Rees & Sciama 1968; Hu & Sugiyama 1994) is a secondary
anisotropy in the cosmic microwave background (CMB), caused
by the interaction of CMB photons with the time-evolving po-
tentials from large-scale structure (LSS, hereafter). Photons fol-
low a geodesic that is weakly perturbed by the Newtonian grav-
itational potential, Φ, and experience a fractional shift in their
temperature given by

Θ =
∆T

TCMB
=

2
c3

� η0

η∗

dη
∂Φ

∂η
, (1)

where the integral is expressed in terms of the conformal time
η, defined differentially by dη/da = 1/(a2H(a)) with H(a) the
Hubble function and a the scale factor. The integration limits
here go from the recombination time (η∗) to the present time
(η0).

The sensitivity of the ISW effect to gravitational potentials
(that can extend over Gpc scales) results in the power of the
ISW being concentrated on the largest scales. The largest scales
for the CMB have been mapped out by the Wilkinson Microwave
Anisotropy Probe (WMAP) to the statistical limit of cosmic vari-
ance. Some systematics (like foreground removal) can have an
impact on the reconstruction of the CMB especially at the largest
scales where our Galaxy can introduce significant residuals on
the reconstructed CMB map. The superior sensitivity of Planck
together with its better angular resolution and wider frequency
coverage allows for a better understanding (and hence removal)
of Galactic and extagalactic foregrounds, therefore reducing the
possible negative impact of these residuals. Planck allows us to
improve on previous measurements by having a better system-
atic control, an improved removal of foregrounds (that permits
us to explore the achromatic nature of the ISW signal on a wider
frequency range), and a better understanding of systematics af-
fecting tracer catalogues.

For cosmological models where Ωm = 1, gravitational po-
tentials remain constant during linear structure formation, and
the ISW signal is negligible (to first order, although second or-
der nonlinear ISW is always expected around smaller over- and
under-dense regions). In the presence of dark energy, decaying
potentials due to the accelerated expansion rate, result in a net
ISW effect which is positive when the CMB photons cross over-
dense regions and negative when the CMB photons cross under-
dense regions. Therefore, the ISW effect is an indicator of either
non-zero curvature (Kamionkowski & Spergel 1994), any form
of dark energy, such as a cosmological constant Λ (Crittenden &
Turok 1996), modified gravity (Hu 2002), or a combination of
these possibilities. By measuring the rate at which gravitational
potentials in the LSS decay (up to redshift of around 2), the ISW
effect can be used as an independent probe of cosmology and
provides complementary and independent evidence for dark en-
ergy.

Detection of the ISW effect was first made possible with
all-sky CMB maps from WMAP. Based on these data, many

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

works can be found in the literature where the authors aim at
making, and subsequectly improving, the measurement of the
ISW effect through correlations with tracer catalogues: 2MASS
(an infrared catalogue at low redshifts around 0.1, Afshordi
et al. 2004; Dupé et al. 2011; Francis & Peacock 2009; Rassat
et al. 2006), HEAO (an X-ray survey at low redshift, with the
first positive claim for detection, Boughn & Crittenden 2004),
Sloan Digital Sky Survey (SDSS, optical survey at intermediate
redshifts, Bielby et al. 2010; Cabré et al. 2006; Fosalba et al.
2003; Fosalba & Gaztañaga 2004; Giannantonio et al. 2006;
Granett et al. 2009; López-Corredoira et al. 2010; Padmanabhan
et al. 2005; Sawangwit et al. 2010; Scranton et al. 2003; Xia
2009), the NRAO VLA Sky Survey (NVSS, radio catalogue with
high-redshift sources, Boughn & Crittenden 2005; Hernández-
Monteagudo 2010; Massardi et al. 2010; McEwen et al. 2007;
Pietrobon et al. 2006a; Raccanelli et al. 2008; Schiavon et al.
2012; Vielva et al. 2006), and combined measurements with
multiple tracers (Corasaniti et al. 2005; Gaztañaga et al. 2006;
Giannantonio et al. 2008, 2012; Ho et al. 2008; Nolta et al.
2004). The significance of the ISW detections that can be found
in the literature range between 0.9σ and 4.7σ. There are a num-
ber of peculiarities related to some of the detection claims, as
noted by Hernández-Monteagudo (2010) and López-Corredoira
et al. (2010). They both found lower significance levels than
some previous studies and pointed out the absence of the signal
at low multipoles where the ISW effect should be most promi-
nent and the presence of point source emission on small scales
for radio surveys.

The main result that is obtained from an ISW detection is
a constraint on the cosmological constant (or dark energy), ΩΛ.
The general consensus from the variety of ISW analyses is for
a value of ΩΛ � 0.75 with an error of about 20%, which pro-
vides independent evidence for the existence of dark energy
(Fosalba et al. 2003; Fosalba & Gaztañaga 2004; Nolta et al.
2004; Corasaniti et al. 2005; Padmanabhan et al. 2005; Cabré
et al. 2006; Giannantonio et al. 2006; Pietrobon et al. 2006b;
Rassat et al. 2006; Vielva et al. 2006; McEwen et al. 2007; Ho
et al. 2008). All tests on spatial flatness find an upper limit for
ΩK of a few percent (Nolta et al. 2004; Gaztañaga et al. 2006;
Ho et al. 2008; Li & Xia 2010). Using a prior on spatial flat-
ness, the dark energy equation of state parameter, w, was found
to be close to −1 (Giannantonio et al. 2006; Vielva et al. 2006;
Ho et al. 2008) and has been excluded from having a strong time
evolution (Giannantonio et al. 2008; Li & Xia 2010).

The ISW effect is achromatic, conserving the Planck spec-
trum of the CMB and can be separated from other CMB fluc-
tuations through cross-correlations with catalogues which trace
the LSS gravitational potentials (see for instance Crittenden &
Turok 1996). This cross-correlation can be studied in different
ways: angular cross-correlations in real space between the CMB
and the catalogues tracing the LSS; the corresponding angu-
lar cross-power spectrum of the Fourier-transformed maps; or
through the covariance of wavelet-filtered maps as a function of
wavelet scale. The studies using WMAP data mentioned above
follow this survey cross-correlation techique.

An alternative approach, similar to the angular cross-
correlation in real space, consists of stacking CMB fields centred
on known supersclusters or supervoids (Granett et al. 2008a,b;
Pápai & Szapudi 2010). The advantage of this technique is that
it allows for a detailed study of the profile of the CMB fluctua-
tions caused by this secondary anisotropy.

A novel and powerful approach takes advantage of the fact
that the same potentials that make CMB photons gain or loose
energy along their path (ISW), create lensing distortions that can

2

Results	  are	  diverse:	  from	  no	  
detec?on	  up	  to	  4.7σ	  claims.	  
	  
One	  of	  the	  most	  important	  
reasons	  for	  the	  differences	  is	  the	  
different	  nature	  of	  the	  detecJon	  
tests	  applied	  on	  each	  work.	  
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1.	  The	  ISW	  effect	  
The	  ISW	  detec;on:	  the	  ISW-‐lensing	  bispectrum	  

The	   CMB	   lensing	   and	   the	   ISW	   are	   correlated:	   both	   are	   caused	   by	   the	   same	   ma3er	  
gravita?onal	   poten?al.	   Planck	   provides	   the	   first	   opportunity	   to	   probe	   such	   correla?on	  
(Expected	  s2n	  =	  3.3σ)	  
	  
It	  induces	  a	  non-‐zero	  bispectrum	  of	  the	  CMB	  fluctua?ons,	  with	  a	  “squeezed”	  configura?on:	  
one	   short	   leg	   at	   low	   mul?pole	   (ISW)	   and	   two	   small	   scale	   modes	   at	   high	   mul?pole	  
associated	  to	  the	  lensing	  induced	  correla?on	  è	  non-‐negligible	  bias	  to	  the	  primordial	  local	  
fNL.	  

Planck Collaboration: Planck 2013 Results. XXIV. Constraints on primordial NG

Table 1. The bias in the three primordial fNL parameters due to
the ISW-lensing signal for the four component-separation meth-
ods.

SMICA NILC SEVEM C-R

Local . . . . . . . . . . . . . . . . 7.1 7.0 7.1 6.0
Equilateral . . . . . . . . . . . . 0.4 0.5 0.4 1.4
Orthogonal . . . . . . . . . . . . −22 −21 −21 −19

Table 2. Results for the amplitude of the ISW-lensing bispec-
trum from the SMICA, NILC, SEVEM, and C-R foreground-cleaned
maps, for the KSW, binned, and modal (polynomial) estimators;
error bars are 68% CL .

SMICA NILC SEVEM C-R

KSW . . . . . 0.81 ± 0.31 0.85 ± 0.32 0.68 ± 0.32 0.75 ± 0.32
Binned . . . . 0.91 ± 0.37 1.03 ± 0.37 0.83 ± 0.39 0.80 ± 0.40
Modal . . . . 0.77 ± 0.37 0.93 ± 0.37 0.60 ± 0.37 0.68 ± 0.39

Expectation Minimization, SEVEM). These and other techniques
underwent a pre-launch testing phase (Leach et al. 2008). Each
method provides a Planck CMB foreground-cleaned map with a
confidence mask, which defines the trusted cleaned region of the
sky; an estimate of the noise in the output CMB map obtained
from half-ring difference maps; and an estimate of the beam
transfer function of the processed map. The resolution reaches
5 arcminutes. In addition a union of all the confidence masks,
denotes as U73, is provided. Channels from both the Low
Frequency Instrument (LFI, Planck Collaboration II 2013) and
the High Frequency Instrument (HFI, Planck Collaboration VI
2013) of Planck are used to achieve each of the reconstructed
CMB templates. The validation of CMB reconstruction through
component separation is based on the inspection of several
observables, as explained in detail in Planck Collaboration XII
(2013): the two-point correlation function and derived cosmo-
logical parameters; indicators of NG including the fNL results
presented in the present paper; and cross-correlation with
known foreground templates. MC simulations varying the CMB
realizations in the FFP6 simulations were used to establish
uncertainties on the observables listed above. Based on various
figures-of-merit, the foreground cleaning techniques performed
comparably well (Planck Collaboration XII 2013).

5.2. The Integrated Sachs-Wolfe-lensing bispectrum

One of the most relevant mechanisms that can generate NG from
secondary CMB anisotropies is the coupling between weak lens-
ing and the ISW (Sachs & Wolfe 1967) effect. This is in fact
the leading contribution to the CMB secondary bispectrum with
a blackbody frequency dependence (Goldberg & Spergel 1999;
Verde & Spergel 2002; Giovi et al. 2005).

Weak lensing of the CMB is caused by gradients in the
matter gravitational potential that distorts the CMB photon
geodesics. The ISW on the other hand arise because of time-
varying gravitational potentials due to the linear and nonlinear
growth of structure in the evolving Universe. Both the lensing
and the ISW effect are then related to the matter gravitational
potential and thus are correlated phenomena. This gives rise to
a non-vanishing 3-point correlation function. Furthermore, lens-
ing is related to nonlinear processes which are therefore non-
Gaussian. A detailed description of the signal, which accounts

also for the contribution from the early-ISW effect, can be found
in Lewis (2012).

The ISW-lensing bispectrum takes the form:

Bm1m2m3
�1�2�3

≡ �a�1m1 a�2m2 a�3m3� = �aP
�1m1

aL
�2m2

aISW
�3m3
�+5 perm. , (76)

where P, L, and ISW indicate primordial, lensing and ISW con-
tributions respectively. This becomes

Bm1m2m3 (ISW−L)
�1�2�3

= Gm1m2m3
�1�2�3

bISW−L
�1�2�3

, (77)

where Gm1m2m3
�1�2�3

is the Gaunt integral and bISW−L
�1�2�3

is the reduced
bispectrum given by

bISW−L
�1�2�3

=
�1(�1 + 1) − �2(�2 + 1) + �3(�3 + 1)

2
× C̃TT

�1
CTφ
�3
+ (5 perm.) . (78)

Here C̃TT
� is the lensed CMB power spectrum and CTφ

�
is the ISW-lensing cross-power spectrum (Lewis 2012;
Goldberg & Spergel 1999; Verde & Spergel 2002; Cooray & Hu
2000) that expresses the statistical expectation of the correlation
between the lensing and the ISW effect.

As shown in Hanson et al. (2009b), Mangilli & Verde
(2009), and Lewis et al. (2011), the ISW-lensing bispectrum can
introduce a contamination in the constraints on primordial local
NG from the CMB bispectrum. Both bispectra are maximal for
squeezed or nearly squeezed configurations. The bias on a pri-
mordial fNL (e.g., local) due to the presence of the ISW-lensing
cross correlation signal is defined as:

∆ f local
NL =

Ŝ
N
, (79)

with

Ŝ =
�

2��1�2�3

BISW−L
�1�2�3

BP
�1�2�3

V�1�2�3
, N =

�

2��1�2�3

�
BP
�1�2�3

�2

V�1�2�3
, (80)

where BISW−L and BP refer respectively to the ISW-lensing and
the primordial bispectrum, and V is defined below Eq. (35).

The bias in the estimation of the three primordial fNL from
Planck is given in Table 1. As one can see, taking into account
the fNL statistical error bars shown, e.g., in Table 8, the local
shape is most affected by this bias (at the level of more than
1σlocal), followed by the orthogonal shape (at the level of about
0.5σortho), while the equilateral shape is hardly affected. In this
paper we have taken into account the bias reported in Table 1 by
subtracting it from the measured fNL.7

The results for the amplitude of the ISW-lensing bispectrum
from the different foreground-cleaned maps are given in Table 2.
It should be noted that the binned and modal estimators are
less correlated to the exact template for the ISW-lensing shape
than they are for the primordial shapes, hence their larger er-
ror bars compared to KSW (which uses the exact template by
construction (Mangilli et al. 2013)). The conclusion is that we
detect the ISW-lensing bispectrum at a value consistent with the
fiducial value of 1, at a significance level of 2.6σ (taking the
SMICA-KSW value as reference). For details about comparisons
between different estimators and analysis of the data regarding
primordial shapes we refer the reader to Sects. 6 and Sect. 7.

7 See Kim et al. (2013) for other debiasing techniques.
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Local . . . . . . . . . . . . . . . . 7.1 7.0 7.1 6.0
Equilateral . . . . . . . . . . . . 0.4 0.5 0.4 1.4
Orthogonal . . . . . . . . . . . . −22 −21 −21 −19

Table 2. Results for the amplitude of the ISW-lensing bispec-
trum from the SMICA, NILC, SEVEM, and C-R foreground-cleaned
maps, for the KSW, binned, and modal (polynomial) estimators;
error bars are 68% CL .

SMICA NILC SEVEM C-R

KSW . . . . . 0.81 ± 0.31 0.85 ± 0.32 0.68 ± 0.32 0.75 ± 0.32
Binned . . . . 0.91 ± 0.37 1.03 ± 0.37 0.83 ± 0.39 0.80 ± 0.40
Modal . . . . 0.77 ± 0.37 0.93 ± 0.37 0.60 ± 0.37 0.68 ± 0.39

Expectation Minimization, SEVEM). These and other techniques
underwent a pre-launch testing phase (Leach et al. 2008). Each
method provides a Planck CMB foreground-cleaned map with a
confidence mask, which defines the trusted cleaned region of the
sky; an estimate of the noise in the output CMB map obtained
from half-ring difference maps; and an estimate of the beam
transfer function of the processed map. The resolution reaches
5 arcminutes. In addition a union of all the confidence masks,
denotes as U73, is provided. Channels from both the Low
Frequency Instrument (LFI, Planck Collaboration II 2013) and
the High Frequency Instrument (HFI, Planck Collaboration VI
2013) of Planck are used to achieve each of the reconstructed
CMB templates. The validation of CMB reconstruction through
component separation is based on the inspection of several
observables, as explained in detail in Planck Collaboration XII
(2013): the two-point correlation function and derived cosmo-
logical parameters; indicators of NG including the fNL results
presented in the present paper; and cross-correlation with
known foreground templates. MC simulations varying the CMB
realizations in the FFP6 simulations were used to establish
uncertainties on the observables listed above. Based on various
figures-of-merit, the foreground cleaning techniques performed
comparably well (Planck Collaboration XII 2013).

5.2. The Integrated Sachs-Wolfe-lensing bispectrum

One of the most relevant mechanisms that can generate NG from
secondary CMB anisotropies is the coupling between weak lens-
ing and the ISW (Sachs & Wolfe 1967) effect. This is in fact
the leading contribution to the CMB secondary bispectrum with
a blackbody frequency dependence (Goldberg & Spergel 1999;
Verde & Spergel 2002; Giovi et al. 2005).

Weak lensing of the CMB is caused by gradients in the
matter gravitational potential that distorts the CMB photon
geodesics. The ISW on the other hand arise because of time-
varying gravitational potentials due to the linear and nonlinear
growth of structure in the evolving Universe. Both the lensing
and the ISW effect are then related to the matter gravitational
potential and thus are correlated phenomena. This gives rise to
a non-vanishing 3-point correlation function. Furthermore, lens-
ing is related to nonlinear processes which are therefore non-
Gaussian. A detailed description of the signal, which accounts

also for the contribution from the early-ISW effect, can be found
in Lewis (2012).

The ISW-lensing bispectrum takes the form:

Bm1m2m3
�1�2�3

≡ �a�1m1 a�2m2 a�3m3� = �aP
�1m1
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�2m2

aISW
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where P, L, and ISW indicate primordial, lensing and ISW con-
tributions respectively. This becomes

Bm1m2m3 (ISW−L)
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where Gm1m2m3
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is the Gaunt integral and bISW−L
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Here C̃TT
� is the lensed CMB power spectrum and CTφ

�
is the ISW-lensing cross-power spectrum (Lewis 2012;
Goldberg & Spergel 1999; Verde & Spergel 2002; Cooray & Hu
2000) that expresses the statistical expectation of the correlation
between the lensing and the ISW effect.

As shown in Hanson et al. (2009b), Mangilli & Verde
(2009), and Lewis et al. (2011), the ISW-lensing bispectrum can
introduce a contamination in the constraints on primordial local
NG from the CMB bispectrum. Both bispectra are maximal for
squeezed or nearly squeezed configurations. The bias on a pri-
mordial fNL (e.g., local) due to the presence of the ISW-lensing
cross correlation signal is defined as:

∆ f local
NL =
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, (79)

with
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where BISW−L and BP refer respectively to the ISW-lensing and
the primordial bispectrum, and V is defined below Eq. (35).

The bias in the estimation of the three primordial fNL from
Planck is given in Table 1. As one can see, taking into account
the fNL statistical error bars shown, e.g., in Table 8, the local
shape is most affected by this bias (at the level of more than
1σlocal), followed by the orthogonal shape (at the level of about
0.5σortho), while the equilateral shape is hardly affected. In this
paper we have taken into account the bias reported in Table 1 by
subtracting it from the measured fNL.7

The results for the amplitude of the ISW-lensing bispectrum
from the different foreground-cleaned maps are given in Table 2.
It should be noted that the binned and modal estimators are
less correlated to the exact template for the ISW-lensing shape
than they are for the primordial shapes, hence their larger er-
ror bars compared to KSW (which uses the exact template by
construction (Mangilli et al. 2013)). The conclusion is that we
detect the ISW-lensing bispectrum at a value consistent with the
fiducial value of 1, at a significance level of 2.6σ (taking the
SMICA-KSW value as reference). For details about comparisons
between different estimators and analysis of the data regarding
primordial shapes we refer the reader to Sects. 6 and Sect. 7.

7 See Kim et al. (2013) for other debiasing techniques.
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sky; an estimate of the noise in the output CMB map obtained
from half-ring difference maps; and an estimate of the beam
transfer function of the processed map. The resolution reaches
5 arcminutes. In addition a union of all the confidence masks,
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2013) of Planck are used to achieve each of the reconstructed
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known foreground templates. MC simulations varying the CMB
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uncertainties on the observables listed above. Based on various
figures-of-merit, the foreground cleaning techniques performed
comparably well (Planck Collaboration XII 2013).
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One of the most relevant mechanisms that can generate NG from
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ing and the ISW (Sachs & Wolfe 1967) effect. This is in fact
the leading contribution to the CMB secondary bispectrum with
a blackbody frequency dependence (Goldberg & Spergel 1999;
Verde & Spergel 2002; Giovi et al. 2005).

Weak lensing of the CMB is caused by gradients in the
matter gravitational potential that distorts the CMB photon
geodesics. The ISW on the other hand arise because of time-
varying gravitational potentials due to the linear and nonlinear
growth of structure in the evolving Universe. Both the lensing
and the ISW effect are then related to the matter gravitational
potential and thus are correlated phenomena. This gives rise to
a non-vanishing 3-point correlation function. Furthermore, lens-
ing is related to nonlinear processes which are therefore non-
Gaussian. A detailed description of the signal, which accounts

also for the contribution from the early-ISW effect, can be found
in Lewis (2012).

The ISW-lensing bispectrum takes the form:
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2000) that expresses the statistical expectation of the correlation
between the lensing and the ISW effect.

As shown in Hanson et al. (2009b), Mangilli & Verde
(2009), and Lewis et al. (2011), the ISW-lensing bispectrum can
introduce a contamination in the constraints on primordial local
NG from the CMB bispectrum. Both bispectra are maximal for
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mordial fNL (e.g., local) due to the presence of the ISW-lensing
cross correlation signal is defined as:

∆ f local
NL =

Ŝ
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where BISW−L and BP refer respectively to the ISW-lensing and
the primordial bispectrum, and V is defined below Eq. (35).

The bias in the estimation of the three primordial fNL from
Planck is given in Table 1. As one can see, taking into account
the fNL statistical error bars shown, e.g., in Table 8, the local
shape is most affected by this bias (at the level of more than
1σlocal), followed by the orthogonal shape (at the level of about
0.5σortho), while the equilateral shape is hardly affected. In this
paper we have taken into account the bias reported in Table 1 by
subtracting it from the measured fNL.7

The results for the amplitude of the ISW-lensing bispectrum
from the different foreground-cleaned maps are given in Table 2.
It should be noted that the binned and modal estimators are
less correlated to the exact template for the ISW-lensing shape
than they are for the primordial shapes, hence their larger er-
ror bars compared to KSW (which uses the exact template by
construction (Mangilli et al. 2013)). The conclusion is that we
detect the ISW-lensing bispectrum at a value consistent with the
fiducial value of 1, at a significance level of 2.6σ (taking the
SMICA-KSW value as reference). For details about comparisons
between different estimators and analysis of the data regarding
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2.	  The	  ISW	  in	  Planck	  
The	  data:	  Planck	  CMB	  maps	  

Planck Collaboration: Planck 2013 results. XII. Component separation

C-R NILC

SEVEM SMICA

−300 300µK

Fig. 1: Foreground-cleaned CMB maps derived by Commander-Ruler, NILC, SEVEM and SMICA. Note that the SMICAmap has been
filled in smoothly inside a 3 % Galactic mask.

1996) and the free-free index, βff, lying between −2.2 and −2.1.
Less is known about the AME spectrum, but spinning dust mod-
els with a spectrum peaking at frequencies below 20 GHz (in
brightness temperature units) adequately describe current obser-
vations2. Above the peak, the spectrum appears consistent with
a power-law (e.g., Banday et al. 2003; Davies et al. 2006; Dobler
& Finkbeiner 2008; Ghosh et al. 2012). In addition to these three,
the existence of a fourth low-frequency foreground component,
known as the “Galactic haze”, has been claimed, possibly due to
a hard-spectrum synchrotron population near the Galactic cen-
tre (e.g., Finkbeiner 2004; Dobler & Finkbeiner 2008; Pietrobon
et al. 2012; Planck Collaboration Int. IX 2013).

At frequencies higher than 100 GHz, thermal dust emission
dominates over most of the sky and is commonly described
by a modified blackbody spectrum with power-law emissivity,
�ν ∝ νβd , and temperature, Td. Both the temperature and spectral
index, βd, vary spatially. Prior to Planck, the best-fitting single
component dust model had a temperature Td ≈ 18 K and spec-
tral index βd ≈ 1.7 (Finkbeiner et al. 1999; Bennett et al. 2003;
Gold et al. 2011), although there is evidence of flattening of the
spectral index from around 1.8 in the far-infrared to 1.55 in the

2 Note that we adopt brightness temperature for AME in this pa-
per, while many other publications adopt flux density. When compar-
ing peak frequencies, it is useful to note that that a spectrum that has
a maximum at 30 GHz in flux density peaks at 17 GHz in brightness
temperature.

microwave region (Planck Collaboration 2012), the interpreta-
tion of which is still under study.

In addition to these diffuse Galactic components, extra-
galactic emission contributes at Planck frequencies. In partic-
ular, a large number of radio and far-infrared (FIR; Planck
Collaboration XIII 2011) galaxies, clusters of galaxies and the
Cosmic Infrared Background (CIB; Planck Collaboration XVIII
2011) produce a statistically isotropic foreground, with fre-
quency spectra well approximated by models similar to those ap-
plicable to the Galactic foregrounds (modified blackbody spec-
tra, power laws, etc.). Except for a frequency-dependent absolute
offset, which may be removed as part of the overall offset re-
moval procedure, these extragalactic components are therefore
typically absorbed by either the low-frequency or thermal dust
components during component separation. No special treatment
is given here to extragalactic foregrounds, beyond the masking
of bright objects. Dedicated scientific analyses of these sources
are described in detail in Planck Collaboration XVIII (2011),
Planck Collaboration XXVIII (2013), and Planck Collaboration
XXIX (2013). In the Planck likelihood, extragalactic sources are
modelled in terms of power spectrum templates at high � (Planck
Collaboration XV 2013).

Other relevant sources include emission from molecular
clouds, supernova remnants, and compact H ii regions inside our
own Galaxy, as well as the thermal and kinetic SZ effects, due to
inverse Compton scattering of CMB photons off free electrons

3
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These	   4	   maps	   have	   been	   used	   in	   the	   ISW	   analyses,	   as	   a	   check	   of	   robustness.	  
Depending	  on	  the	  performed	  analyses,	  different	  resoluJons	  have	  been	  considered:	  

•  Full	  resolu?on	  (~5	  arcmin)	  è	  ISW-‐lensing	  bispectrum	  
•  Intermediate	  resolu?on	  (~30	  arcmin)	  è	  stacking	  
•  Low	  resolu?on	  (>	  1	  degree)	  è	  ISW-‐LSS	  correla?on	  and	  the	  ISW	  map	  recovery	  

	  
In	  addi?on,	  specific	  clean	  CMB	  maps	  at	  several	  frequencies	  (44,	  70,	  100,	  143,	  217	  and	  
353	  GHz)	  were	  produced	  by	  SEVEM	   to	  study	  the	  cosmological	  nature	  of	  the	  stacked	  
signals.	  

Planck	   has	   produced	   4	   different	   clean	   CMB	  maps	  
out	   of	   different	   component	   separa?on	   pipelines:	  
Commander-‐Ruler	  (parametric	  in	  real	  space,	  SNR=1	  
@	  l=1550),	  NILC	  (non-‐parametric	  in	  wavelet	  space,	  
SNR=1	  @	   l	   =1790),	   SEVEM	   (non-‐parametric	   in	   real	  
space,	   SNR=1	   @	   l=1790)	   and	   SMICA	   (semi-‐
parametric	  in	  harmonic	  space,	  SNR=1	  @	  l=1790)	  
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2.	  The	  ISW	  in	  Planck	  
The	  data:	  Planck	  lensing	  map	  

This	  Planck	   lensing	  map	  has	  been	  used	  as	  an	  alterna?ve	  template	  to	  study	  the	   ISW-‐
lensing	  bispectrum	  via	  the	  direct	  CMB	  and	  lensing	  cross-‐correla?on.	  
	  
It	  is	  also	  used	  to	  infer	  the	  ISW	  map	  fluctua?ons	  caused	  by	  this	  poten?al	  field.	  

Planck Collaboration: Gravitational lensing by large-scale structures with Planck

maps). To match the power spectrum of these simulations to the

power spectrum of the data maps, we find it is necessary to add

extragalactic foreground power following the model in Sect. 4,

with Acib = 18 µK2
and Asrc = 28 µK2

. The resulting simula-

tions have a power spectrum which agrees with that of the CMB

map estimate based on the data to better than 2% at l < 2048.

This could be improved slightly by tailoring a specific correc-

tion for each map. We also add homogeneous pixel noise with a

level of 12 µK arcmin. If we neglected this power, the agreement

would be only at the 8% level, primarily due to the noise term

(the Acib and Asrc contributions are each at the level of 1 − 2%).

Due to the procedure which we use to subtract the disconnected

noise bias (Eq. 17) from our lensing power spectrum estimates,

the inclusion of these components does not significantly affect

our results, but comparison with the values used for our single-

frequency simulations in Sect. 4 are a useful indicator of the ex-

tent to which the foreground separation algorithms are able to

remove extragalactic foreground power in the high-� regime.

As already discussed, our results on the component-

separated CMB maps are presented in Fig. 18. Because the

CMB and FFP6 noise components of the foreground-cleaned

map simulations are the same as those used to characterize

our fiducial lens reconstruction, we can measure the expected

scatter between the foreground separated maps and our fidu-

cial reconstruction. This scatter will be slightly overestimated

because we have not attempted to coherently model the con-

tribution to the reconstruction noise from residual diffuse ex-

tragalactic foreground power. For the eight bins in 40 ≤ L ≤
400 on which our fiducial likelihood is based, we measure a

χ2
for the difference between our fiducial reconstruction and

the corresponding foreground-cleaned reconstruction of χ2 =
(3.14, 4.3, 2.5, 14.7) for nilc, smica, sevem, and ruler respec-

tively. These χ2
values associated have probability-to-exceed

(PTE) values of (79%, 64%, 86%, 2%) respectively. At the level

which we are able to test, the nilc, smica, and sevem foreground-

cleaned maps give results which are quantitatively consistent

with our fiducial reconstruction. There is more scatter between

our fiducial reconstruction and the ruler map than expected

from simulations, as evidenced by a very high χ2
for the dif-

ference, however as can be seen in Fig. 18, there are not any

clear systematic differences. Indeed, the discrepancy for the bins

plotted in Fig. 18 (which differ somewhat from the linear bins

used in our likelihood) is much less significant than for the bins

of our fiducial likelihood.

When using the component separated maps above, we have

used the same fsky = 0.7 Galactic mask as for our MV result, al-

though the confidence regions associated with each foreground

cleaned map allow more sky, ranging up to fsky = 0.94 for the

nilc method. We have used the metis pipeline (described later

in Sect. 7.5) to test whether this improved sky coverage could

benefit our lens reconstruction. The same method has been used

in (Planck Collaboration XII 2013) to evaluate possible biases

to lens reconstruction induced by these methods using the FFP6

simulated CMB realization, described in Planck Collaboration I

(2013), indicating that the different component separation algo-

rithms do not alter significantly the lensing signal (at the level

which can be tested on a single simulation). Analyzing the nilc
map, which has the largest confidence region, we find that we

can increase the usable sky surface up to fsky = 0.87 without

encountering significant Galactic contamination. In Fig. 19 we

show the striking improvement in sky coverage on the nilc map.

smica and sevem are very similar; we have not considered ruler
because of its larger noise level.

Power spectrum estimates at this mask level show consis-

tency with the MV reconstruction within two standard devia-

tions of the measurement uncertainty. The increased sky cover-

age does not bring significant improvements in the error-bars of

the power spectrum, however. Using Eq. 20 as an estimate of the

power spectrum variance, the larger sky coverage yields only a

3.5% improvement at L < 40 over the MV result, decreasing

down to 0 at L = 400. This could be due to the different weight-

ing used in the component separation compared to the one of

the MV map, which results in slightly noisier maps for our pur-

pose. While the component separated maps allow for a reduced

mask maintaining a robust lensing potential estimation, they lead

to a marginal improvement of the power spectrum uncertainties.

Nevertheless, their agreement with the MV result is reassuring.

MV, fsky = 0.70

nilc, fsky = 0.87

Fig. 19. Wiener-filtered potential maps in Galactic coordinates,

as in Fig. 8, plotted here in Mollweide projection. Top is the MV

reconstruction, bottom is an extended reconstruction on the nilc
component-separated map.

7.2. Point Source Correction

As can be seen in Table 1, the unresolved point source shot

noise correction in any individual band for our MV likelihood

is on the order of a few percent, reaching up to 6% for the

highest multipole bands. Averaged over the 40 ≤ L ≤ 400

band, the shot noise correction amounts to a 2% shift in the am-

plitude of ĈφφL , which is small but non-negligible compared to

our statistical uncertainty of 4%. Physically, the amplitude of

our source corrections are reasonable; at 143 GHz we measure

Ŝ 4

143
= (1.3 ± 0.6) × 10

−12 µK4
. From the radio point source

model of De Zotti et al. (2010), this corresponds to an effec-

tive flux cut of approximately 150mJy at this frequency, roughly

comparable to that expected for the S/N > 5 cut we make when

masking sources in our fiducial analysis (Planck Collaboration

XXVIII 2013). The shot noise measured at 217 GHz is lower, as

expected given the smaller contribution from radio sources, with

25
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Three	  galaxy	  surveys	  catalogues	  have	  been	  used	  as	  tracers	  of	  the	  LSS.	  
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Fig. 3. Density contrast maps obtained from the galaxy cat-
alogues at Nside = 64. From top to bottom: NVSS; SDSS-
CMASS/LOWZ; and SDSS-MG.

at late times after the accelerated expansion sets in and generates
the ISW effect.

We shall focus on a single radio survey, with the level of
sensitivity and sky coverage required for ISW studies, namely
the NRAO VLA Sky Survey (hereafter NVSS, Condon et al.
1998). This survey was conducted using the Very Large Array
(VLA) at 1.4 GHz, and covers up to an equatorial latitude of
bE = −40◦, with an average noise level of 0.45 mJy beam−1. It
results in roughly 1.4 × 106 sources above a flux threshold of
2.5 mJy. Fig. 3 displays the number density map computed from
the NVSS survey (top panel). The AGN population is known to
be dominant in radio catalogues at 1.4 GHz in the high flux den-
sity regime. Condon et al. (1998) show that at this frequency,
star-forming galaxies (SFGs) contribute about 30% of the total
number of weighted source counts above 1 mJy, but their pres-
ence decreases rapidly as higher flux thresholds are adopted. The
NVSS SFGs are nearby sources (z < 0.01), and hence may dis-
tort the ability of our radio template to probe the intermediate
and high redshift density field.
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Fig. 4. Angular power spectra from the maps in Fig. 3. From top
to bottom: NVSS; SDSS-CMASS/LOWZ; and SDSS-MG. The
observed spectra are the red points, whereas the theoretical mod-
els are represented by the black lines (the grey areas correspond
to the sampling variance).

We next address the presence of systematic effects in the
NVSS survey. Two different antenna configurations were used
while conducting the NVSS survey: the D-configuration (for
bE ∈ [−10◦, 78◦]), and the DnC-configuration for large zenith
angles (bE < −10◦, bE > 78◦). This change in the antenna
configuration is known to introduce changes in the source num-
ber density above 2.5 mJy, as first pointed out by Blake & Wall

5

NVSS	  

Radio	  catalogue:	  
•  fsky	  =	  0.73	  
•  Mean	  redshii	  =	  1.17	  
•  1.6x105	  counts	  per	  stereoradian	  

Expected	  s2n	  =	  3.0	  
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2.	  The	  ISW	  in	  Planck	  
The	  data:	  external	  LSS	  tracers	  

Three	  galaxy	  surveys	  catalogues	  have	  been	  used	  as	  tracers	  of	  the	  LSS.	  

SDSS	  Luminous	  Galaxies	  

Op?cal	  catalogue:	  
•  fsky	  =	  0.22	  
•  Mean	  redshii	  =	  0.45	  
•  5.6x105	  counts	  per	  stereoradian	  

Planck Collaboration: The ISW effect with Planck
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c)

Fig. 3. Density contrast maps obtained from the galaxy cat-
alogues at Nside = 64. From top to bottom: NVSS; SDSS-
CMASS/LOWZ; and SDSS-MG.

at late times after the accelerated expansion sets in and generates
the ISW effect.

We shall focus on a single radio survey, with the level of
sensitivity and sky coverage required for ISW studies, namely
the NRAO VLA Sky Survey (hereafter NVSS, Condon et al.
1998). This survey was conducted using the Very Large Array
(VLA) at 1.4 GHz, and covers up to an equatorial latitude of
bE = −40◦, with an average noise level of 0.45 mJy beam−1. It
results in roughly 1.4 × 106 sources above a flux threshold of
2.5 mJy. Fig. 3 displays the number density map computed from
the NVSS survey (top panel). The AGN population is known to
be dominant in radio catalogues at 1.4 GHz in the high flux den-
sity regime. Condon et al. (1998) show that at this frequency,
star-forming galaxies (SFGs) contribute about 30% of the total
number of weighted source counts above 1 mJy, but their pres-
ence decreases rapidly as higher flux thresholds are adopted. The
NVSS SFGs are nearby sources (z < 0.01), and hence may dis-
tort the ability of our radio template to probe the intermediate
and high redshift density field.
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Fig. 4. Angular power spectra from the maps in Fig. 3. From top
to bottom: NVSS; SDSS-CMASS/LOWZ; and SDSS-MG. The
observed spectra are the red points, whereas the theoretical mod-
els are represented by the black lines (the grey areas correspond
to the sampling variance).

We next address the presence of systematic effects in the
NVSS survey. Two different antenna configurations were used
while conducting the NVSS survey: the D-configuration (for
bE ∈ [−10◦, 78◦]), and the DnC-configuration for large zenith
angles (bE < −10◦, bE > 78◦). This change in the antenna
configuration is known to introduce changes in the source num-
ber density above 2.5 mJy, as first pointed out by Blake & Wall

5

Expected	  s2n	  =	  1.9	  
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2.	  The	  ISW	  in	  Planck	  
The	  data:	  external	  LSS	  tracers	  

Three	  galaxy	  surveys	  catalogues	  have	  been	  used	  as	  tracers	  of	  the	  LSS.	  

SDSS	  Main	  Galaxies	  

Op?cal	  catalogue:	  
•  fsky	  =	  0.22	  
•  Mean	  redshii	  =	  0.32	  
•  9.7x106	  counts	  per	  stereoradian	  

Planck Collaboration: The ISW effect with Planck
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a)

b)

c)

Fig. 3. Density contrast maps obtained from the galaxy cat-
alogues at Nside = 64. From top to bottom: NVSS; SDSS-
CMASS/LOWZ; and SDSS-MG.

at late times after the accelerated expansion sets in and generates
the ISW effect.

We shall focus on a single radio survey, with the level of
sensitivity and sky coverage required for ISW studies, namely
the NRAO VLA Sky Survey (hereafter NVSS, Condon et al.
1998). This survey was conducted using the Very Large Array
(VLA) at 1.4 GHz, and covers up to an equatorial latitude of
bE = −40◦, with an average noise level of 0.45 mJy beam−1. It
results in roughly 1.4 × 106 sources above a flux threshold of
2.5 mJy. Fig. 3 displays the number density map computed from
the NVSS survey (top panel). The AGN population is known to
be dominant in radio catalogues at 1.4 GHz in the high flux den-
sity regime. Condon et al. (1998) show that at this frequency,
star-forming galaxies (SFGs) contribute about 30% of the total
number of weighted source counts above 1 mJy, but their pres-
ence decreases rapidly as higher flux thresholds are adopted. The
NVSS SFGs are nearby sources (z < 0.01), and hence may dis-
tort the ability of our radio template to probe the intermediate
and high redshift density field.
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Fig. 4. Angular power spectra from the maps in Fig. 3. From top
to bottom: NVSS; SDSS-CMASS/LOWZ; and SDSS-MG. The
observed spectra are the red points, whereas the theoretical mod-
els are represented by the black lines (the grey areas correspond
to the sampling variance).

We next address the presence of systematic effects in the
NVSS survey. Two different antenna configurations were used
while conducting the NVSS survey: the D-configuration (for
bE ∈ [−10◦, 78◦]), and the DnC-configuration for large zenith
angles (bE < −10◦, bE > 78◦). This change in the antenna
configuration is known to introduce changes in the source num-
ber density above 2.5 mJy, as first pointed out by Blake & Wall

5

Expected	  s2n	  =	  0.6	  
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2.	  The	  ISW	  in	  Planck	  
The	  data:	  external	  LSS	  tracers	  

Addi?onally,	  clusters	  and	  voids	  catalogues	  have	  been	  used	  to	  study	  in	  detail	  the	  CMB	  
fluctuaJons	   on	   the	   posiJon	   of	   these	   structures.	   All	   these	   catalogues	   are	   based	   on	  
SDSS	  data:	  

8

Fig. 6.— Void distributions throughout each lrg sample. We show the spatial distribution of all voids for the lrgdim and lrgbright
volume-limited samples. See Figure 4 for a plot description.

Grannet	  et	  al.	  
	  
50	  clusters	  
50	  voids	  

Su_er	  et	  al.	  
	  

1495	  voids	  

0.4	  <	  z	  <	  0.75	  

0	  <	  z	  <	  0.44	  
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2.	  The	  ISW	  in	  Planck	  

•  The	  data	  
•  Planck	  CMB	  maps	  
•  Planck	  lensing	  map	  
•  External	  LSS	  tracers	  

	  
•  The	  ISW	  detecJon	  with	  Planck	  

•  ISW-‐lensing	  
•  Cross-‐correlaJon	  with	  LSS	  tracers	  
•  Stacking	  on	  the	  posiJon	  of	  large	  structures	  

•  The	  ISW	  map	  recovery	  
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2.	  The	  ISW	  in	  Planck	  
The	  ISW	  with	  Planck:	  ISW-‐lensing	  

Planck	  has	  provided	  the	  1st	  detecJon	  of	  the	  ISW	  by	  using	  only	  CMB	  data,	  via	  the	  ISW-‐
lensing	  bispectrum.	  
	  
Four	  different	  esJmators	  have	  been	  applied:	  
	  
•  Cross-‐angular	   power	   spectrum	   correlaJon	   between	   the	   CMB	   and	   the	   lensing	  

potenJal	  maps	  

•  General	  bispectrum	  esJmators,	  adapted	  to	  the	  ISW-‐lensing	  shape	  (see	  Bartjan	  Van	  
Tent	  and	  Paul	  Shellard	  talks	  for	  details):	  

•  KSW	  
•  Binned	  
•  Modal	  
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2.	  The	  ISW	  in	  Planck	  
The	  ISW	  with	  Planck:	  ISW-‐lensing	  

Planck Collaboration: The ISW effect with Planck

Table 2. Amplitudes ATφ, errors σA and significance levels of the non-Gaussianity due to the ISW effect, for all component sepa-
ration algorithms (C-R, NILC, SEVEM, and SMICA) and all the estimators (potential reconstruction, KSW, binned, and modal). For
the potential reconstruction case, an additional minimum variance (MV) map has been considered (see Planck Collaboration XVII
2013 for details).

Estimator C-R NILC SEVEM SMICA MV

Tφ
� ≥ 10 0.52 ± 0.33 1.5 0.72 ± 0.30 2.4 0.58 ± 0.31 1.9 0.68 ± 0.30 2.3 0.78 ± 0.32 2.4
� ≥ 2 0.52 ± 0.32 1.6 0.75 ± 0.28 2.7 0.62 ± 0.29 2.1 0.70 ± 0.28 2.5

KSW 0.75 ± 0.32 2.3 0.85 ± 0.32 2.7 0.68 ± 0.32 2.1 0.81 ± 0.31 2.6
binned 0.80 ± 0.40 2.0 1.03 ± 0.37 2.8 0.83 ± 0.39 2.1 0.91 ± 0.37 2.5
modal 0.68 ± 0.39 1.7 0.93 ± 0.37 2.5 0.60 ± 0.37 1.6 0.77 ± 0.37 2.1

Table 3. For each pair of estimators we provide the mean differ-
ence among the amplitudes estimated from the data (∆ATφ), the
dispersion of the differences between the amplitudes estimated
from the simulations (sA), the ratio of this dispersion to the larger
of the corresponding sensitivities (η), and the correlation coeffi-
cient (ρ).

KSW binned modal

∆A ± sA −0.11 ± 0.10 −0.21 ± 0.21 −0.07 ± 0.21
Tφ η 0.32 0.56 0.56

ρ 0.95 0.84 0.84

∆A ± sA −0.10 ± 0.19 0.04 ± 0.19
KSW η 0.52 0.51

ρ 0.86 0.87

∆A ± sA 0.14 ± 0.15
binned η 0.41

ρ 0.92

of the corresponding sensitivities (η, according to Table 2), and
the correlation coefficient (ρ). As can be seen from the Table,
the agreement among estimators is good and the discrepancies
are only around 0.5σ, which is the expected scatter, given the
correlation between the weights of different estimators discussed
above. Overall, the bispectrum estimators provide a larger value
of the amplitude ATφ, as compared to the Tφ estimator.

We have also explored the joint estimation of the two bispec-
tra that are expected to be found in the data: the ISW-lensing;
and the residual point sources. A detailed description of the
non-Gaussian signal coming from point sources can be found in
Planck Collaboration XXIV (2013). The joint analysis of these
two signals performed with the KSW estimator, and the binned,
and modal estimators has shown that the ISW-lensing amplitude
estimation can be considered almost completely independent of
the non-Gaussian signal induced by the residual sources, and that
the two bispectra are nearly perfectly uncorrelated.

There is not a unique way of extracting a single signal-to-
noise value from Table 2. However, all the estimators show evi-
dence of ISW-lensing at about the 2.5σ level.

Finally, we estimate that the bias introduced by the ISW-
lensing signal on the estimation of the primordial local shape
bispectrum (Eq. 14) is ∆prim � 7, corresponding to the theoret-
ical expectation, as described in detail in Planck Collaboration
XXIV (2013).

4. Cross-Correlation with surveys

The ISW effect can be probed through several different ap-
proaches. Among the ones already explored in the literature, the
classical test is to study the cross-correlation of the CMB tem-
perature fluctuations with a tracer of the matter distribution, typ-

ically a galaxy or cluster catalogue. As mentioned in the intro-
duction, the correlation of the CMB with LSS tracers was first
proposed by Crittenden & Turok (1996) as a natural way to am-
plify the ISW signal, otherwise very much subdominant with re-
spect to the primordial CMB fluctuations. Indeed, this technique
led to the first reported detection of the ISW effect (Boughn &
Crittenden 2004).

Several methods have been proposed in the literature to study
statistically the cross-correlation of the CMB fluctuations with
LSS tracers, and, they can be divided into: real space statis-
tics (e.g., the cross-correlation function, hereinafter CCF); har-
monic space statistics (e.g., the cross-angular power spectrum,
hereinafter CAPS); and wavelet space statistics (e.g., the co-
variance of the Spherical Mexican Hat Wavelet coefficients, or
SMHWcov from now on). These statistics are equivalent (in the
sense of the significance of the ISW detection) under ideal condi-
tions. However, ISW data analysis presents several problematic
issues (incomplete sky coverage, selection biases in the LSS cat-
alogues, foreground residuals in the CMB map, etc.). Hence, the
use of several different statistical approaches provides a more
robust framework for studying the ISW-LSS cross-correlation,
since different statistics may have different sensitivity to these
systematic effects, The individual methods are described in more
detail in Sect. 4.1.

Besides the choice of specific statistical tool, the ISW cross-
correlation can be studied from two different (and complemen-
tary) perspectives. On the one hand, we can determine the am-
plitude of the ISW signal, as well as the corresponding signal-
to-noise ratio, by comparing the observed cross-correlation to
the expected one. On the other hand, we can postulate a null hy-
pothesis (i.e., that there is no correlation between the CMB and
the LSS tracer) and study the probability of obtaining the ob-
served cross-correlation. Whereas the former answers a question
regarding the compatibility of the data with the ISW hypothe-
sis (and provides an estimation of the signal-to-noise associated
with the observed signal), the latter tells us how incompatible
the measured signal is with the no-correlation hypothesis, i.e.,
against the presence of dark energy (assuming that the Universe
is spatially flat). Obviously, both approaches can be extended
to account for the cross-correlation signal obtained from sev-
eral surveys at the same time. These two complementary tests
are described in detail in Sect. 4.2, with the results presented in
Sect. 4.3.

4.1. Cross-correlation statistics

Let us denote the expected cross-correlation of two signals (x
and y) by ξxy

a , where a stands for a distance measure (e.g., the
angular distance θ between two points in the sky, the multipole
� of the harmonic transformation, or the wavelet scale R). For

10

Planck	  has	  provided	  the	  1st	  detecJon	  of	  the	  ISW	  by	  using	  only	  CMB	  data,	  via	  the	  ISW-‐
lensing	  bispectrum.	  	  
	  
Error	   bars	   are	   derived	   from	   coherent	   simula?ons,	   according	   to	   the	   best-‐fit	   Planck	  
alone	  parameters.	  

This	  ISW-‐lensing	  bispectrum	  induces	  a	  bias	  on	  local	  fNL	  of	  around	  7.	  
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2.	  The	  ISW	  in	  Planck	  
The	  ISW	  with	  Planck:	  ISW-‐lensing	  

Planck	  has	  provided	  the	  1st	  detecJon	  of	  the	  ISW	  by	  using	  only	  CMB	  data,	  via	  the	  ISW-‐
lensing	  bispectrum.	  	  
	  
Error	   bars	   are	   derived	   from	   coherent	   simula?ons,	   according	   to	   the	   best-‐fit	   Planck	  
alone	  parameters.	  

Consistency	  check	  
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2.	  The	  ISW	  in	  Planck	  
The	  ISW	  with	  Planck:	  cross-‐correla;on	  with	  LSS	  tracers	  

Planck Collaboration: The ISW effect with Planck
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Fig. 5. Observed and expected cross-correlation signal versus multipole �, for several surveys and different cross-correlation es-
timators. Columns from left to right correspond to: CAPS; CCF; and SMHWcov. Rows from top to bottom represent: NVSS;
SDSS-CMASS/LOWZ; and SDSS-MG. On each panel we show the expected cross-correlation (black line) and the ±1σ region
(grey area). Observed cross-correlations for the different CMB maps are provided: C-R and NILC as green and magenta triangles,
respectively; SEVEM as red circles; and SMICA as blue squares.

Table 7. Probability values of the CMB-LSS cross-correlation
for the NVSS survey under the null hypothesis, for the four com-
ponent separation methods (SMICA, SEVEM, C-R and NILC) and
for the CAPS, CCF, and SMHWcov estimators.

LSS data ξ̂xy
a C-R NILC SEVEM SMICA

CAPS 0.09 0.10 0.10 0.09
NVSS CCF 0.33 0.34 0.40 0.33

SMHWcov 0.20 0.23 0.27 0.19

to estimating the ISW amplitude, since these angles/scales are
suitable for detecting the ISW. However, in order to discard the
null hypothesis, the longer the number of “distances” the better.

5. Stacking of large-scale structures

An alternative approach for measuring the ISW effect in Planck
maps is to look for an ISW signal directly at the positions of
positive and/or negative peaks in the potential. Since the ex-

pected (and observed) signal is very weak, for individual struc-
tures, a stacking technique needs to be applied. Using the WMAP
data, it has been shown that CMB maps show hot spots and cold
spots in the direction of superclusters and supervoids, respec-
tively (Granett et al. 2008a,b, GR08 hereafter), which appear
to be barely consistent with the predictions of standard ΛCDM
(see also Hernandez-Monteagudo & Smith 2012). These struc-
tures, which are not yet virialized, are evolving while the CMB
photons travel across them and this should contribute to the
ISW effect. We apply here the same approach to the different
Planck maps, using the catalogues of superstructures introduced
in Sect. 2.2.4, and we test for the robustness of our findings. We
first discuss our method and the results obtained using the cata-
logue provided by GR08, and then present the results obtained
with the other catalogues.

5.1. Method

Our analysis is performed on the SMICA CMB map, although
we have checked that results are compatible for the other three
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simplicity, we assume that the two signals are given in terms of
a fluctuation field (i.e., with zero mean and dimensionless).

This cross-correlation could represent either the CCF, the
CAPS or the SMHWcov. It has to be understood as a vector of
amax components, where amax is the maximum number of con-
sidered distances. Obviously, when x ≡ y, ξxy

a represents an
auto-correlation. The specific forms for ξxy

a and Cξxy for the dif-
ferent cross-correlation statistics (CAPS, CCF, and SMHWcov)
are given below.

4.1.1. Angular cross-power spectrum

The angular cross-power spectrum (CAPS) is a natural tool for
studying the cross-correlation of the CMB fluctuations and trac-
ers of the LSS. Under certain conditions, it provides a statistical
tool with uncorrelated (full-sky coverage) or nearly uncorrelated
(binned spectrum for incomplete sky coverage) components.
Even the unbinned CAPS, estimated on incomplete signals, can
be easily worked out, since the correlations are mostly related to
the geometry of the mask. This is the case for the CAPS obtained
through MASTER approach (e.g., Hivon et al. 2002; Hinshaw et al.
2003). Another approach is to work in the map domain, making
use of a quadratic maximum likelihood (QML henceforth) esti-
mator (Tegmark 1997) for the CAPS (Padmanabhan et al. 2005;
Schiavon et al. 2012). Such approach is optimal, i.e., leads to
unbiased estimates for the CAPS with minimum error bars.

Pseudo angular power spectrum

Let us denote the CAPS between the CMB field T (p) and an
LSS tracer G (p) map (where p = (θ, φ) represents a given pixel)
as: C

TG
� (i.e., ξxy

a ≡ C
TG
� for this cross-correlation estimator). In

the full-sky case, an optimal estimator of the CAPS is given by:

Ĉ
TG
� =

1
2� + 1

+��

m=−�
t�mg

∗
�m, (23)

where t�m and g�m are the spherical harmonic coefficients of the
CMB and the LSS maps, respectively. This CAPS can be seen as
a vector with �max components, where �max is the maximum mul-
tipole considered in the analysis. Here we adopt 3Nside−1, which
suffices for ISW analysis, since it is know that most of the ISW
signal is contained within � � 80 (Afshordi 2004; Hernández-
Monteagudo 2008). When a mask Π (p) is applied to the maps,
it acts as a weight that modifies the underlying harmonic coeffi-
cients. Now, we have t̃�m and g̃�m, where

t̃�m =

� �
d (cos θ) dφT (θ, φ)Π (θ, φ) Y

∗
�m (θ, φ) , (24)

g̃�m =

� �
d (cos θ) dφG (θ, φ)Π (θ, φ) Y

∗
�m (θ, φ) ,

and Y�m (θ, φ) are the spherical harmonic functions. In these cir-
cumstances, the estimator in Eq. 23 is not longer optimal, and is
referred to as pseudo-CAPS. A nearly optimal estimator is given
by decoupling the masked CAPS (denoted by C̃

TG
� ) through the

masking kernel B (e.g., Xia et al. 2011):

Ĉ
TG
� = B−1

C̃
TG
� , (25)

where

B���,G =
2� + 1

4π

�

���
J

G
���

�
� �� ���

0 0 0

�2
, (26)

with J
G

��� the cross-angular power spectrum of the T and G masks.
The estimator in Eq. 25 is nearly optimal because C̃

TG
� has

to be understood as the mean value over an ensemble average
of skies. Let us point out that when more than a single CAPS
is considered, for instance when one is interested in the cross-
correlation of the Planck CMB map with more than one LSS
tracer map, the CAPS estimator can be seen as a single vector
with N�max components, with N being the number of surveys.

It can be shown that the element C���,i j of the covariance ma-
trix of the CAPS estimator in Eq. 25 (for the case of a masked
sky and for N surveys) is given by

C���,i j = K�,i jK��,i j

�
Mi j

�−1

���

(2�� + 1)
, (27)

where

K�,i j =
�
C

TGi

� C
TG j

� +C
T
�

�
C

GiG j

� + N
GiG j

� δi j

��1/2
, (28)

and
�
Mi j

�−1

���
is the (�, ��) element of the inverse matrix of M for

surveys i and j fixed, such as

M���,i j =
2� + 1

4π

�

���
H

i j

���

�
� �� ���

0 0 0 .
�2
, (29)

Here H
i j

��� is the angular cross-power spectrum of the two joint
masks, i.e., the masks resulting from the multiplication of the T

with Gi and G j, respectively. The quantities C
xy

� are expected or
fiducial spectra, N

yy

� is the Poissonian noise of the y survey (de-
convolved by any beam or pixel filter), and δi j is the Kronecker
delta. In Eq. 28, the instrumental noise associated with the CMB
data has been ignored, since the Planck sensitivity is such that
the noise contribution on the scales of interest is negligible.
When more than one survey has poor sky coverage, then the
complexity of the correlations is not well reflected by the previ-
ous expression. Therefore, in this paper, we will compute C���,i j

from coherent CMB and LSS Monte Carlo simulations. For each
simulation, we generate four independent, Gaussian, and white
realizations (at Nnside = 64), which are afterwards properly cor-
related using the expected auto- and cross-correlations of the sig-
nals. Corresponding Poissonian shot noise realizations are added
to each survey map. The resulting four maps are masked with the
corresponding masks (i.e., one for the CMB and one for mask for
each survey).

The computation of the CAPS in Eq. 25 is extremely fast
(especially for the resolutions used in the study of the ISW).
However, as stated above, it is only a nearly optimal estimator of
the underlying CAPS. Moreover, its departure from optimality is
largest at the smallest multipoles (largest scales), where the ISW
signal is more important.

The QML angular power spectrum

The QML method for the power spectrum estimation of tem-
perature CMB anisotropies was introduced by Tegmark (1997)
and later extended to polarization by Tegmark & de Oliveira-
Costa (2001). For an application to temperature and polariza-
tion to WMAP data see Gruppuso et al. (2009) and Paci et al.
(2013). The same method was employed to measure the cross-
correlation between the CMB and LSS in Padmanabhan et al.
(2005), Ho et al. (2008), and Schiavon et al. (2012). The QML
method is usually stated to be optimal, since it provides unbi-
ased estimates and the smallest error bars allowed by the Fisher-
Cramér-Rao inequality. As a drawback, from the computational
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point of view, the QML is a very expensive approach. Let us de-
note the QML estimator of the CAPS between the CMB map T
and an LSS tracer G (at multipole �) by QTG

� (i.e., ξxy
a ≡ QTG

� for
this cross-correlation estimator).

A detailed description of the algebra of the QML is given
in Schiavon et al. (2012). We briefly recall here the basics of the
CAPS estimator, which is given by:

Q̂TG
� =

�

��X�
(F−1)TG X�

���

�
xTEX�

�� x − Tr(NEX�
�� )
�
, (30)

where X represents any of the following spectra: X = {T,TG,G}.
The vector x has 2Npix elements (with Npix being the total num-
ber of pixels allowed by the joint CMB and LSS mask): the first
set of Npix corresponds to the CMB map, and the second one ac-
counts for the LSS map. The FTG X�

��� is the Fisher matrix defined
as

FTG X�
��� =

1
2

Tr
�
C−1 ∂C
∂CTG
�

C−1 ∂C
∂CX�
��

�
, (31)

and the E matrix is given by

EX
� =

1
2

C−1 ∂C
∂CX
�

C−1. (32)

The object C = S(CX
� ) + N is the global covariance matrix, in-

cluding the signal S and noise N contributions, with CX
� being the

fiducial theoretical angular power spectrum. The uncertainties in
the QML estimates are given by the inverse of the Fisher matrix,
which includes the correlation among different multipoles. The
error associated with the shot noise of the galaxy surveys is mod-
elled in the galaxy submatrix of N.

The results presented on this paper are based on ĈTG
� ,

whereas Q̂TG
� is used as a cross-check, applied to a lower res-

olution version of the maps of Nside = 32. In addition the max-
imum multipole considered in this case is �max = 2Nside, which
has been already verified as a conservative limit for the QML.

4.1.2. Cross-correlation function

The cross-correlation function (CCF) is a suitable tool for study-
ing the ISW effect via cross-correlation of the CMB fluctuations
and tracers of the LSS, and it has been one of the most exten-
sively used in this context (e.g., Boughn & Crittenden 2002;
Giannantonio et al. 2008; Xia et al. 2009). On the one hand,
the signal only appears at very large scales and, therefore, it is
sufficient to work at resolutions at which the low performance of
the CCF (in terms of computational time) is not a serious hand-
icap. On the other hand, neither the CMB nor the LSS data are
available with full sky coverage and, in some cases, the geome-
try of the masks is very complicated: the CCF adapts perfectly
to the effects of partial sky coverage, since it is defined in real
space. As a drawback, the Poissonian noise of the galaxy tracer
appears at the smallest angular scales, where the signal-to-noise
of the ISW effect is higher for this estimator. Therefore, a proper
characterization of the shot noise is especially important for the
CCF, in order to obtain a good estimation of the uncertainties.

Let us denote the CCF between the CMB map T and an LSS
tracer G (at an angular distance of θ) as CTG(θ) (i.e., ξxy

a ≡ CTG(θ)
for this cross-correlation statistic). The CCF estimator is defined
as

ĈTG(θ) =
1

Nθ

�

i, j

TiG j, (33)

where the sum runs over all pixels with a given angular separa-
tion. For each angular bin centred around θ, Nθ is the number of
pixel pairs separated by an angle within the bin. Only the pixels
allowed by the joint CMB and LSS mask are considered. The
angular bins used in this work are: θ1 ∈ [0, 1]◦; θ2 ∈ (1, 3]◦;
θ3 ∈ (3, 5]◦; . . . ; and θ61 ∈ (119, 121]◦. The choice of binning
does not affect the results significantly.

The covariance of the CCF estimator can be easily derived
from the one already computed for the CAPS in Eq. 27. It is
sufficient to know that the CCF can be expressed in terms of the
CAPS as

CTG (θ) =
�max�

�=0

2� + 1
4π

CTG
� P� (cos θ) , (34)

where P� (cos θ) are the Legendre polynomials. Hence, it is
straightforward to prove that the covariance between the θ and
θ� components of the CCF for the surveys i and j, respectively,
is given by

Cθθ�,i j =
�

�

�

��

(2� + 1)
4π

(2�� + 1)
4π

P� (cos θ) P��
�
cos θ�

�
C���,i j.(35)

4.1.3. Wavelet covariance

Wavelets provide an interesting alternative to more traditional
tools (e.g., CCF or CAPS) for studying the CMB-LSS correla-
tion. They exploit the fact that the ISW signal is mostly concen-
trated at scales of a few degrees (e.g., Afshordi 2004). Wavelets
are ideal kernels to enhance features with a characteristic size,
since the wavelet analysis at an appropriate scale R amplifies
those features over the background. Therefore, wavelets could
provide most of the signal-to-noise of the ISW effect by just
analysing a narrow range of scales. They were first proposed for
the ISW detection by Vielva et al. (2006), where the Spherical
Mexican Hat Wavelet (SMHW, Martı́nez-González et al. 2002)
was proposed as the filtering kernel. The basic idea of this ap-
proach is to estimate the covariance of the SMHW coefficients
(SMHWcov) as a function of the wavelet scale (see e.g., Vielva
et al. 2006, for details). Other wavelet kernels can be considered,
such as needlets (Pietrobon et al. 2006a), directional wavelets
(McEwen et al. 2007), or steerable wavelets (McEwen et al.
2008).

Let us denote the SMHWcov between the CMB map T and
a LSS tracer G (at a wavelet scale R) as ΩTG (R), i.e., ξxy

a ≡
ΩTG (R) for this cross-correlation statistic). The SMHWcov esti-
mator is defined as

Ω̂TG (R) =
1

Npix

�

i

ωTi (R)ωGi (R) , (36)

where ωT (R) and ωG (R) are the SMHW coefficients for
the CMB and the LSS at scale R, respectively (note that
wavelet coefficients are forced to have zero mean on the ob-
served sky). The scales considered in our study are R =
{60, 90, 120, 150, 200, 250, 300, 350, 400, 500, 600} in arcmin-
utes.

As for the CCF, the covariance of the SMHWcov estima-
tor can be easily derived from the one already computed for the
CAPS in Eq. 27. It is sufficient to know that the SMHWcov can
be expressed in terms of the CAPS as

ΩTG (R) =
�max�

�=0

2� + 1
4π

CTG
� ω

2
� (R) , (37)

12

Planck Collaboration: The ISW effect with Planck

point of view, the QML is a very expensive approach. Let us de-
note the QML estimator of the CAPS between the CMB map T
and an LSS tracer G (at multipole �) by QTG

� (i.e., ξxy
a ≡ QTG

� for
this cross-correlation estimator).

A detailed description of the algebra of the QML is given
in Schiavon et al. (2012). We briefly recall here the basics of the
CAPS estimator, which is given by:

Q̂TG
� =

�

��X�
(F−1)TG X�

���

�
xTEX�

�� x − Tr(NEX�
�� )
�
, (30)

where X represents any of the following spectra: X = {T,TG,G}.
The vector x has 2Npix elements (with Npix being the total num-
ber of pixels allowed by the joint CMB and LSS mask): the first
set of Npix corresponds to the CMB map, and the second one ac-
counts for the LSS map. The FTG X�

��� is the Fisher matrix defined
as

FTG X�
��� =

1
2

Tr
�
C−1 ∂C
∂CTG
�

C−1 ∂C
∂CX�
��

�
, (31)

and the E matrix is given by

EX
� =

1
2

C−1 ∂C
∂CX
�

C−1. (32)

The object C = S(CX
� ) + N is the global covariance matrix, in-

cluding the signal S and noise N contributions, with CX
� being the

fiducial theoretical angular power spectrum. The uncertainties in
the QML estimates are given by the inverse of the Fisher matrix,
which includes the correlation among different multipoles. The
error associated with the shot noise of the galaxy surveys is mod-
elled in the galaxy submatrix of N.

The results presented on this paper are based on ĈTG
� ,

whereas Q̂TG
� is used as a cross-check, applied to a lower res-

olution version of the maps of Nside = 32. In addition the max-
imum multipole considered in this case is �max = 2Nside, which
has been already verified as a conservative limit for the QML.

4.1.2. Cross-correlation function

The cross-correlation function (CCF) is a suitable tool for study-
ing the ISW effect via cross-correlation of the CMB fluctuations
and tracers of the LSS, and it has been one of the most exten-
sively used in this context (e.g., Boughn & Crittenden 2002;
Giannantonio et al. 2008; Xia et al. 2009). On the one hand,
the signal only appears at very large scales and, therefore, it is
sufficient to work at resolutions at which the low performance of
the CCF (in terms of computational time) is not a serious hand-
icap. On the other hand, neither the CMB nor the LSS data are
available with full sky coverage and, in some cases, the geome-
try of the masks is very complicated: the CCF adapts perfectly
to the effects of partial sky coverage, since it is defined in real
space. As a drawback, the Poissonian noise of the galaxy tracer
appears at the smallest angular scales, where the signal-to-noise
of the ISW effect is higher for this estimator. Therefore, a proper
characterization of the shot noise is especially important for the
CCF, in order to obtain a good estimation of the uncertainties.

Let us denote the CCF between the CMB map T and an LSS
tracer G (at an angular distance of θ) as CTG(θ) (i.e., ξxy

a ≡ CTG(θ)
for this cross-correlation statistic). The CCF estimator is defined
as

ĈTG(θ) =
1

Nθ

�

i, j

TiG j, (33)

where the sum runs over all pixels with a given angular separa-
tion. For each angular bin centred around θ, Nθ is the number of
pixel pairs separated by an angle within the bin. Only the pixels
allowed by the joint CMB and LSS mask are considered. The
angular bins used in this work are: θ1 ∈ [0, 1]◦; θ2 ∈ (1, 3]◦;
θ3 ∈ (3, 5]◦; . . . ; and θ61 ∈ (119, 121]◦. The choice of binning
does not affect the results significantly.

The covariance of the CCF estimator can be easily derived
from the one already computed for the CAPS in Eq. 27. It is
sufficient to know that the CCF can be expressed in terms of the
CAPS as

CTG (θ) =
�max�

�=0

2� + 1
4π

CTG
� P� (cos θ) , (34)

where P� (cos θ) are the Legendre polynomials. Hence, it is
straightforward to prove that the covariance between the θ and
θ� components of the CCF for the surveys i and j, respectively,
is given by

Cθθ�,i j =
�

�

�

��

(2� + 1)
4π

(2�� + 1)
4π

P� (cos θ) P��
�
cos θ�

�
C���,i j.(35)

4.1.3. Wavelet covariance

Wavelets provide an interesting alternative to more traditional
tools (e.g., CCF or CAPS) for studying the CMB-LSS correla-
tion. They exploit the fact that the ISW signal is mostly concen-
trated at scales of a few degrees (e.g., Afshordi 2004). Wavelets
are ideal kernels to enhance features with a characteristic size,
since the wavelet analysis at an appropriate scale R amplifies
those features over the background. Therefore, wavelets could
provide most of the signal-to-noise of the ISW effect by just
analysing a narrow range of scales. They were first proposed for
the ISW detection by Vielva et al. (2006), where the Spherical
Mexican Hat Wavelet (SMHW, Martı́nez-González et al. 2002)
was proposed as the filtering kernel. The basic idea of this ap-
proach is to estimate the covariance of the SMHW coefficients
(SMHWcov) as a function of the wavelet scale (see e.g., Vielva
et al. 2006, for details). Other wavelet kernels can be considered,
such as needlets (Pietrobon et al. 2006a), directional wavelets
(McEwen et al. 2007), or steerable wavelets (McEwen et al.
2008).

Let us denote the SMHWcov between the CMB map T and
a LSS tracer G (at a wavelet scale R) as ΩTG (R), i.e., ξxy

a ≡
ΩTG (R) for this cross-correlation statistic). The SMHWcov esti-
mator is defined as

Ω̂TG (R) =
1

Npix

�

i

ωTi (R)ωGi (R) , (36)

where ωT (R) and ωG (R) are the SMHW coefficients for
the CMB and the LSS at scale R, respectively (note that
wavelet coefficients are forced to have zero mean on the ob-
served sky). The scales considered in our study are R =
{60, 90, 120, 150, 200, 250, 300, 350, 400, 500, 600} in arcmin-
utes.

As for the CCF, the covariance of the SMHWcov estima-
tor can be easily derived from the one already computed for the
CAPS in Eq. 27. It is sufficient to know that the SMHWcov can
be expressed in terms of the CAPS as

ΩTG (R) =
�max�

�=0

2� + 1
4π

CTG
� ω

2
� (R) , (37)
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point of view, the QML is a very expensive approach. Let us de-
note the QML estimator of the CAPS between the CMB map T
and an LSS tracer G (at multipole �) by QTG

� (i.e., ξxy
a ≡ QTG

� for
this cross-correlation estimator).

A detailed description of the algebra of the QML is given
in Schiavon et al. (2012). We briefly recall here the basics of the
CAPS estimator, which is given by:

Q̂TG
� =

�

��X�
(F−1)TG X�

���

�
xTEX�

�� x − Tr(NEX�
�� )
�
, (30)

where X represents any of the following spectra: X = {T,TG,G}.
The vector x has 2Npix elements (with Npix being the total num-
ber of pixels allowed by the joint CMB and LSS mask): the first
set of Npix corresponds to the CMB map, and the second one ac-
counts for the LSS map. The FTG X�

��� is the Fisher matrix defined
as

FTG X�
��� =

1
2

Tr
�
C−1 ∂C
∂CTG
�

C−1 ∂C
∂CX�
��

�
, (31)

and the E matrix is given by

EX
� =

1
2

C−1 ∂C
∂CX
�

C−1. (32)

The object C = S(CX
� ) + N is the global covariance matrix, in-

cluding the signal S and noise N contributions, with CX
� being the

fiducial theoretical angular power spectrum. The uncertainties in
the QML estimates are given by the inverse of the Fisher matrix,
which includes the correlation among different multipoles. The
error associated with the shot noise of the galaxy surveys is mod-
elled in the galaxy submatrix of N.

The results presented on this paper are based on ĈTG
� ,

whereas Q̂TG
� is used as a cross-check, applied to a lower res-

olution version of the maps of Nside = 32. In addition the max-
imum multipole considered in this case is �max = 2Nside, which
has been already verified as a conservative limit for the QML.

4.1.2. Cross-correlation function

The cross-correlation function (CCF) is a suitable tool for study-
ing the ISW effect via cross-correlation of the CMB fluctuations
and tracers of the LSS, and it has been one of the most exten-
sively used in this context (e.g., Boughn & Crittenden 2002;
Giannantonio et al. 2008; Xia et al. 2009). On the one hand,
the signal only appears at very large scales and, therefore, it is
sufficient to work at resolutions at which the low performance of
the CCF (in terms of computational time) is not a serious hand-
icap. On the other hand, neither the CMB nor the LSS data are
available with full sky coverage and, in some cases, the geome-
try of the masks is very complicated: the CCF adapts perfectly
to the effects of partial sky coverage, since it is defined in real
space. As a drawback, the Poissonian noise of the galaxy tracer
appears at the smallest angular scales, where the signal-to-noise
of the ISW effect is higher for this estimator. Therefore, a proper
characterization of the shot noise is especially important for the
CCF, in order to obtain a good estimation of the uncertainties.

Let us denote the CCF between the CMB map T and an LSS
tracer G (at an angular distance of θ) as CTG(θ) (i.e., ξxy

a ≡ CTG(θ)
for this cross-correlation statistic). The CCF estimator is defined
as

ĈTG(θ) =
1

Nθ

�

i, j

TiG j, (33)

where the sum runs over all pixels with a given angular separa-
tion. For each angular bin centred around θ, Nθ is the number of
pixel pairs separated by an angle within the bin. Only the pixels
allowed by the joint CMB and LSS mask are considered. The
angular bins used in this work are: θ1 ∈ [0, 1]◦; θ2 ∈ (1, 3]◦;
θ3 ∈ (3, 5]◦; . . . ; and θ61 ∈ (119, 121]◦. The choice of binning
does not affect the results significantly.

The covariance of the CCF estimator can be easily derived
from the one already computed for the CAPS in Eq. 27. It is
sufficient to know that the CCF can be expressed in terms of the
CAPS as

CTG (θ) =
�max�

�=0

2� + 1
4π

CTG
� P� (cos θ) , (34)

where P� (cos θ) are the Legendre polynomials. Hence, it is
straightforward to prove that the covariance between the θ and
θ� components of the CCF for the surveys i and j, respectively,
is given by

Cθθ�,i j =
�

�

�

��

(2� + 1)
4π

(2�� + 1)
4π

P� (cos θ) P��
�
cos θ�

�
C���,i j.(35)

4.1.3. Wavelet covariance

Wavelets provide an interesting alternative to more traditional
tools (e.g., CCF or CAPS) for studying the CMB-LSS correla-
tion. They exploit the fact that the ISW signal is mostly concen-
trated at scales of a few degrees (e.g., Afshordi 2004). Wavelets
are ideal kernels to enhance features with a characteristic size,
since the wavelet analysis at an appropriate scale R amplifies
those features over the background. Therefore, wavelets could
provide most of the signal-to-noise of the ISW effect by just
analysing a narrow range of scales. They were first proposed for
the ISW detection by Vielva et al. (2006), where the Spherical
Mexican Hat Wavelet (SMHW, Martı́nez-González et al. 2002)
was proposed as the filtering kernel. The basic idea of this ap-
proach is to estimate the covariance of the SMHW coefficients
(SMHWcov) as a function of the wavelet scale (see e.g., Vielva
et al. 2006, for details). Other wavelet kernels can be considered,
such as needlets (Pietrobon et al. 2006a), directional wavelets
(McEwen et al. 2007), or steerable wavelets (McEwen et al.
2008).

Let us denote the SMHWcov between the CMB map T and
a LSS tracer G (at a wavelet scale R) as ΩTG (R), i.e., ξxy

a ≡
ΩTG (R) for this cross-correlation statistic). The SMHWcov esti-
mator is defined as

Ω̂TG (R) =
1

Npix

�

i

ωTi (R)ωGi (R) , (36)

where ωT (R) and ωG (R) are the SMHW coefficients for
the CMB and the LSS at scale R, respectively (note that
wavelet coefficients are forced to have zero mean on the ob-
served sky). The scales considered in our study are R =
{60, 90, 120, 150, 200, 250, 300, 350, 400, 500, 600} in arcmin-
utes.

As for the CCF, the covariance of the SMHWcov estima-
tor can be easily derived from the one already computed for the
CAPS in Eq. 27. It is sufficient to know that the SMHWcov can
be expressed in terms of the CAPS as

ΩTG (R) =
�max�

�=0

2� + 1
4π

CTG
� ω

2
� (R) , (37)
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ber of pixels allowed by the joint CMB and LSS mask): the first
set of Npix corresponds to the CMB map, and the second one ac-
counts for the LSS map. The FTG X�

��� is the Fisher matrix defined
as

FTG X�
��� =

1
2

Tr
�
C−1 ∂C
∂CTG
�

C−1 ∂C
∂CX�
��

�
, (31)
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does not affect the results significantly.
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sufficient to know that the CCF can be expressed in terms of the
CAPS as
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tools (e.g., CCF or CAPS) for studying the CMB-LSS correla-
tion. They exploit the fact that the ISW signal is mostly concen-
trated at scales of a few degrees (e.g., Afshordi 2004). Wavelets
are ideal kernels to enhance features with a characteristic size,
since the wavelet analysis at an appropriate scale R amplifies
those features over the background. Therefore, wavelets could
provide most of the signal-to-noise of the ISW effect by just
analysing a narrow range of scales. They were first proposed for
the ISW detection by Vielva et al. (2006), where the Spherical
Mexican Hat Wavelet (SMHW, Martı́nez-González et al. 2002)
was proposed as the filtering kernel. The basic idea of this ap-
proach is to estimate the covariance of the SMHW coefficients
(SMHWcov) as a function of the wavelet scale (see e.g., Vielva
et al. 2006, for details). Other wavelet kernels can be considered,
such as needlets (Pietrobon et al. 2006a), directional wavelets
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where ωT (R) and ωG (R) are the SMHW coefficients for
the CMB and the LSS at scale R, respectively (note that
wavelet coefficients are forced to have zero mean on the ob-
served sky). The scales considered in our study are R =
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Fig. 5. Observed and expected cross-correlation signal versus multipole �, for several surveys and different cross-correlation es-
timators. Columns from left to right correspond to: CAPS; CCF; and SMHWcov. Rows from top to bottom represent: NVSS;
SDSS-CMASS/LOWZ; and SDSS-MG. On each panel we show the expected cross-correlation (black line) and the ±1σ region
(grey area). Observed cross-correlations for the different CMB maps are provided: C-R and NILC as green and magenta triangles,
respectively; SEVEM as red circles; and SMICA as blue squares.

Table 7. Probability values of the CMB-LSS cross-correlation
for the NVSS survey under the null hypothesis, for the four com-
ponent separation methods (SMICA, SEVEM, C-R and NILC) and
for the CAPS, CCF, and SMHWcov estimators.

LSS data ξ̂xy
a C-R NILC SEVEM SMICA

CAPS 0.09 0.10 0.10 0.09
NVSS CCF 0.33 0.34 0.40 0.33

SMHWcov 0.20 0.23 0.27 0.19

to estimating the ISW amplitude, since these angles/scales are
suitable for detecting the ISW. However, in order to discard the
null hypothesis, the longer the number of “distances” the better.

5. Stacking of large-scale structures

An alternative approach for measuring the ISW effect in Planck
maps is to look for an ISW signal directly at the positions of
positive and/or negative peaks in the potential. Since the ex-

pected (and observed) signal is very weak, for individual struc-
tures, a stacking technique needs to be applied. Using the WMAP
data, it has been shown that CMB maps show hot spots and cold
spots in the direction of superclusters and supervoids, respec-
tively (Granett et al. 2008a,b, GR08 hereafter), which appear
to be barely consistent with the predictions of standard ΛCDM
(see also Hernandez-Monteagudo & Smith 2012). These struc-
tures, which are not yet virialized, are evolving while the CMB
photons travel across them and this should contribute to the
ISW effect. We apply here the same approach to the different
Planck maps, using the catalogues of superstructures introduced
in Sect. 2.2.4, and we test for the robustness of our findings. We
first discuss our method and the results obtained using the cata-
logue provided by GR08, and then present the results obtained
with the other catalogues.

5.1. Method

Our analysis is performed on the SMICA CMB map, although
we have checked that results are compatible for the other three
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Fig. 5. Observed and expected cross-correlation signal versus multipole �, for several surveys and different cross-correlation es-
timators. Columns from left to right correspond to: CAPS; CCF; and SMHWcov. Rows from top to bottom represent: NVSS;
SDSS-CMASS/LOWZ; and SDSS-MG. On each panel we show the expected cross-correlation (black line) and the ±1σ region
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Table 7. Probability values of the CMB-LSS cross-correlation
for the NVSS survey under the null hypothesis, for the four com-
ponent separation methods (SMICA, SEVEM, C-R and NILC) and
for the CAPS, CCF, and SMHWcov estimators.

LSS data ξ̂xy
a C-R NILC SEVEM SMICA

CAPS 0.09 0.10 0.10 0.09
NVSS CCF 0.33 0.34 0.40 0.33

SMHWcov 0.20 0.23 0.27 0.19

to estimating the ISW amplitude, since these angles/scales are
suitable for detecting the ISW. However, in order to discard the
null hypothesis, the longer the number of “distances” the better.

5. Stacking of large-scale structures

An alternative approach for measuring the ISW effect in Planck
maps is to look for an ISW signal directly at the positions of
positive and/or negative peaks in the potential. Since the ex-

pected (and observed) signal is very weak, for individual struc-
tures, a stacking technique needs to be applied. Using the WMAP
data, it has been shown that CMB maps show hot spots and cold
spots in the direction of superclusters and supervoids, respec-
tively (Granett et al. 2008a,b, GR08 hereafter), which appear
to be barely consistent with the predictions of standard ΛCDM
(see also Hernandez-Monteagudo & Smith 2012). These struc-
tures, which are not yet virialized, are evolving while the CMB
photons travel across them and this should contribute to the
ISW effect. We apply here the same approach to the different
Planck maps, using the catalogues of superstructures introduced
in Sect. 2.2.4, and we test for the robustness of our findings. We
first discuss our method and the results obtained using the cata-
logue provided by GR08, and then present the results obtained
with the other catalogues.

5.1. Method

Our analysis is performed on the SMICA CMB map, although
we have checked that results are compatible for the other three
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Fig. 5. Observed and expected cross-correlation signal versus multipole �, for several surveys and different cross-correlation es-
timators. Columns from left to right correspond to: CAPS; CCF; and SMHWcov. Rows from top to bottom represent: NVSS;
SDSS-CMASS/LOWZ; and SDSS-MG. On each panel we show the expected cross-correlation (black line) and the ±1σ region
(grey area). Observed cross-correlations for the different CMB maps are provided: C-R and NILC as green and magenta triangles,
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Table 7. Probability values of the CMB-LSS cross-correlation
for the NVSS survey under the null hypothesis, for the four com-
ponent separation methods (SMICA, SEVEM, C-R and NILC) and
for the CAPS, CCF, and SMHWcov estimators.

LSS data ξ̂xy
a C-R NILC SEVEM SMICA

CAPS 0.09 0.10 0.10 0.09
NVSS CCF 0.33 0.34 0.40 0.33

SMHWcov 0.20 0.23 0.27 0.19

to estimating the ISW amplitude, since these angles/scales are
suitable for detecting the ISW. However, in order to discard the
null hypothesis, the longer the number of “distances” the better.

5. Stacking of large-scale structures

An alternative approach for measuring the ISW effect in Planck
maps is to look for an ISW signal directly at the positions of
positive and/or negative peaks in the potential. Since the ex-

pected (and observed) signal is very weak, for individual struc-
tures, a stacking technique needs to be applied. Using the WMAP
data, it has been shown that CMB maps show hot spots and cold
spots in the direction of superclusters and supervoids, respec-
tively (Granett et al. 2008a,b, GR08 hereafter), which appear
to be barely consistent with the predictions of standard ΛCDM
(see also Hernandez-Monteagudo & Smith 2012). These struc-
tures, which are not yet virialized, are evolving while the CMB
photons travel across them and this should contribute to the
ISW effect. We apply here the same approach to the different
Planck maps, using the catalogues of superstructures introduced
in Sect. 2.2.4, and we test for the robustness of our findings. We
first discuss our method and the results obtained using the cata-
logue provided by GR08, and then present the results obtained
with the other catalogues.

5.1. Method

Our analysis is performed on the SMICA CMB map, although
we have checked that results are compatible for the other three
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Table 7. Probability values of the CMB-LSS cross-correlation
for the NVSS survey under the null hypothesis, for the four com-
ponent separation methods (SMICA, SEVEM, C-R and NILC) and
for the CAPS, CCF, and SMHWcov estimators.

LSS data ξ̂xy
a C-R NILC SEVEM SMICA

CAPS 0.09 0.10 0.10 0.09
NVSS CCF 0.33 0.34 0.40 0.33

SMHWcov 0.20 0.23 0.27 0.19

to estimating the ISW amplitude, since these angles/scales are
suitable for detecting the ISW. However, in order to discard the
null hypothesis, the longer the number of “distances” the better.

5. Stacking of large-scale structures

An alternative approach for measuring the ISW effect in Planck
maps is to look for an ISW signal directly at the positions of
positive and/or negative peaks in the potential. Since the ex-

pected (and observed) signal is very weak, for individual struc-
tures, a stacking technique needs to be applied. Using the WMAP
data, it has been shown that CMB maps show hot spots and cold
spots in the direction of superclusters and supervoids, respec-
tively (Granett et al. 2008a,b, GR08 hereafter), which appear
to be barely consistent with the predictions of standard ΛCDM
(see also Hernandez-Monteagudo & Smith 2012). These struc-
tures, which are not yet virialized, are evolving while the CMB
photons travel across them and this should contribute to the
ISW effect. We apply here the same approach to the different
Planck maps, using the catalogues of superstructures introduced
in Sect. 2.2.4, and we test for the robustness of our findings. We
first discuss our method and the results obtained using the cata-
logue provided by GR08, and then present the results obtained
with the other catalogues.

5.1. Method

Our analysis is performed on the SMICA CMB map, although
we have checked that results are compatible for the other three
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Table 7. Probability values of the CMB-LSS cross-correlation
for the NVSS survey under the null hypothesis, for the four com-
ponent separation methods (SMICA, SEVEM, C-R and NILC) and
for the CAPS, CCF, and SMHWcov estimators.

LSS data ξ̂xy
a C-R NILC SEVEM SMICA

CAPS 0.09 0.10 0.10 0.09
NVSS CCF 0.33 0.34 0.40 0.33

SMHWcov 0.20 0.23 0.27 0.19

to estimating the ISW amplitude, since these angles/scales are
suitable for detecting the ISW. However, in order to discard the
null hypothesis, the longer the number of “distances” the better.

5. Stacking of large-scale structures

An alternative approach for measuring the ISW effect in Planck
maps is to look for an ISW signal directly at the positions of
positive and/or negative peaks in the potential. Since the ex-

pected (and observed) signal is very weak, for individual struc-
tures, a stacking technique needs to be applied. Using the WMAP
data, it has been shown that CMB maps show hot spots and cold
spots in the direction of superclusters and supervoids, respec-
tively (Granett et al. 2008a,b, GR08 hereafter), which appear
to be barely consistent with the predictions of standard ΛCDM
(see also Hernandez-Monteagudo & Smith 2012). These struc-
tures, which are not yet virialized, are evolving while the CMB
photons travel across them and this should contribute to the
ISW effect. We apply here the same approach to the different
Planck maps, using the catalogues of superstructures introduced
in Sect. 2.2.4, and we test for the robustness of our findings. We
first discuss our method and the results obtained using the cata-
logue provided by GR08, and then present the results obtained
with the other catalogues.

5.1. Method

Our analysis is performed on the SMICA CMB map, although
we have checked that results are compatible for the other three
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As	  an	  example:	  the	  covariance	  of	  the	  SMHW	  coefficients	  for	  the	  4	  CMB	  clean	  maps,	  
and	  the	  3	  LSS	  surveys.	  	  
	  
Error	   bars	   are	   derived	   from	   coherent	   simula?ons,	   according	   to	   the	   best-‐fit	   Planck	  
alone	  parameters.	  
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2.	  The	  ISW	  in	  Planck	  

•  As	  expected,	  most	  of	  the	  signal	  comes	  from	  NVSS	  

•  As	   happens	   with	   the	   ISW-‐lensing,	   the	   actual	   value	   is	   slightly	   smaller	   than	   the	  
fiducial	  model	  

	  
•  Lower	  detecJons	  than	  those	  previously	  reported	  from	  WMAP.	  Two	  major	  reasons:	  

•  Be3er	  agreement	  between	  the	  es?mated	  amplitude	  and	  the	  expected	  value:	  
1σ or	  2σ	  vs	  0.5σ	  è	  catalogues	  descrip?on?	  

•  Planck	  ΩΛ	  lower	  than	  WMAP	  one	  è	  “less	  ISW	  effect“	  (~10%)	  

The	  ISW	  with	  Planck:	  cross-‐correla;on	  with	  LSS	  tracers	  



Cosmology	  and	  Fundamental	  Physics	  with	  Planck	  @	  CERN,	  19th	  June	  2013	   P.	  Vielva	  

2.	  The	  ISW	  in	  Planck	  
The	  ISW	  with	  Planck:	  Stacking	  on	  the	  posi;on	  of	  large	  structures	  

[Grane3	  et	  al.]	  
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Fig. 6. Stacked regions of Planck maps corresponding to the locations of the superstructures identified by GR08. From left to right
we show the images resulting from stacking of the 50 superclusters, the 50 supervoids, and the difference of both. The black circles
superimposed indicate the angular radius at which the signal-to-noise ratio is maximal. See Fig. 7 for the corresponding temperature
and photometry profiles, as well as their statistical significance.

Planck maps. We have also used the cleaned frequency maps
from SEVEM (see Sect. 2.1.1) for some of the tests. We first re-
move the monopole and dipole of the maps (outside the U73
mask), and then apply a compact source mask based on the
Planck Legacy Point Source Catalogue (Planck Collaboration
XII 2013) to remove the contamination from individual point
sources.

For the purpose of comparison with the results of GR08, we
smooth the CMB maps with a common Gaussian kernel of 30 �
FWHM. We then project them onto patches around each position
in the supervoid and supercluster catalogue. The GR08 struc-
tures have a relatively small size on the sky (a few degrees), but
the other two catalogues considered here contain many larger
and closer voids, covering larger angular sizes. Thus we work
with 30◦ × 30◦ CMB patches and choose the pixel size to be
6 �, so that all voids considered are fully enclosed. We then co-
add (stack) the maps, taking into account the mask used. On the
stacked images, we calculate both the radial temperature profile
and the aperture photometry, to characterize the signal around
density structures. The temperature profile is obtained by com-
puting the mean of the pixels in rings of fixed width and in-
creasing angular radius; in practice, it is calculated for 150 radii
between 0◦ and 15◦, with a width of ∆θ = 0.◦1. The photometry
profile is obtained by applying a compensated filter that sub-
tracts the average temperature of a ring from the average tem-
perature within the disk whose radius θ is the inner radius ring,
and where the outer radius is chosen to be θ

√
2, so that the disc

and ring have the same area. This should enhance fluctuations
of typical angular size θ against fluctuations at smaller or larger
scales. Aperture photometry results are also provide for at 150
angles, this time between 0◦ and 15/

√
2 ≈ 10.◦6. In addition to

the monopole and dipole, we also removed from the CMB maps
the contribution of large scale angular modes, namely � = 2–
10. These modes correspond to angular scales much larger than
those of the structures under investigation, and for our purposes
their only effect is to introduce gradients in the stacked images;
the high-pass filter essentially stops such gradients getting into
the stacked map (which is equivalent to removing gradients at
the end). The contribution of the large-scale angular modes has
no impact on the aperture photometry profiles, and introduces
only an offset in the temperature profiles (Ilić et al. 2013).

In order to estimate the significance of the resulting photom-
etry and temperature profiles, we follow a Monte Carlo approach
based on stacked CMB images chosen at random positions. In
detail, we compute the photometry and the temperature profiles
for 16 000 sets of 50 CMB patches randomly distributed over
the SDSS area. We then compare the profiles obtained from the
stacking at the location of the GR08 superstructures to these ran-
dom profiles, in order to compute their signal-to-noise ratio.

5.2. Results

We show in Fig. 6 the stacked images of the 50 supervoids and
50 superclusters of GR08 in the Planck map. The correspond-
ing temperature and photometry profiles, along with their sig-
nificance levels, are shown in Fig. 7. The first thing to say is
that, although the signatures are fairly weak, the sign of the
effect certainly seems to be correct. Using the same catalogue
and the Planck CMB map, we find reasonable agreement with
GR08. The maximal photometric decrement, −10.8 µK (essen-
tially identical with the −11.3 µK found by GR08), induced by
supervoids is obtained for a preferred scale of about 3.◦5 (4◦ in
GR08) and a signal-to-noise of 3.3 (3.7σ in GR08), as shown in
Fig. 7. Superclusters produce a photometric increment of about
8.5 µK (slightly above the 7 µK in GR08), with a significance of
3.0σ (compared with 2.6σ in GR08) at a slightly larger angle
of 4.◦7. Finally, the stack of the combined sample (clusters mi-
nus voids) gives a temperature deviation of 8.7 µK, with a sig-
nal strength of 4.0σ at 4.◦1, which is consistent with the values
reported in GR08. The values of statistical significance for our
aperture aperture photometry results are closely related to those
for the temperature profiles. Indeed, as shown in the top panel of
Fig. 7, the temperature profile for the void stack shows a roughly
2σ deficit at small angular radii and a roughly 2σ excess ex-
tending to large radii. Since the aperture photometry is essen-
tially an integral of the temperature profile with a compensated
filter, it picks up enhanced significance because of the shape of
the temperature profile.

As noted previously by several authors (e.g., Hernandez-
Monteagudo & Smith 2012), the amplitude and shape of the pho-
tometric profile found for voids and clusters is in tension (around
2σ) with the values expected from pure ISW within ΛCDM.
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Stacked	   regions	   of	   Planck	   SMICA	   map	   corresponding	   to	   the	   posi?ons	   of	   the	   50	  
superclusters	  (lei)	  and	  50	  supervoids	  (center)	  of	  the	  Grannet	  et	  al.	  2008	  catalogue.	  
Right	  è	   combined	   structures.	   Circles	   indicate	   the	   scale	   at	   which	   the	   s2n	   of	   the	  
photometry	  is	  maximal.	  
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Amplitude	  and	  shape	  of	  the	  photometric	  profile	  is	  
in	   tension	  with	   the	  ΛCDM	  expecta?ons	   (a	   factor	  
of	  2	  at	  least):	  
	  
•  Max	  void	  signal	  -‐11.3µK	  at	  3.5o	  è	  3.3σ	

•  Max	  cluster	  signal	  +8.5µK	  at	  4.7o	  è	  3.0σ	

•  Max	  combined	  signal	  +8.7µK	  at	  4.1o	  è	  4.0σ	

 
Voids	   give	  more	   signal	   than	   clusters,	   opposite	   to	  
expecta?ons.	  
	  
The	  rela?ve	  size	  at	  which	  the	  signal	  is	  maximum	  is	  
2.6	  and	  1.3	  ?mes	  the	  radius	  of	  clusters	  and	  voids,	  
respec?vely.	  Value	  for	  clusters	  seems	  too	  large.	  
	  
	  
 
Lowest multipole removed from the maps to avoid 
gradients. 
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Fig. 7. Temperature (top) and photometry (middle and bottom)

profiles of the stacked CMB patches at the location of the 50 su-

pervoids and 50 superclusters of GR08. The lower panel shows

the combined photometry profile (i.e., the average cluster profile

minus the average void profile). The significance is represented

by 1, 2, 3, and 4σ level curves (dashed and dotted lines repre-

sent positive and negative error bars, respectively). These curves

represent the dispersion of the 16 000 stacks of 50 CMB patches

chosen at random positions (for illustration, on the top panel, we

represent in grey 300 of those random profiles).

However, it is not straightforward to associate this entire signal
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Fig. 8. Independence of the signal on the SEVEM frequency chan-

nels. The aperture photometry profiles measured in the stacked

patches centred on supervoids (top) and superclusters (bottom)

are virtually identical for all frequencies.

with a pure ISW effect. As seen in the Fig. 6, many small-scale

structures – both cold and hot – are present around the region de-

lineated by the angular radius at which the signal-to-noise ratio

of the aperture photometry is maximal. This small-scale struc-

ture contributes to the amplitude of the photometric decrement,

but at a few tens of µK, which is incompatible with the ΛCDM

predictions for the ISW effect. These are rather simply back-

ground CMB fluctuations, with their lingering presence due to

the small number (50) of patches which are used to produce the

stack.

It is intriguing that the angular sizes of the catalogued su-

perstructures are smaller than the angular sizes suggested by the

photometry profiles. This result is more apparent when we re-

peat the stacking analysis after rescaling each CMB patch by the

effective radius of the structure it contains. Since the voids and

super clusters identified by GR08 are roughly the same size, the

photometric results are similar after rescaling (−10 µK for voids

and 7.9 µK for superclusters). However, the deviations have sig-

nificance levels of 3.3σ and 2.7σ for supervoids and superclus-

ters, respectively, at angular sizes of 1.3 (voids) and 2.6 (clus-

ters) times the effective radius of the structures. This mismatch

could be a result of underestimation of the structure extent the

ZOBOV and VOBOZ algorithms (as already suggested by GR08) or
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Fig. 7. Temperature (top) and photometry (middle and bottom)

profiles of the stacked CMB patches at the location of the 50 su-

pervoids and 50 superclusters of GR08. The lower panel shows

the combined photometry profile (i.e., the average cluster profile

minus the average void profile). The significance is represented

by 1, 2, 3, and 4σ level curves (dashed and dotted lines repre-

sent positive and negative error bars, respectively). These curves

represent the dispersion of the 16 000 stacks of 50 CMB patches

chosen at random positions (for illustration, on the top panel, we

represent in grey 300 of those random profiles).

However, it is not straightforward to associate this entire signal
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are virtually identical for all frequencies.

with a pure ISW effect. As seen in the Fig. 6, many small-scale

structures – both cold and hot – are present around the region de-

lineated by the angular radius at which the signal-to-noise ratio

of the aperture photometry is maximal. This small-scale struc-

ture contributes to the amplitude of the photometric decrement,

but at a few tens of µK, which is incompatible with the ΛCDM

predictions for the ISW effect. These are rather simply back-

ground CMB fluctuations, with their lingering presence due to

the small number (50) of patches which are used to produce the

stack.

It is intriguing that the angular sizes of the catalogued su-

perstructures are smaller than the angular sizes suggested by the

photometry profiles. This result is more apparent when we re-

peat the stacking analysis after rescaling each CMB patch by the

effective radius of the structure it contains. Since the voids and

super clusters identified by GR08 are roughly the same size, the

photometric results are similar after rescaling (−10 µK for voids

and 7.9 µK for superclusters). However, the deviations have sig-

nificance levels of 3.3σ and 2.7σ for supervoids and superclus-

ters, respectively, at angular sizes of 1.3 (voids) and 2.6 (clus-

ters) times the effective radius of the structures. This mismatch

could be a result of underestimation of the structure extent the

ZOBOV and VOBOZ algorithms (as already suggested by GR08) or

17

The	  photometric	  profiles	  are	  studied	  on	  the	  SEVEM	  clean	  maps	  at	  frequencies	  from	  
44	   to	   353	   GHz.	   No	   significant	   dependence	   is	   observed	   è	   confirmaJon	   of	   the	  
thermal	  origin	  of	  the	  signal.	  
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Fig. 1. Coherent simulations of an ISW map (top panel), a CMB map including
the ISW effect (middle panel), and a catalog of galaxies (bottom panel). The
catalogue of galaxies has arbitrary units (the reconstruction is independent of
the normalization) and is centred at a comoving radial distance corresponding
to a redshift . The width of the radial shell containing the galaxies is
approximately . The units of the CMB and ISW maps are microkelvin.

the range of redshifts observed by the survey: a wider bin cen-
tred on (or on distance ) with a width of (left panel)
and a narrower bin of width (right panel). The thinner
solid curves provide the region around the mean obtained
from the simulations. For comparison, the results for the recon-
struction from WF (red dashed thick line) and the corresponding

region (red dashed thin lines) are also shown. Note that the
WF reconstruction is independent of the considered LSS survey,
since it does not use this information (the small deviations from
a constant line are due to the finite number of simulations). From
Fig. 3, it is apparent that the LCB filter outperforms the WF in
all the considered cases. One can also notice that the surveys
with a wider bin in work better than those with a narrower
bin. In particular, for the considered cases, we find that the best
reconstruction is obtained for a survey centred in for the
case of the wider bin. This indicates that having a larger number
of observed galaxies increases the correlation between the ISW
and the considered survey and that, therefore, the reconstruction
of the ISW signal is improved. However, we should remark that
the bias between the galaxy and the underlying matter distribu-
tion is more unlikely to remain constant (as we have assumed)

Fig. 2. Reconstruction of the ISW signal from the simulated data of Fig. 1 using
the LCB filter (top) and the WF (bottom). The figures should be compared to
the input ISW (top panel of Fig. 1). The cross-correlation coefficient is equal
to 0.88 and 0.63 for the LCB and WF reconstructions, respectively.

for wide bins. For this reason, a more detailed study of the bias
within the redshift/distance bin would be required.

It is also interesting to point out that the quality of the recon-
struction is higher in the hottest and coldest spots of the ISW
map, since the signal is comparatively larger in those regions.
For instance, for the best reconstruction case, the average corre-
lation coefficient increases from , when all the pixels
are considered, to , when only the pixels outside the

region are considered.
We have also studied the power spectrum of the recovered

ISW map, which provides an alternative measurement of the
quality of the reconstruction. As mentioned in Section II, we
expect the power spectrum of our recovered ISW map to be bi-
ased at a certain level. Fig. 4 shows the power spectrum of the
reconstructed ISW using the LCB filter averaged over 1000 sim-
ulations (black squares) for the case of a catalogue of galaxies
covering a wide bin centred at redshift , compared to
the input ISW model (blue solid line). The blue dotted lines
correspond to the theoretical cosmic variance while the error
bars give the dispersion obtained from simulations. For compar-
ison, the expected reconstructed power spectrum given by (12)
is also plotted (black dashed line), showing an excellent agree-
ment with the results obtained from simulations. Although, as
expected, the reconstructed power spectrum is biased, taking
into account the weakness of the ISW effect, a significant part
of the power of the signal is present in the reconstructed map. In
particular, the average reconstructed power spectrum lies within
the allowed cosmic variance region up to . We have
also studied, for the same case, the average power spectrum and
dispersion of the reconstructed ISW map using WF (red circles
and error bars in Fig. 4), finding a much larger bias, in agreement

750 IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING, VOL. 2, NO. 5, OCTOBER 2008

Fig. 1. Coherent simulations of an ISW map (top panel), a CMB map including
the ISW effect (middle panel), and a catalog of galaxies (bottom panel). The
catalogue of galaxies has arbitrary units (the reconstruction is independent of
the normalization) and is centred at a comoving radial distance corresponding
to a redshift . The width of the radial shell containing the galaxies is
approximately . The units of the CMB and ISW maps are microkelvin.

the range of redshifts observed by the survey: a wider bin cen-
tred on (or on distance ) with a width of (left panel)
and a narrower bin of width (right panel). The thinner
solid curves provide the region around the mean obtained
from the simulations. For comparison, the results for the recon-
struction from WF (red dashed thick line) and the corresponding

region (red dashed thin lines) are also shown. Note that the
WF reconstruction is independent of the considered LSS survey,
since it does not use this information (the small deviations from
a constant line are due to the finite number of simulations). From
Fig. 3, it is apparent that the LCB filter outperforms the WF in
all the considered cases. One can also notice that the surveys
with a wider bin in work better than those with a narrower
bin. In particular, for the considered cases, we find that the best
reconstruction is obtained for a survey centred in for the
case of the wider bin. This indicates that having a larger number
of observed galaxies increases the correlation between the ISW
and the considered survey and that, therefore, the reconstruction
of the ISW signal is improved. However, we should remark that
the bias between the galaxy and the underlying matter distribu-
tion is more unlikely to remain constant (as we have assumed)

Fig. 2. Reconstruction of the ISW signal from the simulated data of Fig. 1 using
the LCB filter (top) and the WF (bottom). The figures should be compared to
the input ISW (top panel of Fig. 1). The cross-correlation coefficient is equal
to 0.88 and 0.63 for the LCB and WF reconstructions, respectively.

for wide bins. For this reason, a more detailed study of the bias
within the redshift/distance bin would be required.

It is also interesting to point out that the quality of the recon-
struction is higher in the hottest and coldest spots of the ISW
map, since the signal is comparatively larger in those regions.
For instance, for the best reconstruction case, the average corre-
lation coefficient increases from , when all the pixels
are considered, to , when only the pixels outside the

region are considered.
We have also studied the power spectrum of the recovered

ISW map, which provides an alternative measurement of the
quality of the reconstruction. As mentioned in Section II, we
expect the power spectrum of our recovered ISW map to be bi-
ased at a certain level. Fig. 4 shows the power spectrum of the
reconstructed ISW using the LCB filter averaged over 1000 sim-
ulations (black squares) for the case of a catalogue of galaxies
covering a wide bin centred at redshift , compared to
the input ISW model (blue solid line). The blue dotted lines
correspond to the theoretical cosmic variance while the error
bars give the dispersion obtained from simulations. For compar-
ison, the expected reconstructed power spectrum given by (12)
is also plotted (black dashed line), showing an excellent agree-
ment with the results obtained from simulations. Although, as
expected, the reconstructed power spectrum is biased, taking
into account the weakness of the ISW effect, a significant part
of the power of the signal is present in the reconstructed map. In
particular, the average reconstructed power spectrum lies within
the allowed cosmic variance region up to . We have
also studied, for the same case, the average power spectrum and
dispersion of the reconstructed ISW map using WF (red circles
and error bars in Fig. 4), finding a much larger bias, in agreement

ISW	  

CMB	  

δn	  

rec	  ISW	  

rec	  ISW	  

Joint	  filter	  

Wiener	  filter	  

[Barreiro	  et	  al.	  2008]	  

BARREIRO et al.: A LINEAR FILTER TO RECONSTRUCT THE ISW EFFECT FROM CMB AND LSS OBSERVATIONS 751

Fig. 3. Mean correlation coefficient for the ISW reconstruction using the LCB filter obtained from 1000 simulations (black solid thick line) and the corresponding
region. Two cases are considered: a wider bin in (left panel) and a narrower bin (right panel). For comparison the mean correlation coefficient and the

corresponding region for the WF reconstruction are also shown (red dashed lines).

Fig. 4. Mean power spectrum of the ISW reconstruction using the LCB filter
obtained from 1000 simulations (black squares) compared to the input model
(blue solid line). The blue dotted lines indicate the region allowed by the
cosmic variance and the error bars give the dispersion of the reconstructed power
spectrum obtained from simulations. The theoretical expectation for the power
spectrum of the reconstruction is also plotted (black dashed line). For compar-
ison, the same quantities are given for the Wiener filter case (red circles and red
dashed line). The reconstructions correspond to the wider bin case, centred at

.

with (4) (red dashed line). This shows again that combining in-
formation from the CMB and LSS, as in the LCB filter, is very
useful to recover the ISW map.

IV. ROBUSTNESS OF THE METHOD

In the previous section, we have shown the performance of
the LCB filter to recover the ISW effect from CMB and LSS
observations in ideal conditions. However, when dealing with
real data, they will be affected by different non-idealities, that
should be taken into account in the analysis. Regarding CMB
data, one of the most important issues is the contamination due
to different astrophysical emissions, which is particularly strong
in the Galactic plane. This region is usually discarded from the
data, by applying a Galactic mask (i.e., replacing with zeroes

Fig. 5. Reconstruction of the ISW signal for the case of an incomplete sky
(top) and when assuming an erroneous cosmological model (bottom). The fig-
ures should be compared to the input ISW (top panel of Fig. 1) and also to the
reconstruction in the ideal case (top panel of Fig. 2). The grey region of the top
panel indicates the masked region, excluded from the analysis. The cross-cor-
relation coefficient is equal to 0.81 (top reconstruction) and 0.87 (bottom re-
construction).

the most contaminated regions). Regarding catalogs of galaxies,
they do not usually cover the whole sky and, therefore, it is
necessary to deal with incomplete sky maps.

In order to test the robustness of the LCB filter on an incom-
plete sky, we have repeated the analysis from the previous sec-
tion after applying a simple mask to the data that covers around
25 per cent of the sky (see top panel of Fig. 5). The mask has
been constructed as the addition of a band centred in the equator
with latitude plus a circle centred in the southern
ecliptic circle with a radius of 40 . The equatorial band mimics
a simple Galactic mask from a CMB observation, discarding
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Fig. 10. Estimate of the optimal number of patches/voids to

stack using the catalogue of Sutter et al. (2012). Starting from

the largest void and adding one CMB patch at a time to the stack,

we find at each step N the minimum of the aperture photome-

try profile, and we multiply this value by
√

N to find the largest

signal-to-noise, assuming that the noise scales roughly as 1/
√

N.

The vertical axis has been normalized to the best signal-to-noise,

obtained for 231 voids.

lations (Cai et al. 2013), and consistent with the sizes detected

using WMAP data (Ilić et al. 2013).

The profiles in Fig. 9 show hints (significance about 2σ) of

a positive excess below about 0.2 times the effective void radius.

This may be partly because the ZOBOV algorithm uses galaxies

as centres of the tessellation, meaning that the centre has to be

slightly locally overdense. Fig. 9 also shows positive excess for

larger apertures, partly caused by the large “hot ring” surround-

ing the cold feature in the stacked images, which raises the mean

temperature of the stacked image for discs of radii around 0.8–

1.2 times the void radius.

6. ISW map recovery

In recent years, some effort has been invested, not only to ob-

tain the statistical cross-correlation signal between the CMB and

LSS data, but also to recover a map of the ISW signal itself

(Barreiro et al. 2008, 2013; Francis & Peacock 2010; Dupé et al.

2011). In particular, assuming the existence of a correlation be-

tween the CMB and the gravitational potential, it is possible to

recover a map of the ISW fluctuations using a filtering method,

given a tracer of the gravitational potential (e.g., the galaxy cat-

alogues described in Sect. 2.2) and the CMB fluctuations. Given

the weakness of the signal, the main objective of this section is

to provide a qualitative image of the ISW fluctuations for visual

inspection, and an additional consistency test of the validity of

the assumed fiducial model, by comparing the statistical prop-

erties of the recovered and expected signals. In addition, this

secondary anisotropy map could also be used to study the large-

scale properties of the CMB, and its possible relation to some

possible large-angle anomalies found in the Planck data (Planck

Collaboration XXIII 2013).

6.1. Method

We have followed the methodology of Barreiro et al. (2008),

which applies a linear filter to the CMB and to a gravitational

potential tracer map, in order to reconstruct an ISW map, as-

suming that the cross- and auto-spectra of the signals are known.

This technique has been recently applied to reconstruct the ISW

map from the WMAP data and NVSS galaxy map (Barreiro et al.

2013). The filter is implemented in harmonic space and the es-

timated ISW map ŝ�m at each harmonic mode is given by (see

Barreiro et al. 2008 for details)

ŝ�m =
L12(�)

L11(�)
g�m +

L2

22
(�)

L2

22
(�) +Cn

�

�
d�m −

L12(�)

L11(�)
g�m
�
, (42)

where L(�) corresponds to the Cholesky decomposition of the

covariance matrix between the considered tracer of the potential

and the ISW signal, at each multipole, which satisfies C(�) =
L(�)LT

(�). Here d�m and g�m are the CMB data and the gravi-

tational potential tracer map, respectively, and Cn

� is the power

spectrum of the CMB signal without including the ISW effect.

If full-sky coverage is not available, the covariance matrix is ob-

tained from the corresponding pseudo-spectra. It can be shown

that the expected value of the power spectrum for the recon-

structed signal is given by

�
C ŝ

�

�
=

(Cgs

� )
2
�
|C(�)| +Cg

�C
n

�

�
+ |C(�)|2

Cg

�

�
|C(�)| +Cg

�C
n

�

� , (43)

where |C(�)| is the determinant of the tracer-ISW covariance ma-

trix at each multipole, and Cgs

� and Cg

� are the assumed cross-

spectrum and gravitational potential tracer spectra, respectively.

Note that the recovered ISW power spectrum will not contain the

full ISW signal, since it can only account for the part of the ISW

signal probed by the tracer being considered. It is also worth not-

ing that in detail the expected cross-correlation depends on the

assumed model. However, in practice, given the weakness of the

signal, it would be difficult to distinguish between two mild vari-

ants of the standard ΛCDM model. Nevertheless this approach

still provides a useful consistency check.

6.2. Results

We have applied the filter described above to two different cases:

combining information from the CMB and the NVSS galaxy cat-

alogue; and applying the filter to the CMB and the recovered

lensing potential map described in 2.1.2. Results have been ob-

tained for the four Planck maps, C-R, NILC, SEVEM, and SMICA.

For simplicity, we show the reconstructions only for the SEVEM

CMB map, since the four methods give very similar results. The

resolution considered for both analyses is Nside = 64.

For the first case, we are using the Planck fiducial model

for the CMB and cross-power spectrum, while for the NVSS

map we assume the model described in Sect. 2.2.1. We also take

into account the presence of Poissonian noise. We have excluded

the area obtained from combining the CMB mask at Nside = 64

(described in Sect. 2.1.1) as well as the area which has not been

observed by NVSS. The final mask keeps around 62% of the sky.

Since the filter is constructed in harmonic space, we have used

an apodized version of the mask in order to reduce the mask-

induced correlations. In any case, the degradation introduced by

the presence of a mask is small (Barreiro et al. 2008).

For the second case, the lensing map involved applying a

high-pass filter, which removed all multipoles with � < 10. This
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2 Barreiro et al.

This paper presents an application of the approach de-
scribed in Barreiro et al. (2008) to WMAP (Jarosik et al.
2011) and NVSS (Condon et al. 1998). The outline of the ar-
ticle is as follows. The methodology is reviewed in Section 2.
A description of the data used, as well as the fiducial theoret-
ical model is presented in Section 3. In Section 4 we present
the results. Finally, conclusions are given in Section 5.

2 METHODOLOGY

In order to reconstruct the ISWmap, we have used the linear
covariance-based filter presented in Barreiro et al. (2008).
We give here the outline of the method.

Since the filter is implemented in harmonic space, for
simplicity, we will assume that the considered data sets are
full-sky. Let us denote s�m and g�m to the harmonic coeffi-
cients of the ISW map and the large-scale structure (LSS)
survey respectively. The covariance matrix C(�) of the sig-
nals at each multipole � is given by

C(�) =

�
C

g
� C

sg
�

C
sg
� C

s
�

�
(1)

where C
g
� and C

s
� correspond to the auto spectra of the

galaxies and ISW maps 1, respectively, while Csg
� is the cross

power between both signals. To construct the filter, we will
make use of the Cholesky decomposition of the covariance
matrix, which satisfies C(�) = L(�)LT (�), where L(�) is a
lower triangular matrix. It can be trivially shown that the el-
ements of the Cholesky matrix relate to the elements of C(�)
as L11 =

�
C

g
� , L12 = C

sg
� /

�
C

g
� and L22 =

�
|C(�)| /Cg

� ,
where |C(�)| is the determinant of the covariance matrix at
each � mode.

The estimated ISW map ŝ�m at each harmonic mode is
given by (see Barreiro et al. 2008 for details)

ŝ�m =
L12(�)
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g�m +
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L
2
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d�m − L12(�)

L11(�)
g�m

�
(2)

where d�m are the harmonic coefficients of the CMB map
and C

n
� is the power spectrum of the CMB signal without

including the ISW. Therefore, to reconstruct the ISW map,
we need to assume an underlying cosmological model that
determines the auto and cross power spectra present in the
previous equation.

It is interesting to note that the final reconstructed map
has two contributions: the first term in the previous equa-
tion is given by a filtered version of the galaxies map while
the second expression is a Wiener filter (WF, Wiener 1949)
of a modified CMB data map. This modified data are sim-
ply constructed as the original CMB map minus the filtered
survey. In the case that there is not correlation between the
CMB and the LSS survey, the filter simply defaults to the
WF of the CMB map: since there is not correlation between
both signals, the galaxies map does not contribute to the
final ISW reconstruction. If the information provided by the
CMB map were not considered, the estimated ISW would
be given just by the filtered galaxies map.

1 Note that Cg
� corresponds to the power spectrum of the ob-

served galaxies map and thus, in a general case, it will contain a
noise contribution, while Cs

� refers to the power spectrum of an
ideal ISW map.

It can be easily shown that the expected value of the
power spectrum of the estimated ISW is given by

�
C
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�

�
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(Csg
� )2 (|C(�)|+ C

g
� C

n
� ) + |C(�)|2

C
g
� (|C(�)|+ C

g
� C
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� )

(3)

It is well known that the power spectrum of the WF recon-
struction is biased towards values lower than the true signal,
with the bias depending on the signal-to-noise ratio of the
data. Since our signal is partially reconstructed using this
filter, it will also be biased. The larger the cross-correlation
between CMB and the considered galaxies catalogue, the
smaller the bias, since the WF part will contribute relatively
less than the filtered survey term (see Barreiro et al. 2008
for details).

It is also straightforward to show that the expected
cross-correlation between the recovered signal and the galax-
ies catalogue is equal to that of the assumed model. How-
ever, this is only correct if the assumed cross and auto power
spectra reflect the underlying statistical properties between
the ISW and the LSS survey. For instance, if we assume a
non-vanishing cross-correlation in our model, while the data
have zero correlation, our reconstructed ISW map would ac-
tually present a non-zero correlation with the LSS survey.
However, this spurious correlation, whose expected value can
be easily derived from equation (2), would be different from
the one assumed in our model. In practice, the difference
between the expected values of the cross-correlation for two
(reasonably) different models will in general be small and,
given the weakness of the signal and the statistical uncer-
tainties, it may be difficult to discriminate between them. In
any case, as we will see in Section 4, the comparison between
the expected and estimated values of the cross-correlation is
an interesting consistency check.

The previous description assumes that full-sky data are
available. However, in practice, a mask will be needed to ex-
clude those regions, in both CMB and galaxies survey maps,
that have not been observed or are too contaminated to be
included in the analysis. In Barreiro et al. (2008) was shown
that the method was robust against the presence of a mask
and that the quality of the reconstruction was not signifi-
cantly affected. Therefore, to deal with this problem, we will
simply substitute in the previous equations the harmonic co-
efficients and power spectra by those obtained after masking
the data with the considered mask. In particular, the masked
version of the fiducial model for the power spectra will be
obtained ala MASTER (Hivon et al. 2002). In addition, we
will make use of an apodised version of the considered mask
in order to reduce the correlations between harmonic modes
that are introduced on an incomplete sky.

3 DATA DESCRIPTION

In order to reconstruct the ISW map using the previous
methodology, we need both a CMB map and a LSS cata-
logue, as well as a cosmological fiducial model. For the latter,
we have assumed a ΛCDM model that best fits 7-yr WMAP
data, BAO and H0 measurements (Komatsu et al. 2011).

For the CMB, we have made use of the 7-yr WMAP
data (Jarosik et al. 2011) publicly available at the Legacy

c� 1998 RAS, MNRAS 000, 1–6
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less than the filtered survey term (see Barreiro et al. 2008
for details).

It is also straightforward to show that the expected
cross-correlation between the recovered signal and the galax-
ies catalogue is equal to that of the assumed model. How-
ever, this is only correct if the assumed cross and auto power
spectra reflect the underlying statistical properties between
the ISW and the LSS survey. For instance, if we assume a
non-vanishing cross-correlation in our model, while the data
have zero correlation, our reconstructed ISW map would ac-
tually present a non-zero correlation with the LSS survey.
However, this spurious correlation, whose expected value can
be easily derived from equation (2), would be different from
the one assumed in our model. In practice, the difference
between the expected values of the cross-correlation for two
(reasonably) different models will in general be small and,
given the weakness of the signal and the statistical uncer-
tainties, it may be difficult to discriminate between them. In
any case, as we will see in Section 4, the comparison between
the expected and estimated values of the cross-correlation is
an interesting consistency check.

The previous description assumes that full-sky data are
available. However, in practice, a mask will be needed to ex-
clude those regions, in both CMB and galaxies survey maps,
that have not been observed or are too contaminated to be
included in the analysis. In Barreiro et al. (2008) was shown
that the method was robust against the presence of a mask
and that the quality of the reconstruction was not signifi-
cantly affected. Therefore, to deal with this problem, we will
simply substitute in the previous equations the harmonic co-
efficients and power spectra by those obtained after masking
the data with the considered mask. In particular, the masked
version of the fiducial model for the power spectra will be
obtained ala MASTER (Hivon et al. 2002). In addition, we
will make use of an apodised version of the considered mask
in order to reduce the correlations between harmonic modes
that are introduced on an incomplete sky.

3 DATA DESCRIPTION

In order to reconstruct the ISW map using the previous
methodology, we need both a CMB map and a LSS cata-
logue, as well as a cosmological fiducial model. For the latter,
we have assumed a ΛCDM model that best fits 7-yr WMAP
data, BAO and H0 measurements (Komatsu et al. 2011).

For the CMB, we have made use of the 7-yr WMAP
data (Jarosik et al. 2011) publicly available at the Legacy
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In order to reconstruct the ISWmap, we have used the linear
covariance-based filter presented in Barreiro et al. (2008).
We give here the outline of the method.

Since the filter is implemented in harmonic space, for
simplicity, we will assume that the considered data sets are
full-sky. Let us denote s�m and g�m to the harmonic coeffi-
cients of the ISW map and the large-scale structure (LSS)
survey respectively. The covariance matrix C(�) of the sig-
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where d�m are the harmonic coefficients of the CMB map
and C

n
� is the power spectrum of the CMB signal without

including the ISW. Therefore, to reconstruct the ISW map,
we need to assume an underlying cosmological model that
determines the auto and cross power spectra present in the
previous equation.

It is interesting to note that the final reconstructed map
has two contributions: the first term in the previous equa-
tion is given by a filtered version of the galaxies map while
the second expression is a Wiener filter (WF, Wiener 1949)
of a modified CMB data map. This modified data are sim-
ply constructed as the original CMB map minus the filtered
survey. In the case that there is not correlation between the
CMB and the LSS survey, the filter simply defaults to the
WF of the CMB map: since there is not correlation between
both signals, the galaxies map does not contribute to the
final ISW reconstruction. If the information provided by the
CMB map were not considered, the estimated ISW would
be given just by the filtered galaxies map.
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It is well known that the power spectrum of the WF recon-
struction is biased towards values lower than the true signal,
with the bias depending on the signal-to-noise ratio of the
data. Since our signal is partially reconstructed using this
filter, it will also be biased. The larger the cross-correlation
between CMB and the considered galaxies catalogue, the
smaller the bias, since the WF part will contribute relatively
less than the filtered survey term (see Barreiro et al. 2008
for details).

It is also straightforward to show that the expected
cross-correlation between the recovered signal and the galax-
ies catalogue is equal to that of the assumed model. How-
ever, this is only correct if the assumed cross and auto power
spectra reflect the underlying statistical properties between
the ISW and the LSS survey. For instance, if we assume a
non-vanishing cross-correlation in our model, while the data
have zero correlation, our reconstructed ISW map would ac-
tually present a non-zero correlation with the LSS survey.
However, this spurious correlation, whose expected value can
be easily derived from equation (2), would be different from
the one assumed in our model. In practice, the difference
between the expected values of the cross-correlation for two
(reasonably) different models will in general be small and,
given the weakness of the signal and the statistical uncer-
tainties, it may be difficult to discriminate between them. In
any case, as we will see in Section 4, the comparison between
the expected and estimated values of the cross-correlation is
an interesting consistency check.

The previous description assumes that full-sky data are
available. However, in practice, a mask will be needed to ex-
clude those regions, in both CMB and galaxies survey maps,
that have not been observed or are too contaminated to be
included in the analysis. In Barreiro et al. (2008) was shown
that the method was robust against the presence of a mask
and that the quality of the reconstruction was not signifi-
cantly affected. Therefore, to deal with this problem, we will
simply substitute in the previous equations the harmonic co-
efficients and power spectra by those obtained after masking
the data with the considered mask. In particular, the masked
version of the fiducial model for the power spectra will be
obtained ala MASTER (Hivon et al. 2002). In addition, we
will make use of an apodised version of the considered mask
in order to reduce the correlations between harmonic modes
that are introduced on an incomplete sky.

3 DATA DESCRIPTION

In order to reconstruct the ISW map using the previous
methodology, we need both a CMB map and a LSS cata-
logue, as well as a cosmological fiducial model. For the latter,
we have assumed a ΛCDM model that best fits 7-yr WMAP
data, BAO and H0 measurements (Komatsu et al. 2011).

For the CMB, we have made use of the 7-yr WMAP
data (Jarosik et al. 2011) publicly available at the Legacy
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and C
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including the ISW. Therefore, to reconstruct the ISW map,
we need to assume an underlying cosmological model that
determines the auto and cross power spectra present in the
previous equation.

It is interesting to note that the final reconstructed map
has two contributions: the first term in the previous equa-
tion is given by a filtered version of the galaxies map while
the second expression is a Wiener filter (WF, Wiener 1949)
of a modified CMB data map. This modified data are sim-
ply constructed as the original CMB map minus the filtered
survey. In the case that there is not correlation between the
CMB and the LSS survey, the filter simply defaults to the
WF of the CMB map: since there is not correlation between
both signals, the galaxies map does not contribute to the
final ISW reconstruction. If the information provided by the
CMB map were not considered, the estimated ISW would
be given just by the filtered galaxies map.
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It is well known that the power spectrum of the WF recon-
struction is biased towards values lower than the true signal,
with the bias depending on the signal-to-noise ratio of the
data. Since our signal is partially reconstructed using this
filter, it will also be biased. The larger the cross-correlation
between CMB and the considered galaxies catalogue, the
smaller the bias, since the WF part will contribute relatively
less than the filtered survey term (see Barreiro et al. 2008
for details).

It is also straightforward to show that the expected
cross-correlation between the recovered signal and the galax-
ies catalogue is equal to that of the assumed model. How-
ever, this is only correct if the assumed cross and auto power
spectra reflect the underlying statistical properties between
the ISW and the LSS survey. For instance, if we assume a
non-vanishing cross-correlation in our model, while the data
have zero correlation, our reconstructed ISW map would ac-
tually present a non-zero correlation with the LSS survey.
However, this spurious correlation, whose expected value can
be easily derived from equation (2), would be different from
the one assumed in our model. In practice, the difference
between the expected values of the cross-correlation for two
(reasonably) different models will in general be small and,
given the weakness of the signal and the statistical uncer-
tainties, it may be difficult to discriminate between them. In
any case, as we will see in Section 4, the comparison between
the expected and estimated values of the cross-correlation is
an interesting consistency check.

The previous description assumes that full-sky data are
available. However, in practice, a mask will be needed to ex-
clude those regions, in both CMB and galaxies survey maps,
that have not been observed or are too contaminated to be
included in the analysis. In Barreiro et al. (2008) was shown
that the method was robust against the presence of a mask
and that the quality of the reconstruction was not signifi-
cantly affected. Therefore, to deal with this problem, we will
simply substitute in the previous equations the harmonic co-
efficients and power spectra by those obtained after masking
the data with the considered mask. In particular, the masked
version of the fiducial model for the power spectra will be
obtained ala MASTER (Hivon et al. 2002). In addition, we
will make use of an apodised version of the considered mask
in order to reduce the correlations between harmonic modes
that are introduced on an incomplete sky.

3 DATA DESCRIPTION

In order to reconstruct the ISW map using the previous
methodology, we need both a CMB map and a LSS cata-
logue, as well as a cosmological fiducial model. For the latter,
we have assumed a ΛCDM model that best fits 7-yr WMAP
data, BAO and H0 measurements (Komatsu et al. 2011).

For the CMB, we have made use of the 7-yr WMAP
data (Jarosik et al. 2011) publicly available at the Legacy

c� 1998 RAS, MNRAS 000, 1–6

Recovered	  
ISW	  

CMB	  clean	  
map	  

LSS	  tracer	  
map	  

Covariance	  
Matrix	  

Cholesky	  
blocks	  



Cosmology	  and	  Fundamental	  Physics	  with	  Planck	  @	  CERN,	  19th	  June	  2013	   P.	  Vielva	  

2.	  The	  ISW	  in	  Planck	  
The	  ISW	  map	  recovery	  

ISW map recovery 5

Figure 3. The binned cross-correlation between the recon-
structed ISW map and the NVSS data is given (blue asterisks).
For comparison, the fiducial model (black line) and the average
and dispersion from two sets of 10000 simulations are also shown.
The red triangles and their error bars correspond to CMB and
NVSS-like simulations which are correlated, while for the second
set of simulations (green squares are error bars), no correlation is
introduced. The width of the bins is ∆� = 9, except for the last
bin that is ∆� = 13. For a better visualization, the results for the
simulations have been shifted with respect to the central value of
the bin.

Using simulations, we have also studied which is the im-

provement from combining both the CMB and NVSS data,

with respect to use only the galaxies catalogue (as for in-

stance in Dupé et al. 2011 whose proposed reconstruction

corresponds to the term given by the filtered survey of equa-

tion 2). In particular, we find an improvement of 15 per cent

in the error of the ISW reconstruction when the CMB data

are included. In any case, the relative contribution to the re-

construction of the CMB and LSS data depends significantly

on the cross correlation between them, so it will differ for

other galaxies surveys.

In a related matter, we can also calculate the expected

relative contribution of the auto and cross power of the CMB

and the galaxy number density maps to the angular power

spectrum of the reconstructed ISW map (using equation 2).

This is shown in Fig. 4 for the fiducial model as well as the

actual contribution of each angular power spectrum for the

considered data. As can be seen, the contribution from the

power spectrum of the CMB Ct
� is dominant at low mul-

tipoles (up to � ≈ 10), while Cg
� gives the main weight at

higher multipoles. The contribution from the cross power

between the CMB and NVSS is subdominant at all multi-

poles. The results obtained from the data agree quite well

with the expected value. However, it is interesting to point

out that the relative importance of Ct
� with respect to Cg

�

for the data is lower than the expectation value. This can

be easily explained by the fact that the amplitude of the

low multipoles of the WMAP data is lower than that of the

fiducial model.

Figure 4. The expected relative contribution of the CMB and
NVSS auto and cross spectra to the power spectrum of the ISW
reconstruction is shown (solid lines) as well as the same quantities
for the data. The results for the data have been binned to allow for
a clearer comparison. The error bars correspond to the dispersion
of the values within the considered bin.

5 CONCLUSIONS

We have presented a reconstructed map of the ISW effect,

obtained by combining through a linear filter CMB and LSS

data. In particular, we have used the 7-yr WMAP data and

the NVSS galaxies catalogue. The joint combination of both

data sets improves by a 15 per cent the error of the ISW re-

construction in comparison to the case when only the NVSS

data are used. We have performed a consistency test, show-

ing a good agreement between the cross correlation inferred

from the reconstructed ISW map and the assumed fiducial

model. In particular, the data favour a ΛCDM model with

respect to a scenario with null correlation between the CMB

and the NVSS data. The relative contribution to the angular

power spectrum of the ISW reconstructed map is dominated

by the CMB fluctuations up to � ≈ 10 and by the density

number galaxies field at larger multipoles.

The presented methodology works in harmonic space,

which implies the use of surveys with large sky coverage, in

order to avoid the problematics introduced by large masks.

However, this technique can be easily extended to work di-

rectly in the pixel space, which would make straightforward

to deal with a mask and, in particular, LSS surveys with

smaller sky coverage could also be used to reconstruct the

ISW signal (Bonavera et al. 2012, in preparation). In addi-

tion, several catalogues can be combined at the same time,

provided the covariance matrix between the surveys and the

CMB data is known.

Finally, let us remark that the application of the ap-

proach described in this paper to future surveys (as EU-

CLID Refregier et al. 2010 or J-PAS Beńıtez et al. 2009,

with very large sky coverage and very accurate redshift esti-

mation) could provide maps of the ISW anisotropies caused

by the large-scale structure at different redshift shells. This

will provide a tomographic view of the ISW fluctuations.
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Fig. 10. Estimate of the optimal number of patches/voids to

stack using the catalogue of Sutter et al. (2012). Starting from

the largest void and adding one CMB patch at a time to the stack,

we find at each step N the minimum of the aperture photome-

try profile, and we multiply this value by
√

N to find the largest

signal-to-noise, assuming that the noise scales roughly as 1/
√

N.

The vertical axis has been normalized to the best signal-to-noise,

obtained for 231 voids.

lations (Cai et al. 2013), and consistent with the sizes detected

using WMAP data (Ilić et al. 2013).

The profiles in Fig. 9 show hints (significance about 2σ) of

a positive excess below about 0.2 times the effective void radius.

This may be partly because the ZOBOV algorithm uses galaxies

as centres of the tessellation, meaning that the centre has to be

slightly locally overdense. Fig. 9 also shows positive excess for

larger apertures, partly caused by the large “hot ring” surround-

ing the cold feature in the stacked images, which raises the mean

temperature of the stacked image for discs of radii around 0.8–

1.2 times the void radius.

6. ISW map recovery

In recent years, some effort has been invested, not only to ob-

tain the statistical cross-correlation signal between the CMB and

LSS data, but also to recover a map of the ISW signal itself

(Barreiro et al. 2008, 2013; Francis & Peacock 2010; Dupé et al.

2011). In particular, assuming the existence of a correlation be-

tween the CMB and the gravitational potential, it is possible to

recover a map of the ISW fluctuations using a filtering method,

given a tracer of the gravitational potential (e.g., the galaxy cat-

alogues described in Sect. 2.2) and the CMB fluctuations. Given

the weakness of the signal, the main objective of this section is

to provide a qualitative image of the ISW fluctuations for visual

inspection, and an additional consistency test of the validity of

the assumed fiducial model, by comparing the statistical prop-

erties of the recovered and expected signals. In addition, this

secondary anisotropy map could also be used to study the large-

scale properties of the CMB, and its possible relation to some

possible large-angle anomalies found in the Planck data (Planck

Collaboration XXIII 2013).

6.1. Method

We have followed the methodology of Barreiro et al. (2008),

which applies a linear filter to the CMB and to a gravitational

potential tracer map, in order to reconstruct an ISW map, as-

suming that the cross- and auto-spectra of the signals are known.

This technique has been recently applied to reconstruct the ISW

map from the WMAP data and NVSS galaxy map (Barreiro et al.

2013). The filter is implemented in harmonic space and the es-

timated ISW map ŝ�m at each harmonic mode is given by (see

Barreiro et al. 2008 for details)

ŝ�m =
L12(�)

L11(�)
g�m +

L2

22
(�)

L2

22
(�) +Cn

�

�
d�m −

L12(�)

L11(�)
g�m
�
, (42)

where L(�) corresponds to the Cholesky decomposition of the

covariance matrix between the considered tracer of the potential

and the ISW signal, at each multipole, which satisfies C(�) =
L(�)LT

(�). Here d�m and g�m are the CMB data and the gravi-

tational potential tracer map, respectively, and Cn

� is the power

spectrum of the CMB signal without including the ISW effect.

If full-sky coverage is not available, the covariance matrix is ob-

tained from the corresponding pseudo-spectra. It can be shown

that the expected value of the power spectrum for the recon-

structed signal is given by

�
C ŝ

�

�
=

(Cgs

� )
2
�
|C(�)| +Cg

�C
n

�

�
+ |C(�)|2

Cg

�

�
|C(�)| +Cg

�C
n

�

� , (43)

where |C(�)| is the determinant of the tracer-ISW covariance ma-

trix at each multipole, and Cgs

� and Cg

� are the assumed cross-

spectrum and gravitational potential tracer spectra, respectively.

Note that the recovered ISW power spectrum will not contain the

full ISW signal, since it can only account for the part of the ISW

signal probed by the tracer being considered. It is also worth not-

ing that in detail the expected cross-correlation depends on the

assumed model. However, in practice, given the weakness of the

signal, it would be difficult to distinguish between two mild vari-

ants of the standard ΛCDM model. Nevertheless this approach

still provides a useful consistency check.

6.2. Results

We have applied the filter described above to two different cases:

combining information from the CMB and the NVSS galaxy cat-

alogue; and applying the filter to the CMB and the recovered

lensing potential map described in 2.1.2. Results have been ob-

tained for the four Planck maps, C-R, NILC, SEVEM, and SMICA.

For simplicity, we show the reconstructions only for the SEVEM

CMB map, since the four methods give very similar results. The

resolution considered for both analyses is Nside = 64.

For the first case, we are using the Planck fiducial model

for the CMB and cross-power spectrum, while for the NVSS

map we assume the model described in Sect. 2.2.1. We also take

into account the presence of Poissonian noise. We have excluded

the area obtained from combining the CMB mask at Nside = 64

(described in Sect. 2.1.1) as well as the area which has not been

observed by NVSS. The final mask keeps around 62% of the sky.

Since the filter is constructed in harmonic space, we have used

an apodized version of the mask in order to reduce the mask-

induced correlations. In any case, the degradation introduced by

the presence of a mask is small (Barreiro et al. 2008).

For the second case, the lensing map involved applying a

high-pass filter, which removed all multipoles with � < 10. This
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2 METHODOLOGY

In order to reconstruct the ISWmap, we have used the linear
covariance-based filter presented in Barreiro et al. (2008).
We give here the outline of the method.

Since the filter is implemented in harmonic space, for
simplicity, we will assume that the considered data sets are
full-sky. Let us denote s�m and g�m to the harmonic coeffi-
cients of the ISW map and the large-scale structure (LSS)
survey respectively. The covariance matrix C(�) of the sig-
nals at each multipole � is given by
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where C
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� and C
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� correspond to the auto spectra of the

galaxies and ISW maps 1, respectively, while Csg
� is the cross

power between both signals. To construct the filter, we will
make use of the Cholesky decomposition of the covariance
matrix, which satisfies C(�) = L(�)LT (�), where L(�) is a
lower triangular matrix. It can be trivially shown that the el-
ements of the Cholesky matrix relate to the elements of C(�)
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where |C(�)| is the determinant of the covariance matrix at
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given by (see Barreiro et al. 2008 for details)
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where d�m are the harmonic coefficients of the CMB map
and C

n
� is the power spectrum of the CMB signal without

including the ISW. Therefore, to reconstruct the ISW map,
we need to assume an underlying cosmological model that
determines the auto and cross power spectra present in the
previous equation.

It is interesting to note that the final reconstructed map
has two contributions: the first term in the previous equa-
tion is given by a filtered version of the galaxies map while
the second expression is a Wiener filter (WF, Wiener 1949)
of a modified CMB data map. This modified data are sim-
ply constructed as the original CMB map minus the filtered
survey. In the case that there is not correlation between the
CMB and the LSS survey, the filter simply defaults to the
WF of the CMB map: since there is not correlation between
both signals, the galaxies map does not contribute to the
final ISW reconstruction. If the information provided by the
CMB map were not considered, the estimated ISW would
be given just by the filtered galaxies map.
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It is well known that the power spectrum of the WF recon-
struction is biased towards values lower than the true signal,
with the bias depending on the signal-to-noise ratio of the
data. Since our signal is partially reconstructed using this
filter, it will also be biased. The larger the cross-correlation
between CMB and the considered galaxies catalogue, the
smaller the bias, since the WF part will contribute relatively
less than the filtered survey term (see Barreiro et al. 2008
for details).

It is also straightforward to show that the expected
cross-correlation between the recovered signal and the galax-
ies catalogue is equal to that of the assumed model. How-
ever, this is only correct if the assumed cross and auto power
spectra reflect the underlying statistical properties between
the ISW and the LSS survey. For instance, if we assume a
non-vanishing cross-correlation in our model, while the data
have zero correlation, our reconstructed ISW map would ac-
tually present a non-zero correlation with the LSS survey.
However, this spurious correlation, whose expected value can
be easily derived from equation (2), would be different from
the one assumed in our model. In practice, the difference
between the expected values of the cross-correlation for two
(reasonably) different models will in general be small and,
given the weakness of the signal and the statistical uncer-
tainties, it may be difficult to discriminate between them. In
any case, as we will see in Section 4, the comparison between
the expected and estimated values of the cross-correlation is
an interesting consistency check.

The previous description assumes that full-sky data are
available. However, in practice, a mask will be needed to ex-
clude those regions, in both CMB and galaxies survey maps,
that have not been observed or are too contaminated to be
included in the analysis. In Barreiro et al. (2008) was shown
that the method was robust against the presence of a mask
and that the quality of the reconstruction was not signifi-
cantly affected. Therefore, to deal with this problem, we will
simply substitute in the previous equations the harmonic co-
efficients and power spectra by those obtained after masking
the data with the considered mask. In particular, the masked
version of the fiducial model for the power spectra will be
obtained ala MASTER (Hivon et al. 2002). In addition, we
will make use of an apodised version of the considered mask
in order to reduce the correlations between harmonic modes
that are introduced on an incomplete sky.

3 DATA DESCRIPTION

In order to reconstruct the ISW map using the previous
methodology, we need both a CMB map and a LSS cata-
logue, as well as a cosmological fiducial model. For the latter,
we have assumed a ΛCDM model that best fits 7-yr WMAP
data, BAO and H0 measurements (Komatsu et al. 2011).

For the CMB, we have made use of the 7-yr WMAP
data (Jarosik et al. 2011) publicly available at the Legacy
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that have not been observed or are too contaminated to be
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that the method was robust against the presence of a mask
and that the quality of the reconstruction was not signifi-
cantly affected. Therefore, to deal with this problem, we will
simply substitute in the previous equations the harmonic co-
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the data with the considered mask. In particular, the masked
version of the fiducial model for the power spectra will be
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that are introduced on an incomplete sky.

3 DATA DESCRIPTION

In order to reconstruct the ISW map using the previous
methodology, we need both a CMB map and a LSS cata-
logue, as well as a cosmological fiducial model. For the latter,
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where d�m are the harmonic coefficients of the CMB map
and C
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� is the power spectrum of the CMB signal without

including the ISW. Therefore, to reconstruct the ISW map,
we need to assume an underlying cosmological model that
determines the auto and cross power spectra present in the
previous equation.

It is interesting to note that the final reconstructed map
has two contributions: the first term in the previous equa-
tion is given by a filtered version of the galaxies map while
the second expression is a Wiener filter (WF, Wiener 1949)
of a modified CMB data map. This modified data are sim-
ply constructed as the original CMB map minus the filtered
survey. In the case that there is not correlation between the
CMB and the LSS survey, the filter simply defaults to the
WF of the CMB map: since there is not correlation between
both signals, the galaxies map does not contribute to the
final ISW reconstruction. If the information provided by the
CMB map were not considered, the estimated ISW would
be given just by the filtered galaxies map.
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� corresponds to the power spectrum of the ob-
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It is well known that the power spectrum of the WF recon-
struction is biased towards values lower than the true signal,
with the bias depending on the signal-to-noise ratio of the
data. Since our signal is partially reconstructed using this
filter, it will also be biased. The larger the cross-correlation
between CMB and the considered galaxies catalogue, the
smaller the bias, since the WF part will contribute relatively
less than the filtered survey term (see Barreiro et al. 2008
for details).

It is also straightforward to show that the expected
cross-correlation between the recovered signal and the galax-
ies catalogue is equal to that of the assumed model. How-
ever, this is only correct if the assumed cross and auto power
spectra reflect the underlying statistical properties between
the ISW and the LSS survey. For instance, if we assume a
non-vanishing cross-correlation in our model, while the data
have zero correlation, our reconstructed ISW map would ac-
tually present a non-zero correlation with the LSS survey.
However, this spurious correlation, whose expected value can
be easily derived from equation (2), would be different from
the one assumed in our model. In practice, the difference
between the expected values of the cross-correlation for two
(reasonably) different models will in general be small and,
given the weakness of the signal and the statistical uncer-
tainties, it may be difficult to discriminate between them. In
any case, as we will see in Section 4, the comparison between
the expected and estimated values of the cross-correlation is
an interesting consistency check.

The previous description assumes that full-sky data are
available. However, in practice, a mask will be needed to ex-
clude those regions, in both CMB and galaxies survey maps,
that have not been observed or are too contaminated to be
included in the analysis. In Barreiro et al. (2008) was shown
that the method was robust against the presence of a mask
and that the quality of the reconstruction was not signifi-
cantly affected. Therefore, to deal with this problem, we will
simply substitute in the previous equations the harmonic co-
efficients and power spectra by those obtained after masking
the data with the considered mask. In particular, the masked
version of the fiducial model for the power spectra will be
obtained ala MASTER (Hivon et al. 2002). In addition, we
will make use of an apodised version of the considered mask
in order to reduce the correlations between harmonic modes
that are introduced on an incomplete sky.

3 DATA DESCRIPTION

In order to reconstruct the ISW map using the previous
methodology, we need both a CMB map and a LSS cata-
logue, as well as a cosmological fiducial model. For the latter,
we have assumed a ΛCDM model that best fits 7-yr WMAP
data, BAO and H0 measurements (Komatsu et al. 2011).

For the CMB, we have made use of the 7-yr WMAP
data (Jarosik et al. 2011) publicly available at the Legacy
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and C
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including the ISW. Therefore, to reconstruct the ISW map,
we need to assume an underlying cosmological model that
determines the auto and cross power spectra present in the
previous equation.

It is interesting to note that the final reconstructed map
has two contributions: the first term in the previous equa-
tion is given by a filtered version of the galaxies map while
the second expression is a Wiener filter (WF, Wiener 1949)
of a modified CMB data map. This modified data are sim-
ply constructed as the original CMB map minus the filtered
survey. In the case that there is not correlation between the
CMB and the LSS survey, the filter simply defaults to the
WF of the CMB map: since there is not correlation between
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CMB map were not considered, the estimated ISW would
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with the bias depending on the signal-to-noise ratio of the
data. Since our signal is partially reconstructed using this
filter, it will also be biased. The larger the cross-correlation
between CMB and the considered galaxies catalogue, the
smaller the bias, since the WF part will contribute relatively
less than the filtered survey term (see Barreiro et al. 2008
for details).

It is also straightforward to show that the expected
cross-correlation between the recovered signal and the galax-
ies catalogue is equal to that of the assumed model. How-
ever, this is only correct if the assumed cross and auto power
spectra reflect the underlying statistical properties between
the ISW and the LSS survey. For instance, if we assume a
non-vanishing cross-correlation in our model, while the data
have zero correlation, our reconstructed ISW map would ac-
tually present a non-zero correlation with the LSS survey.
However, this spurious correlation, whose expected value can
be easily derived from equation (2), would be different from
the one assumed in our model. In practice, the difference
between the expected values of the cross-correlation for two
(reasonably) different models will in general be small and,
given the weakness of the signal and the statistical uncer-
tainties, it may be difficult to discriminate between them. In
any case, as we will see in Section 4, the comparison between
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an interesting consistency check.
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available. However, in practice, a mask will be needed to ex-
clude those regions, in both CMB and galaxies survey maps,
that have not been observed or are too contaminated to be
included in the analysis. In Barreiro et al. (2008) was shown
that the method was robust against the presence of a mask
and that the quality of the reconstruction was not signifi-
cantly affected. Therefore, to deal with this problem, we will
simply substitute in the previous equations the harmonic co-
efficients and power spectra by those obtained after masking
the data with the considered mask. In particular, the masked
version of the fiducial model for the power spectra will be
obtained ala MASTER (Hivon et al. 2002). In addition, we
will make use of an apodised version of the considered mask
in order to reduce the correlations between harmonic modes
that are introduced on an incomplete sky.
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In order to reconstruct the ISW map using the previous
methodology, we need both a CMB map and a LSS cata-
logue, as well as a cosmological fiducial model. For the latter,
we have assumed a ΛCDM model that best fits 7-yr WMAP
data, BAO and H0 measurements (Komatsu et al. 2011).
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Figure 10. Fisher ‘detection significance’ (defined by 1/! = F1/2, eq. (5.25)) of the CMB lensing
bispectrum as a function of lmax for no instrument noise and for Planck-like noise levels using
just the temperature bispectrum (black for no noise; magenta for Planck) or using all the T and
E-polarization bispectra (blue for no noise; red for Planck). The dotted lines show the (incorrect)
results obtained if the signal contribution to the variance is neglected: all results are bounded by
the cosmic-variance detection limit on a measurement of the low-l cross-correlation spectra CT!

l and

CE!
l . If the cross-correlation part of the signal variance is neglected (as for a null hypothesis test),

the ‘significance’ is ! 5% larger.

!fNL
!lens correlation bias on fNL !marge

fNL

T 4.31 0.19 0.24 9.5 4.44

T+E 2.14 0.12 0.022 2.6 2.14

Planck T 5.92 0.26 0.22 6.4 6.06

Planck T+E 5.19 0.22 0.13 4.3 5.23

Table 1. Errors and biases on CMB lensing and primordial local-model non-Gaussianity parame-
terized by fNL for Planck-like noise (assuming isotropic coverage over the full sky with sensitivity

!T = !Q/2 = !U/2 = 50 µKarcmin [NT
l = NQ/U

l /4 = 2 ! 10!4µK2] and a beam FWHM of
7 arcmin) or cosmic-variance limited data with lmax = 2000. From eq. (5.35) the errors !fNL

and !lens

are the errors on the amplitudes of the corresponding bispectrum templates individually when the
other one is fixed; !marge

fNL
is the Fisher error on fNL if the amplitude of the lensing contribution is

marginalized over; and the correlation is that between the two bispectrum shapes. The bias is the
systematic error on fNL if the CMB lensing contribution is neglected, i.e. eq. (5.26).
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up	  to	  2.9σ	  (currently	  it	  is	  2.5σ),	  similar	  to	  
the	  ISW-‐LSS	  cross-‐correla?on.	  
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3.	  Future	  steps	  
N-‐body	  simula;ons	  
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Figure 6. Full-sky maps of the predicted secondary CMB anisotropies due to the ISW effect from structures between selected output redshifts. The maps are
obtained by ray-tracing through the simulation potential field using the LAV approximation, as explained in § 3.1. The maps are shown in Mollweide projection
with resolution Nside = 32, 128, 256 and 512 for redshifts of 0.100-0.133, 0.169-0.234, 0.320-0.569 and 0.689+, respectively. Dipoles have been removed
from all maps.
c! 2013 RAS, MNRAS 000, 1
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.1	  <	  z	  <	  0.13 	   	  	  	  	  0.5	  <	  z	  <	  0.6 	   	  	  	  	  	  	  	  	  	  	  1.2	  <	  z	  <	  13	  
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3.	  Future	  steps	  

•  PolarizaJon	  
	  
•  N-‐body	  simulaJons	  

•  Future	  galaxy	  surveys	  
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3.	  Future	  steps	  
Future	  galaxy	  surveys	  

•  The	  next	  decade(s)	  is	  expected	  to	  provide	  a	  huge	  amount	  of	  new	  data	  from	  
galaxy	  surveys.	  	  

•  Although	  primary	  science	  is	  BAOs	  and	  weak	  lensing,	  ISW	  studies	  can	  benefit	  
out	  of	  some	  of	  them,	  e.g.:	  	  

	  
•  J-‐PAS	  
•  BigBOSS	  
•  PanSTARSS2	  
•  LSST	  
•  Euclid	  

•  Expected	  sky	  coverage,	  redshii	  range	  and	  number	  of	  galaxies	  would	  allow	  
for	   ISW	  detecJons	   in	  [3,	  5]σ	  è	  Star?ng	  to	  be	  useful	   for	  DE	  and	  modified	  
gravity	  studies.	  

•  In	  par?cular,	  an	  opportunity	  to	  explore	  ISW-‐QSOs	  correlaJons	  widely.	  
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4.	  Conclusions	  

•  ISW	  is	  a	  weak	  signal	  

•  Current	  LSS	  surveys	  allow	  for	  3σ	  detecJons	  è	  confirmed	  with	  Planck	  

•  Similar	   limit	   reachable	  by	   ISW-‐lensing	   (ISW	  detec?on	  with	  a	  single	  experiment)	  
è	  made	  by	  Planck	  for	  the	  1st	  Jme	  

•  Stacking	  of	  CMB	  fluctuaJons	  on	  the	  posi?on	  of	  LSS	  features	  shows	  un-‐expected	  
levels	  of	  ISW	  signal	  è	  Planck	  confirms	  its	  thermal	  nature	  

•  Planck	  polarizaJon	  will	  help	  to	  increase	  the	  ISW	  signal	  in	  ~15%	  (via	  ISW-‐lensing)	  

•  N-‐body	  simulaJons	  very	  important	  to	  be_er	  understand	  the	  ISW	  physics	  

•  Future	  surveys	  will	  allow	  for	  5σ	  detecJons,	  approaching	  to	  the	  theore?cal	  limit.	  
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