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The accelerating expansion of the universe at recent epochs is encoded in the cosmic microwave
background: a few percent of the total temperature fluctuations are generated by evolving gravitational
potentials which trace the large-scale structures in the universe. This signature of dark energy, the integrated
Sachs-Wolfe effect, has been detected by averaging temperatures in the Wilkinson Microwave Anisotropy
Probe (WMAP) sky maps corresponding to the directions of superstructures in the Sloan Digital Sky
Survey data release 6. We model the maximum average peak signal expected in the standard ΛCDM
cosmological model, using Gaussian random realizations of the microwave sky, including correlations
between different physical contributions to the temperature fluctuations and between different redshift
ranges of the evolving gravitational potentials. We find good agreement with the mean temperature peak
amplitude from previous theoretical estimates based on large-scale structure simulations, but with larger
statistical uncertainties. We apply our simulation pipeline to four different foreground-cleaned microwave
temperature maps from Planck and WMAP data, finding a mean temperature peak signal at previously
identified sky locations which exceeds our theoretical mean signal at a statistical significance of about 2.5σ
and which differs from a null signal at 3.5σ.
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I. INTRODUCTION

The current state of accelerated expansion of the universe
has been well established through a combination of the
type-Ia supernova Hubble diagram [1,2], primary and
lensing-induced anisotropies in the cosmic microwave
background (CMB) [3–5], and measurements of baryon
acoustic oscillations [6]. Such an expansion, believed to be
driven by dark energy, leaves an imprint in the large-scale
cosmic structure (at redshifts in a range of z≲ 2), as well as
on the CMB temperature fluctuations. Gravitational poten-
tials evolve in time due to the accelerating expansion,
giving a net change in energy to photons traversing an
underdense or overdense region. This effect, known as the
late-time integrated Sachs-Wolfe effect (late-ISW) [7], is
described by the following integral along the line-of-sight:

Θðn̂Þ≡ ΔT
T0

¼ −2
Z

χ⋆

0

dχgðτÞ _Φðχn̂; η0 − χÞ ð1Þ

where gðτÞ ¼ e−τðη0−χÞ is the visibility function as a function
of the optical depth τ, the derivative of the Newtonian
gravitational potential Φ is with respect to the conformal
time, η0 is the present value of the conformal time, χ⋆ is the
comoving distance to the surface of last scattering, and T0 is
the isotropic CMB blackbody temperature, corresponding to
the multipole l ¼ 0. The late-ISWeffect creates temperature
anisotropiesmostlyon relatively largeangular scales (θ > 3∘).

A detection of this signal in a spatially flat universe represents
an independent test for dark energy [8], and in principle a
useful tool to characterize its properties and dynamics [9].
In ΛCDM cosmological models, this secondary CMB

anisotropy contributes only around 3% of the total variance
of the temperature sky, while having a Gaussian random
distribution to a very good approximation, and hence it
cannot be detected from temperature data alone.
Nevertheless, it is strongly correlated with the large-scale
galaxy distribution [10], and recently the angular cross-
power spectrum CTg

l between CMB temperature and
galaxies has been exploited to detect the late-ISW signal
[11–25] (see Table 1 of [26] for a detailed list of related
works). A similar correlation was detected in pixel space,
corresponding to the presence of hot and cold spots in the
CMB sky preferentially centered on superstructures ([27],
GNS08 hereafter). This strong detection exploited a novel
technique involving photometric analysis of stacked CMB
patches from the WMAP 5-year sky maps [28] centered on
100 superstructures (50 biggest superclusters and 50
biggest supervoids) detected in the Sloan Digital Sky
Survey (SDSS) Data Release 6 [29], covering a sky area
of 7500 square degrees in a redshift range 0.4 < z < 0.75.
In this redshift range, the expected cross-correlation spec-
trum peaks at l≃ 20 (θ≃ 4∘) ([30], HMS13 hereafter),
which motivated the use of a compensated top-hat filter of
4° radius to enhance the signal [31]. The mean temperature
fluctuation reported by GNS08 of T̄ ¼ 9.6 μK shows a
departure from the null signal at a significance of 4.4σ.
Recently, the Planck satellite collaboration has confirmed
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the detection of the late-ISW effect with a statistical
significance ranging from 2.5σ to 4.0σ (depending on
the method involved) ([22], PLK13 hereafter). The strong-
est Planck detection is associated with the stacking analy-
sis, using the GNS08 catalog, giving an average peak
amplitude of T̄ ¼ 8.7 μK, which is consistent with the
value found by GNS08 using the WMAP temperature map.
As pointed out by [25], the temperature-galaxy cross

correlation requires prior knowledge of the galaxy bias,
which may dominate the detection significance and con-
sistency tests of the underlying cosmological model. In
contrast, the technique of stacking on the largest super-
structures in a large-scale structure survey does not rely on
any knowledge regarding the galaxy bias, apart from the fact
that visible matter traces dark matter. In addition, the GNS08
technique is based on an extreme-value statistic: in principle,
it is sensitive to small departures from the ΛCDM model
which may not significantly affect the cross-correlation CTg

l .
On the other hand, substantial control over systematic errors
is required to carry out such an analysis.
It has been argued that the strong signal detected by

GNS08 is in tension with the underlying ΛCDM model
[32,33]. Analytical estimates of the stacked late-ISW signal
in a comoving volume that corresponds to that probed by
GNS08 predict an average signal of T̄ ¼ 2.27� 0.14 μK
([33], FHN13 hereafter), where the reported error is due to
cosmic variance. The same work confirms this estimate
using late-ISW maps constructed from N-body simulations
by [34], which include the second-order Rees-Sciama
contribution [35]. The discrepancy with the GNS08 meas-
urement has a significance greater than 3σ. Other cosmo-
logical models have been considered to explain the
discrepancy, including primordial non-Gaussianities [30]
and fðRÞ gravity theories [36], but neither seems adequate
to explain the strong detected signal.
A less interesting but more plausible possibility is that

the strong detected signal is the result of correlations of
the late ISW signal with other sources of temperature
anisotropy, which may boost the mean temperature of the
identified top-ranked peaks. The current theoretical pre-
dictions of the stacked late-ISW signal do not include
correlations between ISW temperature fluctuations formed
at different redshifts. In HMS13, the primary temperature
fluctuations, formed at redshift z≃ 1100, were considered
uncorrelated with the secondary anisotropies and simply
added to Gaussian random generated late-ISWmaps. These
high-redshift fluctuations are partially correlated with the
secondary temperature anisotropies, at a level that depends
on the underlying cosmological model. More importantly,
we expect a non-negligible correlation between the late-
ISW signal, traced by superstructures in GNS08 in the
redshift range 0.4 < z < 0.75, and the late-ISW effect due
to structures at either higher or lower redshift.
In this work, we provide a complete description of these

correlations through simulated skies based on simple linear

perturbation theory. Temperature fluctuations on large
scales result from gravitational potential perturbations in
the linear regime (see [37] for alternative proposal). If the
primordial perturbations are a Gaussian random field,
which appears to be an excellent approximation to the
observed large-scale structure [38], the statistical properties
of the CMB sky on large angular scales are completely
specified by the temperature power spectrum CTT

l . We
generate Gaussian random realizations of the CMB sky
using the linear power spectra for its various physical
components, including correlations between them. This is
an easy computational process, in contrast to extracting
large-angle late-ISW maps from large-box N-body cosmo-
logical simulations [39,40]. Apart from the simplicity, this
method presents several interesting advantages. It allows full
characterization of cosmic variance with a random sample of
simulated skies, and it automatically accounts for the effects
of the largest-scale perturbation modes beyond the reach of
N-body simulations. In addition, as previously pointed out,
we are able to generate temperature fluctuations arising from
all redshifts, 0 < z < 1100, including the expected correla-
tions between signals from different redshift ranges.
We then reanalyze foreground-cleaned CMB temper-

ature maps from the Planck satellite, processed to match the
procedure adopted in our sky simulations. This last step
guarantees that the discrepancy between theoretical esti-
mates and the measured signal is not due to different
analysis procedures. Our simulated late-ISW mean peak
temperature signal is consistent with previous estimates,
but with a wider spread of values. Correlations between
temperature signals increase the expected mean value as
well as the spread slightly. The main reason for this larger
spread, however, is the noise associated to the uncorrelated
fluctuations at scales of our interest, and thus reduces the
statistical significance of the discrepancy between theory
and experiment to around 2.5σ when compared with our
measured values from CMB maps.
We present our work as follows. In Sec. II, we describe

an algorithm to generate realistic temperature maps, includ-
ing spatial filtering and all correlations between temper-
ature components. We then present the pipeline of our
simulations in Sec. III, and the resulting distribution of late-
ISW mean peak temperatures. In Sec. IV, we apply the
same procedure to the Planck CMB temperature maps.
Finally, Sec. V concludes with a discussion of possible
sources of systematic errors, a comparison with other late-
ISW detection techniques, and future prospects for resolv-
ing the discrepancy between theory and measurements with
wider and deeper large-scale structure surveys.

II. CORRELATED COMPONENTS OF THE
TEMPERATURE SKY

The ΛCDMmodel is a compelling theory to describe the
statistical properties of the CMB fluctuations, making
precise predictions for the temperature power spectrum
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CTT
l [41,42]. Different physical processes contribute to the

temperature fluctuations over a wide range of angular
scales; the CMB temperature sky is well approximated
by the sum of correlated Gaussian random fields, one for
each physical component, such that

hailm; ai⋆l0m0 i ¼ δll0δmm0Cii
l

hailm; aj⋆l0m0 i ¼ δll0δmm0Cij
l ð2Þ

where i and j are the components making up the observed
temperature field Θðn̂Þ ¼ P

i

P
lm ailmYlm and the power

spectra satisfy the condition Cii
lC

jj
l ≥ ðCij

l Þ2 [43]. This set
of power spectra specify the covariance matrix of the
temperature given a cosmological model. For the purposes
of this work, we consider a 2-component sky described by a
symmetric 2 × 2 covariance matrix. The first component,
C1;1
l , is always the late-ISW component of the temperature

field, corresponding to the GNS08 redshift range (ISW–in,
hereafter). For the second component, C2;2

l , we consider
two distinct cases:

(i) Case A: only late-ISW generated outside the probed
redshift range, corresponding to 0 < z < 0.4 and
0.75 < z < 10 (ISW–out, hereafter);

(ii) Case B: primary and secondary anisotropies gener-
ated outside the probed redshift range. Specifically,
we consider the sum of ISW–out, early ISW after
recombination, and Sachs-Wolfe (SW, hereafter),
intrinsic and Doppler contributions at last scattering.

The off-diagonal terms C1;2
l are calculated according to

the specific case we consider. For a spatially flat, ΛCDM
cosmological model with the best-fit PlanckþWPþ
HighL parameters [5] we compute the covariance matrix
in Eq. (2) with the numerical Boltzmann code—CLASS
v2.2—1[44] (including nonlinear effects calculated with—
HALOFIT—[45], although we have verified that these do not
affect our results). The correlated harmonic coefficients are
generated via Cholesky decomposition as

ailm ¼
X2
k¼1

Al;ikζk

aTlm ¼ a1lm þ a2lm ð3Þ
where ζk is a column vector composed of 2 complex
Gaussian random numbers with zero mean and unit
variance, and Al is a lower-diagonal real matrix which
satisfies Cl ¼ AT

lAl. The a1lm are the harmonic coefficients
corresponding to the ISW–in component alone.
In Fig. 1, we plot the unfiltered covariance matrix

components as function of the multipole l. The top panel
shows the diagonal terms. Note that the signal of interest,
ISW–in, has a lower amplitude compared than the other
components at all multipoles. Thus, the statistics of temper-
ature peaks for an unfiltered map are completely dominated

by the anisotropies generated at last scattering. A wise
choice for an l-space filter is required (see below, Sec. III).
The bottom panel shows the off-diagonal terms; we plot the
normalized correlation coefficient

rl ≡ Cij
lffiffiffiffiffiffiffiffiffiffiffiffiffi

Cii
lC

jj
l

q ð4Þ

which satisfies the condition jrlj ≤ 1. The correlation
matrix cannot be considered diagonal, especially at low
l values. In principle we expect a negative cross-correlation
on large scales (i.e., rl < 0) due to the Sachs-Wolfe
component: if we consider the entire late-ISW contribution
(i.e., 0 < z < 10), the cross-spectrum is dominated by the
ISW-SW term, which gives an overall anticorrelation.
In the case of interest (where we consider shells of
late-ISW signal), the dominant part is the correlation
between ISW–in and ISW–out. Notice that rCaseAl =rCaseBl ≃ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2;2ðCaseBÞ
l =C2;2ðCaseAÞ

l

q
, which implies that the mean value

of the stacked signal is mainly enhanced by the ISW–out
component. This peculiar effect is attributed to the wide
range of k—modes, which couples the fluctuations of
neighboring redshift regions. On the other hand, the mildly
correlated primary fluctuations dominate the statistical

FIG. 1 (color online). Top: Angular power spectra in ΛCDM,
for the ISW effect due to structure in the redshift range 0.4 <
z < 0.75 (“ISW–in”, solid line), ISW effect outside of this
redshift range (“ISW–out”, dashed line), and all temperature
perturbation components except for ISW–in (dash-dotted line).
Bottom: Correlation coefficients between ISW–in and ISW–out
(dashed line), and between ISW–in and all other temperature
perturbation components (dash-dotted line).

1http://class‑code.net/
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error in averaged peak values. Analytical signal and error
estimates are possible but not simple [46], so we compute
both numerically in the following section.

III. METHODOLOGY AND ANALYSIS

The multipole region of our interest is dominated by
cosmic variance. This problem is difficult to characterize
using N-body simulations, so we generate random temper-
ature maps from the power spectra and correlations to
construct the statistical distribution of ISW mean peak
amplitudes. The procedure described in this section is
based on the FHN13 analysis, adapted to multicomponent
correlated sky maps.

A. Harmonic-space filtering

To isolate the late-ISW peak signal in l-space, we apply
the 4° compensated top-hat filter adopted by GNS08:

FðθÞ ¼
� ð2πð1− cosθFÞÞ−1; 0< θ < θF;

−ð2πðcosθF − cos
ffiffiffi
2

p
θFÞÞ−1; θF < θ <

ffiffiffi
2

p
θF;

ð5Þ
where θF ¼ 4∘ is the characteristic filter radius. By per-
forming a Legendre transform of the real-space filter
FðθÞ → Fl ¼ R

FðθÞPlðcos θÞd cos θ, we can compute a
full-sky filtered map simply by rescaling the covariance
matrix, Cl → ClF2

lB
2
l, which also uses an additional

Gaussian beam smoothing Bl with FWHM ¼ 300 adopted
by PLK13 to match the WMAP resolution. The compen-
sated top-hat filter does not give a sharp cutoff in multipole
space. However, it drops off faster than l−2, which ensures
the suppression of the small-scale fluctuations. At the
scales enhanced by the filter l≃ 10–30, the portion of
the temperature fluctuations uncorrelated with the ISW–in
signal for Case B is approximately one order of magnitude
larger than that for Case A, with a resulting increase in the
scatter of the mean peak statistic.

B. Simulation pipeline

To identify the peaks of the late-ISW temperature fluctua-
tions in the CMB sky map, GNS08 used the distribution of
luminous red galaxies in SDSS DR6 and looked for over-
dense and underdense regions. The top-ranked 100 super-
structures identified in the sample have amedian radial length
calculated at z ¼ 0.5 of Rv ≃ 85 Mpc and Rc ≃ 25 Mpc for
voids and clusters, respectively. The corresponding normal-
ized fluctuations of the gravitational potential are of the order
Φ≃ 10−4 [31]. These gravitational potential fluctuations are
still in the linear regime for standard structure growth.
Assuming perfect efficiency in detecting and ranking

superstructures from large-scale structure distribution data,
the observed GNS08 signal should match the theoretical
expectation from averaging the CMB temperature fluctua-
tions traced by the 100 biggest fluctuations in the filtered
late-ISWmap over the redshift range of the survey [33]. We

generate correlated pairs of filtered random Gaussian maps,
one for the ISW–in component and one for the other linear
components of the temperature sky, using multipoles in
both power spectrum l ≤ 800; we use HEALPIX2 [47] with
NSIDE ¼ 256. From the filtered ISW–in map, we identify
the 50 hottest maxima and 50 coldest minima in a sky
region of area fsky ¼ 0.2, corresponding to the sky fraction
of the SDSS DR6 survey. Maxima and minima are
identified pixel-by-pixel, testing whether or not the temper-
ature of the central pixels is the greatest or the smallest of
the 8 surrounding pixels. Finally, we take the pixels
corresponding to these extrema and average their values
in the full sky map consisting of the sum of the two
correlated random maps. We find the average of the 50
hottest ISW–in maxima Th and 50 coldest ISW–in minima
Tc separately, and we also compute the combined mean
value as Tm ¼ ðTh − TcÞ=2. For comparison, we also
calculate the same quantities for the ISW–in map only,
which we call Case 0. This procedure is performed on an
ensemble of 5000 random generated skies.
The procedure adopted here gives an upper bound on the

theoretical signal from clusters and voids identified in any
specific tracer of large-scale structure: we simply assume
that the 50 largest voids and 50 largest clusters in a sky
region are correctly identified. Any error in identifying
these features will lead to a smaller mean signal. Since the
measured signal is larger than the expected theoretical
maximum signal, errors in cluster identification will
increase the difference between theory and measurement
quantified in the next section.

TABLE I. Results from Gaussian random skies, stacked on
peaks of the ISW–in signal (the ISW generated for structure in the
redshift range 0.4 < z < 0.75). The simulated skies are con-
structed from the angular power spectra in the standard ΛCDM
cosmology, smoothed with a Gaussian beam of FWHM 30’ and a
compensated top hat filter of radius 4°, Eq. (5). We report the
mean and the standard deviation of the stacks on the locations of
the 50 hottest ISW–in spots Th, 50 coldest ISW–in spots Tc, and
the mean magnitude for all 100 spots Tm, calculated from 5000
random realizations of the microwave sky, including correlations
between the ISW–in signal and other sky components. These
values are presented for ISW–in skies only (Case 0), ISW–in plus
ISW–out skies (Case A), and realistic skies including early ISW,
intrinsic, and Doppler contributions to the sky temperature (Case
B). The theoretical prediction from FHN13 and the measured
value from GNS08 are reported for comparison.

Case Th ½μK� Tc ½μK� Tm ½μK�
Case 0 1.97� 0.09 −1.97� 0.09 1.97� 0.07
Case A 2.23� 0.25 −2.23� 0.25 2.23� 0.20
Case B 2.30� 3.1 −2.30� 3.1 2.30� 2.32
FHN13 - - 2.27� 0.14
GNS08 7.9� 3.1 −11.3� 3.1 9.6� 2.22

2http://healpix.sf.net

SIMONE AIOLA, ARTHUR KOSOWSKY, AND BINGJIE WANG PHYSICAL REVIEW D 91, 043510 (2015)

043510-4

http://healpix.sf.net
http://healpix.sf.net
http://healpix.sf.net


C. Results and comparison with previous work

The results of our simulations are presented in Table I
and visually summarized in Figs. 2 and 3. As expected for
random realizations of a Gaussian field, jThj ¼ jTcj. The
mean peak signal for the full simulated sky maps (Case B)
is 2.30� 2.32 μK, compared to the GNS08 measurement
of 9.6 μK, a discrepancy at a significance of 3.1σ. Our
discrepancy is about the same size as previous analyses, but
the significance is somewhat lower. This is due to our
inclusion of all components in the microwave temperature
map and their correlations, which increases the uncertainty
in our predicted values. The central value of our ISW–in
peak signal, 1.97 μK (Case 0), is lower by 0.30 μK than the
signal predicted in FHN13, which is expected due to a
difference in the underlying cosmological models used.
However, the difference is small compared to the statistical
uncertainty for the full sky signal (Case B). The central
value of our full-sky peak signal is also higher than the

ISW–in peak signal by 0.33 μK; this difference is due to
the correlations between the ISW–in signal and the other
components which are included in the Case B peak signal.

IV. THE STACKED ISW SIGNAL USING
PLANCK SKY MAPS

The original late-ISW peak analysis in GNS08 used
WMAP sky maps, and PLK13 confirmed the measured
value using Planck data. Here we obtain the measured late-
ISW signal from publicly available foreground-cleaned
maps based on Planck and PlanckþWMAP data, using
the same sky locations as GNS08. The purpose of this re-
analysis is testing the significance of the discrepancy by
using the same analysis pipeline as the simulations in
Sec. III, to ensure that the difference between the model and
the measured value is not due to any inconsistency in how
the data and simulations are treated.
We use four different foreground-cleaned CMB temper-

ature maps, based on different component separation
approaches. Two are public CMB temperature maps
from the Planck collaboration,3namely SMICA and
NILC [48]. The other two maps are based on the
LGMCA method4 from the recent work in Ref. [49]. The
PR1 map uses only Planck DR1 data [50], and the WPR1
map uses both Planck DR1 and WMAP9 data [41].
We process these four maps in the same fashion:

FIG. 2 (color online). The mean value of the filtered CMB
temperature at the locations of the top 50 cold spots Tcold and top
50 hot spots Thot of the ISW–in map component, corresponding
to the late-ISW signal from structures in the redshift range
0.4 < z < 0.75, for a sky fraction fsky ¼ 0.2. Plotted are
ðThot; TcoldÞ for 5000 randomly generated skies with all contri-
butions to the CMB signal (green points). The black cross is at the
location of the mean values of Tcold and Thot for the 5000 model
skies. For comparison, we plot 5000 model skies generated using
only the ISW–in signal (blue points), and 5000 skies generated
using the full late late-ISW signal but no other temperature
components (gray points). Also displayed are the measured
values from GNS08 (purple diamond) and from the analysis in
Sec. IV using Planck data (black square).

FIG. 3 (color online). The combined mean value of the filtered
CMB temperature at the locations of the top 50 cold spots and top
50 hot spots of the ISW–in map component, corresponding to the
late-ISW signal from structures in the redshift range 0.4 < z <
0.75, for a sky fraction fsky ¼ 0.2. Plotted are the distributions
(normalized to the maximum value) of the combined mean
temperature ðThot − TcoldÞ=2 obtained from 5000 simulated skies,
for the three difference cases considered in this work. Also
displayed are the measured values from GNS08 (purple dashed
line) and from the analysis in Sec. IV using Planck data (black
solid line).

3http://wiki.cosmos.esa.int/planckpla/index.php/Main_Page
4http://www.cosmostat.org/product/lgmca_cmb/
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(i) we apply a Gaussian beam smoothing in harmonic
space to the map defined as Bl ¼ Blð300Þ=BlðmapÞ
where BlðmapÞ is the effective beam of the released
map; this allows us to take into account for the finite
resolution of the instrument, and hence matching the
overall smoothing applied to the simulated maps.
We also filter out the small-scale fluctuations by
setting the harmonic coefficients of the map alm ¼ 0
for l > 800;

(ii) the preprocessed map is then masked using the
released Planck mask U73, avoiding contaminations
from bright point sources;

(iii) the masked map is filtered in harmonic space using
the compensated top-hat filter Fl and repixelized
to NSIDE ¼ 256;

(iv) we read the temperature values of the pixels
corresponding to the cluster/void positions used
in GNS08.5

Figure 5 shows the filtered SMICA map in a Mollweide
projection in ecliptic coordinates; superstructure locations
from GNS08 are marked. In Fig. 4, we plot the histogram of
the temperature values for voids and clusters separately for
the four analyzed maps. The measured values are used to
calculate the quantities Tc, Th and Tm given in Table II.

Different component separation methods quantify the
effects of residual foreground contamination. We measure
the fluctuations of the average temperature signal for
different maps and use the variance of these fluctuations
σFG as an estimate of the error due to foregrounds. The
temperature values are extremely stable and fluctuations are
always within 1% (see also Fig. 4), suggesting that the
temperature variations are predominantly cosmological.
Our mean peak temperature values are smaller than those
reported by GNS08 and PLK13 by around 1.5 μK, which is
within the 1σ uncertainty. Such a difference is mainly
driven by the repixelization of the Planck maps. This step
suppresses fluctuations on scales smaller than the pixel
size, and we expect to lose some of the power even at larger
scale. Nevertheless, matching the simulation pipeline and

FIG. 4 (color online). Histograms of pixel temperatures cen-
tered on superstructures identified by GNS08, measured using 4
different foreground-cleaned filtered CMB maps. Top panel:
measured temperatures at locations of voids in the GNS08
catalog; the dashed vertical line indicates the mean temperature.
Bottom panel: the same for locations of clusters.

TABLE II. Mean temperature deviations for GNS08 cluster and
void locations, for four temperature maps with different fore-
ground cleaning procedures. We estimate the mean and standard
deviation σFG from the four different maps.

Map T̄h ½μK� T̄c ½μK� T̄m ½μK�
NILC 6.9 −9.4 8.1
SMICA 7.0 −9.4 8.2
PR1 6.9 −9.3 8.1
WPR1 6.9 −9.2 8.0
MEAN 6.89 −9.33 8.11
σFG 0.01 0.09 0.04

FIG. 5 (color online). The filtered SMICA-Planck CMB tem-
perature map, in a Mollweide projection in ecliptic coordinates.
The galactic region and point sources have been masked with the
U73-Planck mask. The resolution of the HEALPIX maps is
NSIDE ¼ 256. The locations of superclusters (red “plus”) and
supervoids (blue “cross”) from the GNS08 catalog are
also shown.

5http://ifa.hawaii.edu/cosmowave/supervoids/publications‑and
‑data/

SIMONE AIOLA, ARTHUR KOSOWSKY, AND BINGJIE WANG PHYSICAL REVIEW D 91, 043510 (2015)

043510-6

http://ifa.hawaii.edu/cosmowave/supervoids/publications-and-data/
http://ifa.hawaii.edu/cosmowave/supervoids/publications-and-data/
http://ifa.hawaii.edu/cosmowave/supervoids/publications-and-data/
http://ifa.hawaii.edu/cosmowave/supervoids/publications-and-data/


the analysis of Planck maps is important to test the
significance of our findings. The results of our simulations
and our measured signals, shown in Fig. 2 and Fig. 3, can
be summarized as

(i) The departure of the measurements from a null
signal has decreased somewhat compared to pre-
vious analyses. It corresponds to a detection sig-
nificance of 2.2σ, 3.0σ and 3.5σ for clusters, voids
and combined, respectively;

(ii) The measurements are higher than the expected
maximum signal in ΛCDM cosmology at a level
of 1.5σ, 2.3σ and 2.5σ for clusters, voids and
combined, respectively;

(iii) The asymmetry between the measured signal for
voids and clusters is not statistically significant,
being smaller than 1σ.

For these estimates, we consider foregrounds contami-
nation and cosmic variance from simulations to be uncor-
related; hence we take σtot ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2FG þ σ2sim

p
, but the residual

foreground error is small compared to the cosmic variance
uncertainty.

V. DISCUSSION

Our analysis confirms both the size of the stacked late-
ISW signal seen by GNS08 and PLK13, and theoretical
predictions for ΛCDM models by FHN13 and HMS13. By
using several maps with different foreground subtraction
methods, we demonstrate that foreground residuals con-
tribute negligible uncertainty to the measured signal. The
theoretical modeling, using correlated Gaussian random
fields, is far simpler than previous analyses using N-body
simulations, showing that the predicted signal has no
significant systematic error arising from insufficient box
size or other subtleties of the simulations. Our calculations
also include the correlations between the late-ISW signal
and other sources of microwave temperature anisotropies,
which mildly increases the theoretical mean signal while
also increasing the statistical uncertainty. We find a stacked
late-ISW signal which is different from null at 3.5σ
significance, and a discrepancy between the predicted
and observed signal of 2.5σ in Planck sky maps at the
peak and void locations determined by GNS08 from SDSS
data in the redshift range 0.4 < z < 0.75.
The statistic used in this work is the mean value at the

sky locations of the 50 highest positive and lowest negative
peaks in the late-ISW signal, assumed to be traced by
structures and voids in a large-scale structure survey. In
simulations, the late-ISW peaks can be identified directly,
and the 50 highest peaks in a given sky region are known
precisely. When analyzing large-scale structure data, peak
identification will not be perfectly efficient: some of the
actual 50 largest extrema in the late-ISW signal may be
missed in favor of others which have lower amplitude. Thus
the observed signal will necessarily be biased low. The
observed discrepancy between observation and theory has

the observed signal high compared to the prediction, so any
systematic error in cluster identification has reduced this
discrepancy. In other words, our observed discrepancy is a
lower limit to the actual discrepancy, which may be larger
than 2.5σ due to the identified clusters and voids being
imperfect tracers of the late-ISW temperature distribution.
In reality, the total late-ISW signal is the superposition of
signals from very large numbers of voids and clusters, and
it is not clear the extent to which the largest voids and
clusters individually produce local peaks in the filtered late-
ISW map. Since our predicted maximum signal is con-
sistent with that from N-body simulations, it seems likely
that large structures do actually produce local peaks in the
filtered late-ISW map. In the limit that the void and cluster
locations from GNS08 do not correlate at all with peaks in
the late-ISW distribution, the model signal will be zero; but
then the mean signal at the GNS08 locations is 3.5σ away
from the expected null signal.
The uncertainty in the difference between the observed

signal and the theoretical maximum signal is dominated by
the primary temperature anisotropies which are uncorre-
lated with the late-ISW signal. When stacking at late-ISW
peak locations, these primary fluctuations average to zero,
with a Poisson error. This uncertainty can be reduced only
by including more peak locations in the average. The
current analysis uses late-ISW tracers from around 20% of
the sky, in a specific redshift range. Using the same analysis
with a half-sky survey at the same cluster and void
threshold level will increase the number of voids and
cluster locations by a factor of 2, reducing the Poisson error
by a factor of

ffiffiffi
2

p
and potentially increasing the detection

significance of an underlying signal discrepancy from 2.5σ
to 3.5σ. Extending the redshift range to lower z, where the
late-ISW effect is expected to be stronger for a given
structure in standard ΛCDM models, can further increase
the census of clusters and voids, potentially pushing the
discrepancy to greater than 4σ. However, complications at
lower redshifts arise due to differing angular sizes of voids
on the sky. Further stacking analyses performed with
different superstructures catalogs have seen no signal
clearly different from null [40,51] or reported a lower
discrepancy than what previously argued [52], suggesting
that the discrepancy here and in GNS08 may be due to
random fluke. Upcoming optical surveys like Skymapper
[53] and LSST [54] promise a substantial expansion in the
census of voids and clusters suitable for late-ISW peak
analysis. A second interesting possibility is to extend the
superstructure finding using high-redshift tracers. QSO
catalogs have been exploited for usual cross-correlation
with CMB temperature maps [21,55,56]. Early dark energy
models may explain the extra signal observed, and the
method we have used in this work is suitable for accurate
testing.
If the discrepancy is confirmed with increased statistical

significance by future data, this would suggest that the
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late-ISW peak signal is larger than in the standard ΛCDM
model. Since the clusters and voids considered are on very
large scales, they are in the linear perturbation regime, and
the physics determining their late-ISW signal is simple, so
it is unlikely that the theoretical signal in ΛCDM is being
computed incorrectly. While the association of voids or
clusters with peaks in the late-ISW distribution is chal-
lenging, any inefficiency in this process will only increase
the discrepancy between theory and measurement. The
remaining possibility would be that the assumed expansion
history in ΛCDM is incorrect, and that the discrepancy
indicates expansion dynamics different from that in models
with a cosmological constant. Any such modification must
change the peak statistics of the late-ISW temperature
component while remaining within the bounds on the total
temperature power spectrum at large scales, and must be
consistent with measurements of the cross correlation
between galaxies and microwave temperature. Given the

limited number of observational handles on the dark energy
phenomenon, further work to understand the mean peak
late-ISW signal in current data, and its measurement with
future larger galaxy surveys, is of pressing interest.
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