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ABSTRACT

The CMB lensing signal from cosmic voids and superclusters probes the growth of structure in the low-redshift cosmic web. In
this analysis, we cross-correlated the Planck CMB lensing map with voids detected in the Dark Energy Survey Year 3 (Y3) data
set (~5000 deg?), expanding on previous measurements that used Y1 catalogues (~1300 deg?). Given the increased statistical
power compared to Y1 data, we report a 6.60 detection of negative CMB convergence (k) imprints using approximately 3600
voids detected from a redMaGiC luminous red galaxy sample. However, the measured signal is lower than expected from
the MICE N-body simulation that is based on the ACDM model (parameters 2,, = 0.25, g = 0.8), and the discrepancy is
associated mostly with the void centre region. Considering the full void lensing profile, we fit an amplitude A, = xpgs/kmicE to
a simulation-based template with fixed shape and found a moderate 20 deviation in the signal with A, =~ 0.79 £ 0.12. We also
examined the WebSky simulation that is based on a Planck 2018 ACDM cosmology, but the results were even less consistent
given the slightly higher matter density fluctuations than in MICE. We then identified superclusters in the DES and the MICE
catalogues, and detected their imprints at the 8.40 level; again with a lower-than-expected A, = 0.84 £ 0.10 amplitude. The
combination of voids and superclusters yields a 10.30 detection with an A, = 0.82 %+ 0.08 constraint on the CMB lensing
amplitude, thus the overall signal is 2.30 weaker than expected from MICE.

Key words: cosmic background radiation — gravitational lensing: weak —large-scale structure of Universe.

1 INTRODUCTION

The largest underdense structures in the low-redshift cosmic web,
the cosmic voids, are rich sources of cosmological information. The
matter density profile, shape, and redshift-dependent abundance of
these cosmic voids all contain information about the physics of dark
matter and the growth rate of structure (see e.g. Sutter et al. 2014;
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Pisani et al. 2015; Hamaus et al. 2016; Pollina et al. 2019; Verza
et al. 2019; Hamaus et al. 2020; Nadathur et al. 2020; Contarini
et al. 2021; Aubert et al. 2022). In the context of dark energy, their
imprints in the Cosmic Microwave Background (CMB) temperature
map due to the Integrated Sachs—Wolfe (ISW) effect (Sachs & Wolfe
1967) are also important complementary probes (see e.g. Granett,
Neyrinck & Szapudi 2008; Nadathur & Crittenden 2016; Cai et al.
2017; Kovécs et al. 2019) of dynamical nature, besides the more
traditional geometrical probes of cosmic acceleration. Overall, voids
have generated a growing interest when planning future galaxy
survey projects with ever-increasing volumes, tracer density, and
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observational precision (see e.g. Pisani et al. 2019; Hamaus et al.
2022). Complementing the statistical probes of overdense environ-
ments, the expected gain in cosmological inference associated with
voids comes from their ability to unravel extra information from the
observed galaxy catalogues (see e.g. Kitaura et al. 2016; Nadathur
et al. 2019; Kreisch et al. 2021; Paillas et al. 2021). In particular,
underdense environments are prime candidates to detect differences
between the standard and alternative cosmological models, and thus
probe the nature of gravity (see e.g. Clampitt, Cai & Li 2013; Cai,
Padilla & Li 2015; Pollina et al. 2015; Baker et al. 2018; Cautun
et al. 2018; Schuster et al. 2019; Davies et al. 2021).

The gravitational lensing signal from low-z cosmic voids is also
of great interest in observational cosmology, since it probes the
relation of mass and light in a unique manner (see e.g. Fang et al.
2019). Unlike clusters and filaments (see e.g. Baxter et al. 2015;
Madhavacheril et al. 2015; Baxter et al. 2018; He et al. 2018), cosmic
voids cause a de-magnification effect and therefore correspond to
local minima in the lensing convergence (k) maps, estimated from
the matter density field 8(r, 6) via projection as

3H29m Fmax max ~
K@) = 210 / 50, ) ma = g (1)
0

2C2 rmax

in the Born approximation with the Hubble constant H, and matter
density parameter €2,,, where r denotes the comoving distance to
source galaxies in the background of the lenses (with distorted
shapes due to lensing), and ry,, determines the maximum distance
considered.

While the detection of the lensing signal, cosmic shear, or
convergence, from an individual void is challenging due to significant
uncertainties (Amendola, Frieman & Waga 1999; Krause et al. 2013),
stacked detections of the lensing signal from catalogues of voids have
already been reported (Melchior et al. 2014; Clampitt & Jain 2015;
Gruen et al. 2016; Sanchez et al. 2017; Brouwer et al. 2018; Fang
et al. 2019; Jeffrey et al. 2021). To further optimize the signal-to-
noise (S/N) of these void lensing measurements, N-body simulation
analyses also support the observational work, including detailed
probes of the signal characteristics given different void definitions
(see e.g. Cautun, Cai & Frenk 2016; Davies, Cautun & Li 2018;
Davies et al. 2021).

In recent years, another emerging field has been the analysis of the
imprint of voids in reconstructed CMB lensing maps, primarily using
Planck data (Planck Collaboration VI 2020a). Cross-correlations of
void positions from the Baryon Oscillation Spectroscopic Survey
(BOSS) data set and the Planck k map first yielded a 3.20° detection
of void lensing effects (Cai et al. 2017). A better understanding
of different subclasses of voids (see e.g. Nadathur, Hotchkiss &
Crittenden 2017) and the application of an advanced matched filter
detection technique (Nadathur & Crittenden 2016) then helped us to
increase the significance of the CMB « signal imprinted by BOSS
voids from the 3.2¢ (Cai et al. 2017) level to 5.30 (Raghunathan
et al. 2020).

Based on spectroscopic data sets, the cross-correlation results
from BOSS voids x Planck CMB lensing were generally consistent
with expectations from the standard A-Cold Dark Matter (ACDM)
model. However, more recent voids x CMB lensing measurements
using photometric galaxy redshifts from the Dark Energy Survey
(DES; DES Collaboration 2016) Year 1 (Y1) data set (1300 deg?)
by Vielzeuf et al. (2021) reported a lensing amplitude parameter
A, = kpes/kvice ~ 0.72 £ 0.17, implying about 20 per cent lower-
than-expected signals. However, this finding depended slightly on
the specific void population and analysis method considered, and the
observed deviations from the expected A, ~ 1 were not highly sig-
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nificant and thus no important anomaly was reported. A similar CMB
lensing analysis by Hang et al. (2021b) also showed approximately
20 per cent weaker signals than expected, using a combination of
voids and superclusters detected from the Dark Energy Spectroscopic
Instrument (DESI; Levi et al. 2013) Legacy Imaging Survey (DESI-
LS; Dey et al. 2019) photo-z data set (17 700 deg?). We note that,
while these DES Y1 and DESI-LS findings look generally consistent,
differences in cosmological parameters in the simulation analyses
and different void/supercluster finding strategies make the detailed
comparisons challenging.

In a wider context, we note that the lensing and ISW effects probe
two different, yet physically related, properties of the gravitational
potential; the lensing effects probe spatial variations of the potential,
while the ISW effect is sensitive to its time dependence. It is
interesting to consider that possible connections may exist between
these moderate CMB lensing tensions and observed anomalies in
the ISW imprints of voids. The ISW amplitude parameter (Aisw
= ATuws/ATacpym, defined as the ratio of the observed and the
expected ATisw signals) has often been found significantly higher
from R > 100 h~'Mpc voids, or supervoids, than expected in the
concordance model (Granett et al. 2008; Cai et al. 2017; Kovacs
et al. 2017; Kovécs 2018), including these main findings:

(1) Combining BOSS and DES Year 3 data using similar supervoid
definitions (Kovécs et al. 2019), an excess ISW amplitude with
Asw &~ 5.2 & 1.6 was reported from about 200 supervoids in the
0.2 < z < 0.9 redshift range (A;sw ~ 1 in the ACDM model).

(ii) Testing the extremes, a recent mapping of the Eridanus
supervoid aligned with the CMB Cold Spot using DES weak lensing
mass maps (Jeffrey et al. 2021) also provides more evidence for the
alignment of a large underdense region and a colder-than-expected
spot on the CMB sky (Kovics et al. 2022).

(iii) Curiously, no significant excess ISW signals were reported
when using matched filters and different void definitions in BOSS
analyses (Nadathur & Crittenden 2016), or when using an alterna-
tive DESI-LS galaxy catalogue that approximately maps the same
BOSS-+DES footprint in the same redshift range, considering a
slightly different void definition (Hang et al. 2021b).

(iv) The enhanced ISW signals from supervoids are also consid-
ered anomalous because 2-point correlation analyses do not show
significant excess either, compared to ACDM predictions (see e.g.
Planck XIII 2016; Stolzner et al. 2018; Hang et al. 2021a).

In this paper, we identify cosmic voids and superclusters from the
DES Year 3 data set (5000 deg?) to better understand the observed
moderate tensions concerning the ISW and lensing imprints of these
structures in the Planck CMB maps. The paper is organized as
follows. In Section 2, we introduce our observed and simulated
data sets and our stacking methodology. We then present our main
observational results in Section 3. Then, Section 4 contains a
discussion, and in Section 5 we present our main conclusions.

2 DATA SETS AND METHODS

2.1 Dark energy survey year-3 data

‘We mapped the cosmic web using the DES Year 3 (Y3) data set. DES
is a six-year survey that covers approximately 5000 deg? sky area of
the South Galactic Cap (see Fig. 1). Mounted on the Cerro Tololo
Inter-American Observatory (CTIO) four metre Blanco telescope in
Chile, the 570 megapixel Dark Energy Camera (DECam; Flaugher
et al. 2015) images the field in grizY filters. The raw images were
processed by the DES Data Management (DESDM) team (Sevilla
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Figure 1. The Year 3 footprint of the Dark Energy Survey is highlighted
on the Planck CMB lensing convergence map in equatorial coordinates. We
applied an FWHM = 1° Gaussian smoothing to suppress noise contributions
from small-scale fluctuations.

et al. 2011; Morganson et al. 2018). We adopted the empirically
constructed DES Y3 survey mask in our analysis, which excludes
potentially contaminated pixels e.g. in the close proximity of bright
stars. We note that the Y3 data set already covers the full DES survey
footprint, and the final Y6 data set will provide a deeper imaging
over the same area. For the full details of the DES Y3 data set, we
refer the readers to Sevilla-Noarbe et al. (2021).

To identify voids, we used a catalogue of luminous red galaxies
(LRG), photometrically selected by the red-sequence MAtched-filter
Galaxy Catalogue (redMaGiC; Rozo et al. 2016) method, that is
based on the red-sequence MAtched-filter Probabilistic Percolation
(redMaPPer) cluster-finding algorithm (Rykoff et al. 2014). The
redMaGiC sample spans the 0.15 < z < 0.8 range, and its principal
advantage in the void-finding context is the exquisite o,/(1 + z) &
0.02, photo-z precision and a low outlier rate.

The resulting DES Y3 LRG sample has an approximately constant
comoving space density of galaxies with 7 ~ 4 x 10~*h3 Mpc—3
(high-luminosity sample, brighter than 1.0L,). While the full 3D
position information of the LRGs is not accessible using the DES
redMaGiC photo-z data, the great photo-z precision allows a robust
reconstruction of the largest cosmic voids. We highlight that the
redMaGiC galaxy samples have successfully been used in a series of
DES void analyses including weak lensing and ISW measurements
(see e.g. Gruen et al. 2016; Kovdcs et al. 2017; Sanchez et al. 2017;
Fang et al. 2019; Vielzeuf et al. 2021). Further details about the
general galaxy clustering properties of the latest DES Y3 redMaGiC
data set are presented by Pandey et al. (2021).

2.2 Simulations of galaxy catalogues and «x maps

We simulated our DES Y3 lensing measurements using the MICE
(Marenostrum Institut de Ciencias de I’Espai) N-body simula-
tion (Carretero et al. 2015; Fosalba et al. 2015b, a); which
spans (347 'Gpc)* comoving volume based on the GADGET2 code
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(Springel et al. 2005). It assumes a ACDM model with input
cosmological parameters €2, = 0.25, 2, = 0.75, Q, = 0.044, n, =
0.95, 05 = 0.8, and & = 0.7 from the Five-Year Wilkinson Microwave
Anisotropy Probe (WMAP) results (Komatsu et al. 2009).

The MICE CMB « map was created based on projected 2D pixel
maps of the convergence field using the ‘Onion Universe’ approach
(Fosalba et al. 2008), proven to be successful in producing maps
with lensing power spectra in agreement with the Born and Limber
approximations (see e.g. Jain, Seljak & White 2000). The dark matter
is added up in ‘onion shells’, or projected density maps, in the MICE
light cone, weighted by the weak-lensing efficiency at each redshift.
The map is provided with a pixel resolution of Ngq. = 2048 (see
Fosalba et al. 2015b, for more details). However, given the nature
of our problem and the relatively large degree-scale angular size of
voids, we downgraded the high resolution map to a lower Ngqe =
512 resolution. The downgraded map matches the resolution of the
Planck k map that we used in this analysis.

We then created a DES-like MICE redMaGiC light-cone mock
catalogue based on a Halo Occupation Distribution (HOD) method-
ology (see e.g. Tinker et al. 2012). While the detailed description
of this process is beyond the scope of this paper, we direct the
interested readers to two related DES HOD analyses. Our mock
construction is based on the findings by Zacharegkas et al. (2022),
who fitted an HOD model to the galaxy—galaxy lensing signal and the
number density of the DES Y3 redMaGiC sample in wide redshift
bins. It was found that redMaGiC galaxies typically live in dark
matter haloes of mass log;o(M;,/My) ~ 13.7, without significant
dependence on redshift. In our implementation, we closely followed
the mock construction methodology' by Ferrero et al. (2021), and
carried out a similar HOD analysis in the MICE light cone. Our
mock reproduced the n(z) redshift distribution of LRGs observed in
the DES Y3 data, leading also to consistent void and supercluster
samples.

We note that the MICE cosmology is relatively far from the best-
fitting Planck cosmology (Planck Collaboration VI 2020a) that is
often used as a reference. For instance, the two cosmologies differ
in the values of €2,, and Hy, and such differences are expected to
affect the overall amplitude of the lensing signal (see equation 1).
Another influential factor is the og parameter for determining the
matter content (Nadathur et al. 2019) and the lensing convergence
(see e.g. Davies et al. 2021) of voids; its value in the MICE
simulation (og = 0.8) is quite close to the best-fitting Planck 2018
value (og = 0.811 =+ 0.006). Consequently, the CMB « signal in
MICE is expected to be weaker than from a Planck cosmology,
due to an approximate C£* ~ Q%80 scaling with the most relevant
cosmological parameters of the basic ACDM model, as determined
by Hang et al. (2021a) considering a similar redshift range (there
is also an estimated weaker A, ~ h*>* scaling with the Hubble
constant). Furthermore, the linear galaxy bias parameter b also
acts as an overall rescaling factor for the amplitude of the galaxy—
CMB lensing cross-correlation signal. Thus any imperfection in its
modelling may also lead to differences between simulations and
observed data.

As a further consistency test of our methodology, we also analysed
the publicly available> WebSky simulation (Stein, Alvarez & Bond
2019; Stein et al. 2020) to model the stacked CMB lensing signal of
voids. Importantly, the WebSky mock is based on the Planck 2018

! An HOD modelling approach developed for a DES galaxy sample optimized
for reconstructions of the baryonic acoustic oscillation (BAO) signal.
Zhttps://mocks.cita.utoronto.ca/data/websky/
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cosmology (Planck Collaboration VI 2020a). It provides a light-
cone halo catalogue and, among other data products, a corresponding
CMB lensing « map that we used in our analyses.

2.3 Void and supercluster finding

While numerous algorithms exist to define cosmic voids, we used
the so-called 2D void finding algorithm which was developed to deal
with photo-z data sets, where a full 3D information is inaccessible
due to smearing effects in the line of sight (Sdnchez et al. 2017).
The 2D void definitions have shown great potential to extract void
lensing signals in N-body simulations (see e.g. Cautun et al. 2018),
with slightly better performance than using 3D methods including
empty spheres techniques (see e.g. Zhao et al. 2016; Hawken et al.
2017). The 2D voids are typically larger in radius than typical 3D
voids, and the associated mean lensing potential fluctuations are also
larger. However, Fang et al. (2019) verified that 3D void definitions,
such as the widely used ZOBOV method (Neyrinck 2008), can also
be successfully applied to detect void lensing signals. We note that
voids selected from photo-z data sets are on average preferentially
elongated in the line of sight (see e.g. Kovécs et al. 2017), and thus
correspond to high S/N lensing and ISW detections, using either 2D
or 3D definitions (see e.g. Fang et al. 2019).

To capitalize on this counterintuitive advantage associated with
using photo-z data, large samples of 2D voids have been used in
previous DES void lensing and ISW measurements, showing robust
detections from both observed data and simulations (see e.g. Kovacs
et al. 2019; Vielzeuf et al. 2021).

The 2D void-finding method is based on tomographic slices of
galaxy data, and an analysis of the projected density field around
void centre candidates, defined by minima in the smoothed density
field. The void radius R, is defined using an algorithm that includes
measurements of galaxy density in annuli about void centres until
the mean density is reached (see Sanchez et al. 2017, for details).
Practically measured in degrees, R, is then converted to units
of h~'Mpc assuming the best-fitting Planck cosmology (Planck
Collaboration VI 2020a). We note that our main analyses of the
void lensing profiles are based on stacked images in units of re-
scaled relative void radii R/R,, and thus the actual unit of the void
radius is not highly important. We note that there are three main free
parameters in this process:

(1) Thickness of the tomographic slices: it was determined that an
s ~ 100 h~'Mpc line-of-sight slicing (roughly consistent with the
typical photo-z scatter of LRGs) effectively leads to the detection
of independent, and individually significant underdensities (Sanchez
et al. 2017; Kovdcs et al. 2019). We thus sliced the DES Y3 galaxy
catalogue into 15 shells of 100 4~!'Mpc thickness at 0.15 < z < 0.8.

(i1) Density map smoothing scale: another void-finding parameter
is the Gaussian smoothing scale applied to the tracer density map to
define density minima. To facilitate lensing analyses, it was shown
in previous DES analyses (see e.g. Sdnchez et al. 2017; Vielzeuf
et al. 2021) that a ¢ = 10 h~'Mpc smoothing of the maps allows a
robust detection of voids which carry most of the lensing signal. We
therefore followed Vielzeuf et al. (2021) and used o = 10 7~ 'Mpc
as a galaxy density map smoothing parameter.

(iii) Central pixel density: a third parameter is the minimum
central underdensity of a pixel in smoothed density maps that is
considered as a void centre. We again followed Kovacs et al. (2019)
and Vielzeuf et al. (2021) and selected voids with at least 30 per cent
underdensity in their centres, which ensures that too shallow and thus
potentially spurious voids are excluded.
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For exploratory CMB lensing cross-correlation analyses, we also
identified superclusters using a similar 2D methodology. Following
Koviécs et al. (2017), we inverted our 2D void finder to identify
overdensities in the smoothed galaxy density field. We then radially
measured the projected galaxy density in 2D maps around such
significant positive peaks until the mean density is reached, as a
definition of the supercluster radius (Ry.).

In Fig. 2, we show histograms of the void and supercluster radii
for observed DES data and from the MICE simulations. The typical
radius of the voids and superclusters we identified is about R ~
50 A~'Mpc, while the maximum void and supercluster radius is
approximately R A 150 h~'Mpc. On the other end of the distribution,
we pruned the void and supercluster catalogues by applying a R =
20 h~'Mpc cut to eliminate potentially spurious objects due to photo-
Z scatter.

Using the DES Y3-like mock catalogue selected from MICE
with the HOD methodology, the observed and simulated voids and
superclusters show great agreement in their radius distributions,
which is an important validation of our methods (see Fig. 2).

2.4 CMB lensing map from the Planck data set

In our measurements, we used the reconstructed Minimum Variance
CMB « map provided by the Planck collaboration, released in the
form of k), spherical harmonic coefficients (see Planck Collabo-
ration VI 2020b, for details) up to €n. = 2048. We created a «
map at Ngge = 512 resolution by converting the «j, values into
healpix maps (Gorski, Hivon & et al. 2005), and also constructed
a corresponding mask from the publicly available Planck data. We
also tested our pipeline using the previous (2015) version of the
Planck CMB lensing map and found consistent results.

We note that even though higher resolution maps may be extracted
from the «yy, coefficients, Ngge = 512 is a sufficient choice given
the degree-size angular scales involved in our problem. In order to
further suppress small-scale noise effects, we applied an FWHM = 1°
Gaussian smoothing to the convergence map, following the S/N
optimization efforts by Vielzeuf et al. (2021). This smoothing was
consistently applied to observed and simulated « maps.

2.5 Stacking measurement method

Following a standard methodology in the field (see for instance Hang
et al. 2021b; Vielzeuf et al. 2021), we stacked cut-out patches of
the CMB « maps to measure the mean imprint of voids, since the
lensing imprint of individual voids is too weak to be observed with
high confidence due to the significant noise levels.

Given the angular void size that is determined by the void finder
for each object, we first cut out square-shaped patches from the CMB
k maps aligned with void positions using the gnomview projection
method of the healpix package (Gorski etal. 2005). In this process,
we re-scaled the size of the cut-out images knowing the void radius
R,.

The re-scaling method guarantees that void centres, void edges,
and the compensation walls in their surroundings are all in alignment
for different voids using the chosen R/R, units (see e.g. Raghunathan
et al. 2020, for alternative techniques without re-scaling). In order to
examine the compensation region around the void interiors (R/R, <
1), we selected a wider area up to five void radii (R/R, < 5) around
each void. To estimate the mean imprint of voids in the CMB « map.
We then measured tangential « profiles from the stacked images
using 16 bins of A(R/R,) = 0.3 width.
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Figure 2. Comparison of void (left-hand panel) and supercluster (right-hand panel) radius distributions extracted from MICE and DES Y3. Overall, we report
a great agreement between simulations and observations for both voids and superclusters. We applied a minimum radius cut R > 20 h~'Mpc to eliminate
potentially spurious underdensitites and overdensitites, while the largest void and supercluster radii are approximately R 2 150 A~ Mpc in both simulated and

observed catalogues.

3 RESULTS

3.1 Expected lensing signals from MICE

To characterize the expected signal given the ACDM cosmology
implemented in MICE, we first identified 3727 voids in the MICE
redMaGiC-like catalogue (approximately 5000 deg? sky area in one
octant) using the 2D void definition and selection criteria that we
described in Section 2.3. We also identified 4195 superclusters in the
MICE mock data set by inverting our 2D void-finding algorithm.

We then stacked the MICE CMB « map on the positions of
these mock voids and superclusters. We note that, even without
observational effects, the estimation of the mean signal of simulated
voids and superclusters from the projected CMB « map has an
intrinsic scatter. Since these structures are not isolated objects,
their complicated overlap distorts the « signal generated by their
gravitational potential, which only allows a statistical measurement
rather than an idealistic determination of their individual imprints. To
determine this scatter, we did not add a realistic observational noise
to the signal-only MICE « map in our first simulation analyses.
However, in the calculation of actual observational errors, additional
fluctuations from a Planck-like measurement noise in the CMB «
maps (as well as the role of the DES Y3 survey mask) are taken into
account and they mostly add small-scale fluctuations to the stacked
images of voids and superclusters.

We note that, while the simulated MICE « map is provided in a
full-sky format, the mock redMaGiC galaxy catalogue only spans
one octant and therefore we applied a simple octant mask to the
lensing map. We also transformed the ¥ map to a zero-mean version
by subtracting the mean & ~ 10~* value in the octant we analysed.

The main results from these simulated stacking measurements
are presented in the left-hand panels of Fig. 3. We detected a
clear negative (positive) CMB « imprint from voids (superclusters)
in the MICE mock catalogue in the central region and up to
the re-scaled radius of the structures (R/R, < 1). In contrast, we
found a slightly positive (negative) « signal in the surroundings of
voids (superclusters) from the compensating overdense (underdense)
regions at 1 < R/R, < 5 (see Fig. 3). Overall, these finding are
consistent with expectations and also DES Y1 results by Vielzeuf
et al. (2021) who analysed smaller patches (1300 deg?) in the

MICE simulation using the same void definition and stacking
methodology.

3.2 DES Y3 measurements and covariance matrix

Following the methodology developed using the MICE simulation,
we detected 3578 voids and 4010 superclusters from DES Y3 data,
which also covers about 5000 deg®. We found a clear detection of
negative (positive) CMB « signals aligned with the centres of voids
(superclusters), as shown in the right-hand panels of Fig. 3. While
these stacked images using the Planck CMB « map naturally feature
larger noise fluctuations compared to the stacked images from MICE
without observational noise (see the left-hand panels of Fig. 3), we
none the less detected a lower amplitude in the lensing signal from
DES Y3 voids and superclusters in the centre of the images.

The dominant source of the stacking measurement uncertainties
is the random instrumental noise in the Planck data. Additionally,
the total error also has contributions from uncertainties in the CMB
k signal generated by the voids, with about half the magnitude of
the instrumental noise (see Fig. 4 for further details). This second
uncertainty is, at least in part, due to the fact that the mean «
imprint of voids is not calculated as an average of several isolated
structures. Instead, the complicated overlap structure of the voids
and superclusters along the line of sight, and the overlap with the
surroundings of their neighbour structures in the same redshift slice
inevitably results in an imperfect reconstruction of the imprints from
these structures, starting from the CMB « map’s fluctuations.

To account for these two sources of uncertainty in the cross-
correlations, we created random realizations of the signal-only CMB
« maps and also random noise maps using the noise power spectrum
released by the Planck team (Planck Collaboration VI 2020b).
Following Vielzeuf et al. (2021), we measured the power spectrum
of the signal-only MICE x map SMIE using the anafast routine
of healpix. Then, given the same power spectrum, we created
1000 random « map realizations using synfast. To model the
noise, we also generated 1000 Planck-like noise map realizations.
We then added our N! noise maps to the S! MICE-like CMB «
map realizations. Finally, we stacked these 1000 random S! + N/
convergence maps on the uncorrelated DES Y3 void and supercluster
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Figure 3. The stacked CMB « signal from voids (top panels) and superclusters (bottom panels) in MICE (left-hand panel) versus DES Y3 (right-hand panel).
The dashed (dotted) circles mark one (three) void and supercluster radius in re-scaled units. The observed data displays a lower lensing signal for both voids
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and superclusters, especially visible in the centre. The MICE images are based on a noiseless simulation to better characterize the true signal.

Stacked profile of voids

Stacked profile of superclusters
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Figure 4. Radial profiles measured from the stacked CMB « images are shown for voids (left-hand panel) and superclusters (right-hand panel). We detected
a lower-than-expected signal from the DES Y3 data in both cases. The disagreement compared to the WebSky simulation’s Planck cosmology is even greater
than compared to MICE.
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Table 1. We compare A, constraints using all the voids and superclus-
ters to analyses using subsets of the catalogues. We found a trend for a
lower-than-expected signal coming mostly from deeper voids. We also
observed that the low-z half of the sample and larger voids with R, >
35 h~'Mpc show weaker signals that the other half.

Voids NDES Actoa, S/N Tension
all objects 3578 0.79 £ 0.12 6.6 1.80
0.15<z<0.55 1600 0.554+0.23 24 2.00
0.55<z<038 1978 0.88 +0.13 6.8 0.90
Ry <35 h~"Mpc 1799 0.82 £0.16 5.1 1.1o
Ry > 35 h~'"Mpc 1779 0.66 = 0.15 4.4 230
8 < —0.6 2031 0.56 +0.14 4.0 3.1o
8 > —0.6 1547 0.95 +0.20 4.8 0.30
Superclusters NDES Actop, S/N Tension
all objects 4010 0.84 £ 0.10 8.4 1.60
0.15<z<0.55 1942 0.70 £ 0.15 4.7 2.00
0.55<z<038 2068 0.91 £0.13 7.0 0.70
Ry <35h~'Mpc 2103 091 +0.14 6.5 0.60
Ry >35h"'"Mpc 1907 0.75 £ 0.14 54 1.80
8. > 0.9 2102 0.89 +£0.13 6.8 0.80
8. <0.9 1908 0.83 £0.15 5.5 l.lo
Combined 7588 0.82 +0.08 10.3 230

positions to characterize the standard deviation of chance fluctuations
in such cross-correlation measurements. While the DES Y3 and
MICE catalogues of voids and superclusters are in good agreement,
we decided to use the observed DES Y3 catalogues for the estimation
of the errors to ensure that the mask effects, overlap structure,
or any other correlation between voids and superclusters is fully
realistic.

We applied a further 10 per cent correction to take into account
that we use a single realization of voids and superclusters instead of
varying their positions when cross-correlated with random « maps
(determined by Cabré et al. 2007 using simulations). Therefore,
we re-scaled our covariance matrix and increased the errors on the
measurement of the CMB lensing amplitude by about 10 per cent for
a conservative analysis which incorporates this additional variance
(see Kovécs et al. 2019 for a similar DES void x CMB analysis with
such a correction applied).

3.3 Template-fitting analysis of radial profiles

To quantify the visual impressions presented in Fig. 3, we then
measured CMB « profiles from the stacked images. We used re-
scaled radius units using 16 bins of A(R/R,) = 0.3 width up to five
times the void radius (R/R, = 5). This is the summary statistic that we
used to compare the lensing imprint of voids in the MICE simulation
and in DES Y3 data; together with the random cross-correlation
measurements which characterize the covariance.

We present our main results in Fig. 4 where the observed CMB
k signals from the DES Y3 data are compared to the corresponding
MICE-based expectations. While the zero-crossing of the lensing
signal is accurately recovered (at R/R, =~ 1), we found that the
DES Y3 results are about ~ 20 per cent lower than expected from
MICE analyses in the centres of both the voids and the super-
clusters. As listed in Table 1, this corresponds to a mild 1.8¢
tension.

A complicating aspect is the possible difference between the
ACDM « template profiles extracted from simulations based on
slightly different cosmological parameters. Following Vielzeuf et al.
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(2021), we also compared the DES Y3 results to the estimated CMB
k imprints from the WebSky simulation that is, unlike MICE, based
on a Planck 2018 cosmology (see Stein et al. 2019, 2020, for details).
In this exploratory analysis, we applied a simple halo mass cut with
M > 1033h~'M, to define an LRG-like population which models
the DES Y3 redMaGiC sample. We also added Gaussian photo-z
errors with a o,/(1 + z) &~ 0.02 scatter to the simulated WebSky
spec-z coordinates to create realistic observational conditions. As
shown in Fig. 4, the WebSky results feature a slightly stronger
void lensing profile than the MICE simulation, i.e. it is even less
consistent with the DES Y3 results. While field-to-field fluctuations
are non-negligible and there are differences in the simulated analyses,
the MICE-WebSky comparison suggests that a more comprehensive
analysis with different cosmological parameters might help to better
understand these moderate tensions, and determine how exactly the
void lensing signal depends on cosmology.

To measure the consistency between DES Y3 and MICE, we
constrained the best-fitting A, = kpgs/kmice amplitude parameter
(and its error oa,) as a ratio of the observed and simulated
CMB « signals using the full radial profile. We again followed
the DES Y1 analysis by Vielzeuf et al. (2021) and evaluated the
statistic
¥ = Z (KPES — A, .KIMICE) Ci;l (K})ES — A, .K;\/[ICE) 7 )

ij
where «; is the mean CMB lensing signal in radius bin i, and C is
the corresponding covariance matrix. We searched for a best-fitting
A, = 04, amplitude by fixing the shape of the stacked convergence
profile to that calibrated from the MICE simulation.

We note that, while informative to better understand the data, this
effective 1-parameter A, fit to the expected profile shape introduces
a form of model-dependence to our analysis. Even though we can
expect a good agreement between the simulations and the DES Y3
observations based on the Y1 results by Vielzeuf et al. (2021), more
complicated deviations may emerge in the real-world data which
are hard to capture in detail with this statistic. We none the less
expressed our constraints in this format to match the standards of the
field, making our DES Y3 findings more easily comparable to results
in the literature.

As detailed above, we estimated the covariance using 1000
randomly generated x maps with MICE-like power spectrum and
Planck-like noise. We also corrected our estimates with an Anderson-
Hartlap factor & = (Nandoms — Noins — 2)/(Nrandoms — 1), providing
a & 2 per cent correction given our DES Y3 measurement setup
(Hartlap, Simon & Schneider 2007).

In particular, we aimed to test the hypothesis that the DES Y3
and MICE results are in close agreement which would imply A, &~
1. At the same time, our statistical tests also reveal the detection
significance compared to zero signal, i.e. A, = 0, that is independent
from the assumed model for the CMB « profile amplitude.

Given a MICE-like signal and the uncertainties from our DES
Y3 x Planck setup, we estimated that the A, parameter can be
measured with approximately 10 per cent precision compared to
a fiducial AT amplitude, both for voids and superclusters, which
is equivalent to a S/N ~ 10 detection: A,/Af ~1.040.12 for
the voids, and A,(/AEd ~ 1.0£0.10 for the superclusters, and
A./AM ~ 1.0 £ 0.08 for their combination. As expected, this pre-
cision is higher than the result from DES Y1 (1300 deg?) with
A, /AN~ 1.0 4 0.17 by Vielzeuf et al. (2021), but it is slightly less
accurate than the state-of-the-art A, /A ~ 1.0 £ 0.05 constraint
detectable from the DESI-LS (17700 deg?) measurement setup
(Hang et al. 2021b).
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Figure 5. Top: constraints on the A, lensing amplitude parameter using the
first three radial bins (R/R, < 1) in the DES Y3 void (blue) and supercluster
(red) interiors. Bottom panel: constraints on A, from all the 16 radial bins up
to five times the void radius. We compare our findings, including combined
results (green), to recent constraints from the DESI Legacy Imaging Survey.

3.4 Main results on the CMB lensing amplitude

From the MICE template-fitting analysis, we determined that the
overall best-fitting CMB lensing amplitude from DES Y3 voids is
A, ~ 0.79 £ 0.12, equivalent to S/N = 6.6 significance but about
1.80 lower than expected from MICE. If the analysis is restricted to
the first three radial bins (R/R, < 1), then the DES data are consistent
with A, & 0.74 + 0.14 which further confirms our observation that
the discrepancy comes predominantly from the void centre regions.

Using the DES Y3 superclusters, we found A, =~ 0.84 & 0.10 (S/N
~ 8.4 detection, 1.60 tension with MICE), that is consistent with the
results from the voids. Restricted to the central R/R, < 1 part, the
best-fitting amplitude is A, =~ 0.76 £ 0.11 that is again consistent
with the corresponding result for voids.

Considering the full profiles, the combination of voids and
superclusters yields an A, &~ 0.82 £ 0.08 constraint on the CMB
lensing amplitude (with an assumption that void and supercluster
signals are independent), i.e. a significant S/N =~ 10.3 detection and
an overall 2.3¢ tension with MICE. These results are explained in
Fig. 5, in comparison with the A, =~ 0.811 = 0.057 constraint from a
combination of voids and superclusters in the DESI-LS data set. We
note that Hang et al. (2021b) reported A, ~ 0.937 % 0.087 for voids
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Figure 6. Void, supercluster, and combined constraints on the A, param-
eter, including the outcomes from the measurements using bins of central
underdensity, radius, and redshift. Moderately significant trends are seen for
weaker signals from various subsets of the void data, while the supercluster
bins are more consistent with each other. We also compare our DES Y3 results
with the constraints from the DESI Legacy Imaging Survey, and from voids
detected in the smaller DES Y1 data set.

alone, and A, ~ 0.712 £ 0.076 for superclusters, which add up to
the combined DESI-LS result.

Looking for the origins of the lower-than-expected x imprints, we
split the DES Y3 void and supercluster catalogues roughly in half
based on a number of different properties, and measured the stacked
k imprints in the resulting subsets. The results of these exploratory
analyses (considering the full lensing profile) are presented in Fig. 6.
In Table 1, we also present further details about the number of
voids and superclusters in each of the subsets, and also list the
corresponding best-fitting A, values. We made the following main
observations:

(1) Voids at 0.15 < z < 0.55 showed a trend for lower « signals
with A, & 0.55 £ 0.23, i.e. equivalent to a moderate 2.0 tension
with the MICE expectations. This lower-than-expected signal exists
throughout most of the lensing profile including the void centre and
the compensation zone (see Fig. 7).

(ii) Larger voids with R, > 35 h~'Mpc show evidence for a
weakened signal in the centre with best-fitting amplitude A, =~
0.66 £ 0.15. This moderate 2.3¢0 tension is also visible in Fig. 7.

(iii) The deeper half of the DES Y3 voids with §. < —0.6 featured
a3.1o tension with a low A, ~ 0.56 & 0.14 amplitude. As shown in
Fig. 7, this lower-than-expected signal mostly comes from the void
interiors (R/R, < 1), but a reduced signal is also seen in the outer
compensation zone at 2 < R/R, < 4.

(iv) While generally being more consistent than voids, superclus-
ters at 0.15 < z < 0.55, and also the larger half of the objects with R,
> 35 h~'Mpc, both showed a trend for a lower-than-expected signal
at R/R, < 1 compared to the other halves of the sample. We present
further details in Fig. 8.

220z 1sNBny gz uo Jasn uopuo 10N Aq GE86Y99// L b/E/S L G/aI0IME/Seuw/Wwoo"dno-olwapeo.//:sdiy WOy papeojumoq


art/stac2011_f5.eps
art/stac2011_f6.eps

1 0.15 <z < 0.55
0 f$¥§£loj?f:°vla
; 1 T T T ¢l
S } i
|—1_14
X
¥ o
_24
MICE simulation
3 —— DES Y3 x Planck k
1 2 3 4
R/Ry
4 ; ; R, < 35 h~Mpc
0 1
3 t
|—|_14 %
X
x
R
MICE simulation
3 —— DES Y3 x Planck k
1 2 3 4
R/Ry
14
% % 6., <-0.6
% t $ 14 41 ¢
¢--1 t--¢--7

K x 103
AN
—e—i

DES Y3 superstructures x Planck CMB lensing 4425
14
% é i 0.55<z<0.8
i i EREERRRE
T ;
= _1
=
x
_24
MICE simulation
3 —— DES Y3 x Planck k
1 2 3 a
R/Ry
H i % R, > 35 h~Mpc
; T i I e e i_*
0 i 4 bl
S
|—|_1 }
X
x ]
)
) MICE simulation
3 —— DES Y3 x Planck k
1 2 3 a
R/R,
1 % i ; ; 5. > -0.6
0 %’ % o—0& i i i ¥ i i'io
5 .| 4
A
x

MICE simulation
¢ —— DES Y3 x Planck k
1 2 3 4
R/Ry

MICE simulation
—— DES Y3 x Planck k
1 2 3 4
R/Ry

Figure 7. We split the DES Y3 and MICE void samples into roughly two equal parts based on redshift (top), radius (middle), and underdensity (bottom) to test
possible trends in the lower-than-expected CMB lensing signal. We found that the lower redshift part of the data prefers lower lensing amplitudes, while larger
and deeper voids also show more discrepancy compared to MICE. Further details about the numerical best-fitting amplitude values are available in Table 1.

(v) We also observed a weak trend for lower « signals from
shallower superclusters (5. < 0.9) with A, ~ 0.83 £ 0.15, but
these outcomes are consistent with the results from the complete
sample.

(vi) Overall, we found that imprints of voids and superclusters at
higher redshift (and lower density contrast) are quite symmetric to
the zero line in absolute value (comparing the « signal amplitudes
in the centres of voids and superclusters). However, a hint of
asymmetry (higher absolute values of « in superclusters than in
voids, when comparing top left-hand panels in Figs 7 and 8) is
observed at low redshifts, as a possible manifestation of the rising
non-linearity.

We note that further analyses of how the void definition and
details in the stacking methodology affect the results are presented
in a companion paper (Demirbozan et al., in preparation), which
generally confirms the main findings of this analysis.

4 DISCUSSION

In this paper, we investigated the imprints of cosmic voids and su-
perclusters in the CMB lensing convergence (k) maps reconstructed
from Planck data. We used the Year 3 data set from the Dark
Energy Survey to detect these large-scale structures in the cosmic
web traced by redMaGiC LRGs (see Figs 1 and 2), and measured
their stacked CMB lensing signals (see Fig. 3) which can constrain
the low-z growth of structure in a way that is complementary to
typical large-scale structure probes. We then compared the DES Y3
observations to expectations from the MICE simulation (Fosalba
et al. 2015b). We determined that DES Y3 voids feature a highly
significant (S/N ~ 6.6), albeit lower-than-expected, signal with
A, = kpgs/kmice = 0.79 £ 0.12 amplitude (see Figs 4 and 5 for
details), in comparison with the ACDM model implemented in the
MICE simulation (parameters 2, = 0.25, oy = 0.8). Analysing
DES Y3 superclusters, our detection significance reached the 8.40
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Figure 8. We split the DES Y3 and MICE supercluster samples into roughly two equal parts based on redshift (top), radius (middle), and underdensity (bottom)
to test possible trends in the lower-than-expected CMB lensing signal. Compared to voids, we found better internal consistency between bins but noted that
low-z superclusters prefer lower lensing amplitudes. Moreover, we observed that shallower and larger superclusters also show more discrepancy, especially in
their central regions. Further details about the numerical best-fitting amplitude values are available in Table 1.

level, but again with a lower-than-expected A, ~ 0.84 4+ 0.10
amplitude. We found that these moderate ~2¢ deviations are mostly
originated in the centres of voids and superclusters (R/R,, s < 1). The
combination of voids and superclusters yielded a 10.30 detection
with an A, =~ 0.82 £ 0.08 constraint on the CMB lensing amplitude,
i.e. the overall DES Y3 x Planck « signal is 2.30 weaker than
expected from MICE.

We then also tested the role of different subsets of voids and
superclusters in the low CMB lensing signals. We found that both
voids and superclusters feature more discrepancy in the low-z part of
the DES Y3 data at redshifts 0.15 < z < 0.55, with A, ~ 0.55 +0.23
and A, =~ 0.70 £ 0.15, respectively. While the internal consistency
of the supercluster sample is generally better, we also observed that
deeper voids (8. < —0.6 central underdensity) imprint a lensing
signal that is more anomalous with A, =~ 0.56 £ 0.14. Similarly,
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larger voids (R, > 35 h~'Mpc) also imprint a rather weak CMB «
signal with an A, &~ 0.66 £ 0.15 amplitude.

As summarized in Figs 6, 7, and 8, the observed tensions from
subsets of voids and superclusters are not highly significant, but they
serve as valuable additions to the fiducial analysis with all objects
used in the CMB « stacking measurements.

Yet, it is certainly interesting to note that some of the recent CMB
k measurements from voids and superclusters also found lower-than-
expected amplitudes. Using voids detected in the DES Y1 data set,
Vielzeuf et al. (2021) reported A, ~ 0.72 £ 0.17 based on a similar
redMaGiC galaxy sample from about one third of the area that we
analysed in this paper. While the significance of this DES Y1 result
was low, and thus no significant tension was reported, Hang et al.
(2021b) analysed a larger sample of similarly defined voids and
superclusters using the DESI-LS photo-z catalogue, and reported
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A, ~ 0.811 £ 0.057, i.e. 3.30 lower signal than expected from a
standard ACDM model (A, ~ 0.937 4+ 0.087 for voids alone, and
A, = 0.712 £ 0.076 for superclusters).

As in the case of the ISW excess signals, we note that not all void
samples show anomalously low lensing signals (see e.g. Cai et al.
2017; Raghunathan et al. 2020), and therefore more work is needed
to settle this debate. For more solid conclusions, the cosmology-
dependence of the CMB « signal from voids and superclusters should
also be understood in greater detail.

None the less, it is plausible to contemplate that the lower-than-
expected lensing signals from low-z voids and superclusters are due
to a genuine physical effect (not excluding systematics), since there
are intriguing precedents for similar findings in cosmology:

(i) a strong (and unexplained) preference was observed for a
lower linear galaxy bias parameter b inferred from lensing compared
to galaxy clustering (Xjeps &~ 0.87 £ 0.02) in the main 3 x 2-pt
cosmological analysis of the DES Y3 data set in general (Abbott et al.
2022), and in the clustering plus galaxy—galaxy lensing analyses of
the DES Y3 redMaGiC sample in particular (see Pandey et al. 2021,
for details).

(ii) the BOSS x CFHTLenS galaxy—galaxy lensing measurements
by Leauthaud et al. (2017) showed that the observed lensing signal
is ~20—40 per cent lower than expected based on the autocorrelation
of the galaxy sample. Along similar lines, Lange et al. (2021) found
that such tensions do not significantly depend on the halo mass in
the 10'33-1013°h~! M, range (i.e. similar to redMaGiC host haloes),
and no significant scale-dependence was observed in the 0.142~'Mpc
< r < 60h~'"Mpc range. These interesting results can exclude some
proposed small-scale phenomena as explanations, such as baryonic
effects or insufficient halo occupation models.

(iii) beyond the low amplitude from voids and superclusters with
A, ~0.811 £0.057 (Hang et al. 2021b), the power spectrum analysis
of the DESI-LS galaxies and the Planck CMB « map reported A,
~ (0.901 % 0.026 (Hang et al. 2021a). Similar analyses using LRGs
selected from the DESI imaging survey data at z < 1 (Kitanidis &
White 2021; White et al. 2022) also prefer lower galaxy bias values
(possibly due to stronger dark matter clustering) and/or a lower
lensing amplitude (Sg = 0g+/$2,,/0.3 ~ 0.73 & 0.03) than expected
from a baseline Planck 2018 cosmology (Sg ~ 0.832 &+ 0.012).

5 CONCLUSIONS

While remnant systematic effects remain plausible culprits for such
apparent tensions, a possible interpretation of these findings, includ-
ing the DES Y3 results of this paper, is that voids and superclusters
show a more pronounced discrepancy because they probe the troughs
and peaks of the density field more efficiently where the breakdown
of the modelling approaches is most probable. On the other hand, it
is also possible that the apparent tension is due to the limitations of
the MICE simulation in such extreme environments.

Taken at face value, a lower-than-expected CMB lensing signal
could, in principle, be a consequence of a faster low-z expansion
rate (see e.g. Riess et al. 2021) and a related stronger decay of the
gravitational potentials (® < 0) than assumed in the baseline ACDM
model. If the imbalance between cosmic expansion and structure
growth is more pronounced (at least at the largest scales and in
extreme density fluctuations) then the gravitational potential of these
cosmic superstructures may evolve more strongly than in the standard
model. As a consequence, their ability to deflect the paths of the CMB
photons might also be reduced in comparison to baseline ACDM
expectations, i.e. the too-low lensing and too-strong ISW signals are

4427

not necessarily inconsistent (see Koviacs et al. 2019, for a recent
DES Y3 ISW analysis using supervoids). Future measurements of
the CMB lensing and the ISW signals from voids and superclusters
from the next generation of cosmological surveys (such as DESI,
LSST, Euclid, or J-PAS) will provide decisive constraints on the
validity of these interesting, yet not highly significant tensions.
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