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A B S T R A C T 

Low-density cosmic voids gravitationally lens the cosmic microwave background (CMB), leaving a ne gativ e imprint on the 
CMB convergence κ . This effect provides insight into the distribution of matter within voids, and can also be used to study 

the growth of structure. We measure this lensing imprint by cross-correlating the Planck CMB lensing convergence map with 

voids identified in the Dark Energy Surv e y Year 3 (DES Y3) data set, co v ering approximately 4200 deg 

2 of the sky. We use two 

distinct void-finding algorithms: a 2D void-finder that operates on the projected galaxy density field in thin redshift shells, and 

a new code, Voxel , which operates on the full 3D map of galaxy positions. We employ an optimal matched filtering method 

for cross-correlation, using the Marenostrum Institut de Ci ̀encies de l’Espai N -body simulation both to establish the template 
for the matched filter and to calibrate detection significances. Using the DES Y3 photometric luminous red galaxy sample, we 
measure A κ , the amplitude of the observed lensing signal relative to the simulation template, obtaining A κ = 1 . 03 ± 0 . 22 (4 . 6 σ

significance) for Voxel and A κ = 1 . 02 ± 0 . 17 (5 . 9 σ significance) for 2D voids, both consistent with Lambda cold dark matter 
e xpectations. We additionally inv ert the 2D void-finding process to identify superclusters in the projected density field, for which 

we measure A κ = 0 . 87 ± 0 . 15 (5 . 9 σ significance). The leading source of noise in our measurements is Planck noise, implying 

that data from the Atacama Cosmology Telescope, South Pole Telescope and CMB-S4 will increase sensitivity and allow for 
more precise measurements. 

Key words: gravitational lensing: weak – cosmic background radiation – cosmological parameters – large-scale structure of 
Universe – cosmology: observations. 
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 I N T RO D U C T I O N  

arly large-scale galaxy surv e ys hav e rev ealed that the Univ erse’s
tructure forms a cosmic web, featuring dense filaments and galaxy
lusters alongside underdense regions known as cosmic voids (Pee-
les 1980 ). As observational data have expanded, these vast regions,
rimarily devoid of matter and dark matter, have gained heightened
ttention (e.g. see Hamaus et al. 2016 ; Nadathur et al. 2019a , 2020a ;
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aghunathan et al. 2019 ; Vielzeuf et al. 2021 ; Kov ́acs et al. 2022a ;
oodfinden et al. 2023 ). 
In particular, cosmic voids have proven to be useful tools for

dvancing cosmological studies. They offer a means to constrain the
eutrino mass sum (Lesgourgues & Pastor 2006 ; Lesgourgues et al.
013 ; Villaescusa-Navarro et al. 2013 ; Massara et al. 2015 ; Kreisch
t al. 2019 ; Vielzeuf et al. 2023 ). Additionally, their abundance and
ensity profiles aid in distinguishing modified gravity models from
eneral relativity, with voids’ ability to bypass screening mechanisms
n high-density (HD) environments being particularly noteworthy
Vainshtein 1972 ; Khoury & Weltman 2004 ; Martino & Sheth 2009 ;
i, Zhao & Koyama 2012 ; Pisani et al. 2019 ). 
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As a result, voids offer an environment that is sensitive to physics
eyond the standard model of cosmology. They are sensitive to 
any effects, such as the growth rate of cosmic structure and 

edshift space distortions (Hamaus et al. 2016 , 2017 ; Nadathur et al.
020b ; Woodfinden et al. 2022 , 2023 ), Alcock–Paczynski distortions
Lavaux & Wandelt 2012 ; Hamaus et al. 2016 ; Nadathur et al. 2019a ),
eak gravitational lensing (Melchior et al. 2014 ; Clampitt & Jain 
015 ; S ́anchez et al. 2016 ; Fang et al. 2019 ; Raghunathan et al.
019 ), baryon acoustic oscillations (Kitaura et al. 2016 ), and the
ntegrated Sachs–Wolfe (ISW) effect (Sachs & Wolfe 1967 ; Granett, 
eyrinck & Szapudi 2008 ; Nadathur & Crittenden 2016 ; Kov ́acs

t al. 2019a , 2022a ). 
The large-scale structure of the Universe can influence the ob- 

erved cosmic microwave background (CMB) and imprint secondary 
nisotropies. For instance, weak secondary CMB anisotropies, 
haped by the evolving low- z structure, pro vide ke y observational
ests for dark energy. In particular, Kov ́acs et al. ( 2019a , 2022a )
ave shown an excess ISW signal from large voids that deviates 
rom the predictions of the Lambda cold dark matter ( � CDM)
odel. These findings have intensified interest in CMB lensing 

ignal of voids, as this offers an alternative test of these secondary
nisotropies. 

Several recent works (e.g. Schmittfull & Seljak 2018 ; Ade et al.
019 ; Tanimura et al. 2020 ) have studied the cross-correlation
etween constructed weak CMB lensing convergence maps ( κ) 
nd large-scale structure. For example, it was shown that CMB 

ensing can be used to measure the masses of dark matter haloes
initial detections include Baxter et al. 2015 ; Madhavacheril et al. 
015 ; Planck Collaboration IX 2016 ) and to explore the non-
inearities in structure formation through its correlation with cosmic 
laments (He et al. 2018 ). Ho we ver, unlike filaments and clusters,
osmic voids, as underdense regions, cause an antilensing effect 
nd imprint a ne gativ e κ signal on the constructed CMB lensing
ap. 
The CMB lensing imprints of voids have been measured by various 

uthors (Cai et al. 2017 ; Raghunathan et al. 2019 ; Vielzeuf et al. 2021 ;
ang et al. 2021 ; Kov ́acs et al. 2022b ) with detection significances

anging from ∼ 3 σ up to ∼ 9 σ . Ho we v er, Ko v ́acs et al. ( 2022b ) found
he amplitude of the lensing signal to be low, in moderate ∼ 2 σ
ension with predictions from simulations, and Hang et al. ( 2021 )
lso found hints of lower-than-expected lensing from voids. Given 
he other tensions in the late-time measurements of cosmological 
arameters with the predicted values from � CDM (Riess et al. 2019 ;
erde, Treu & Riess 2019 ; Heymans et al. 2021 ; Abdalla et al. 2022 ),
n y discrepanc y in the CMB lensing signal from voids would be of
reat interest. 
The stacked CMB lensing signal from voids is strongly influenced 

y specific void parameters. A typical void features a low-density 
ore (with o v erdensity δ < 0), which may be surrounded by a
ompensating marginally o v erdense re gion ( δ > 0). F or most voids,
he low central matter density gives rise to a de-lensing effect, 
haracterized by κ < 0 around the line of sight through the void
entre. Ho we ver, depending on the relative amplitudes of the density
uctuations in the core and the surrounding o v erdensity and their
hysical extents, the convergence profile κ( θ ) at angle θ from 

he void centre may dif fer, sho wing dips and rings of different
idths (Nadathur, Hotchkiss & Crittenden 2017 ; Raghunathan et al. 
020 ). This in turn can depend on the properties of the void-finding
lgorithm used for identification. 

The objective of our study is to re-examine the CMB lensing 
mprint of voids in the Dark Energy Surv e y Year 3 (DES Y3) data
sing a matched filtering method, as outlined in Raghunathan et al. 
 2019 ), and to employ the Voxel void finder algorithm, which
as not been previously utilized in DES. Moreo v er, we e xplore
he variation of the CMB lensing signal with respect to redshift
nd the type of void finder employed. In contrast to prior studies
y Raghunathan et al. ( 2019 ), Hang et al. ( 2021 ), Kov ́acs et al.
 2022b ), which each employed a single type of void finder, our study
mplements two different void finders to enhance the depth and range
f our findings. 
This paper is structured as follows: Section 2 explains our 

bserved and simulated data sets. Section 3 outlines our methods 
or identifying voids and superclusters, as well as our matched 
ltering technique. Our primary observational findings are detailed 

n Section 4 , while Section 5 offers a comprehensive discussion and
oncludes the study. 

 DATA  A N D  SI MULATI ONS  

.1 Obser v ational data 

.1.1 Dark Energy Survey Year 3 data 

e identify cosmic voids using photometric redshift data from the 
rst three years (Y3) of the Dark Energy Surv e y (DES). DES is a
-yr sky survey, with Y3 covering approximately one-eighth of the 
ky (5000 deg 2 ) to a depth in the i AB band of less than 24, imaging
round 300 million galaxies in five broad-band filters ( grizY ) up
o redshift z = 1 . 4 (for details, see e.g. Flaugher et al. 2015 ; Dark
nergy Surv e y Collaboration 2016 ). 
We use a luminous red galaxy sample from the DES Y3 data set.

his Red-sequence Matched-filter Galaxy Catalogue [ redMaGiC ; 
ee Rozo et al. 2016a , for DES science verification (SV) test results] is
 catalogue of photometrically identified luminous red galaxies, with 
he red-sequence Matched-filter Probabilistic Percolation (redMaP- 
er) cluster finder algorithm (Rykoff et al. 2014 ). This algorithm has
een used in many DES analyses (Gruen et al. 2016 ; S ́anchez et al.
016 ; Kov ́acs 2018 ; Fang et al. 2019 ; Vielzeuf et al. 2021 ; Kov ́acs
t al. 2022b ). 

The redMaGiC galaxies offer the benefit of a low photo- z error,
pproximately σz / (1 + z) ≈ 0 . 013. This error rate is half that of
he MagLim galaxy sample from DES Y3, which stands at σz / (1 +
) ≈ 0 . 027 (Porredon et al. 2022 ). For comparison, we consider the
tudy by Kov ́acs et al. ( 2022b ) which utilized an earlier version of
edMaGiC . Hence, we adopt the updated redMaGiC v0.5.1 for this
esearch. 

The redMaGiC algorithm produces various catalogues, distin- 
uished by the densities and luminosities of the galaxies. Specif- 
cally, the HD catalogue maintains a consistent galaxy density, 
oughly n̄ ≈ 10 −3 h 

3 Mpc −3 along the redshift range. Conversely, 
he high-luminosity (HL) catalogue exhibits a galaxy density of 
¯ ≈ 4 × 10 −4 h 

3 Mpc −3 , which is considerably lower than its HD
ounterpart. 

In our analysis, we focus on the redshift range 0.2 < z < 0.8
nd make use of the empirically constructed DES Y3 surv e y mask,
hich excludes contaminated pixels, mainly due to nearby stars. 
his low photo- z error of redMaGiC allows us to robustly identify
oid environments. The details of the clustering analysis of the DES
3 redMaGiC sample are documented in P ande y et al. ( 2022 ).

t is also important to mention that this study identified certain
ystematic errors, to which our measurements are not sensitive, as 
e correlate them with an external LSS tracer, the CMB lensing
ap. 
MNRAS 534, 2328–2343 (2024) 
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.1.2 Planck CMB lensing map 

e utilize the full-sky public CMB lensing convergence ( κ) maps
rom the Planck surv e y’s 2018 data release (Planck Collaboration
XIV 2020 ). 1 

More specifically, we employ the COM Lensing 4096 R3.00
ap, which is reconstructed using a minimum-variance (MV)

uadratic estimator (Hu & Okamoto 2002 ). This estimator is based on
 combination of foreground-cleaned SMICA (Planck Collaboration
X 2016 ) CMB temperature and polarization maps, with the mean
eld subtracted and a conserv ati ve mask applied to galaxy clusters

o reduce contamination from thermal Sun yaev–Zel’do vich (tSZ)
ontributions. Throughout our analysis, we use N side = 512 HEALPIX

aps (G ́orski et al. 2005 ). We note that this N side = 512 resolution is
n appropriate choice considering the degree-scale imprints of voids.

The gravitational lensing of the CMB occurs due to spatial
ariations in the gravitational potential field, � ( r, θ ), as CMB
hotons traverse the Universe. The convergence can be described
y the following equation: 

( θ ) = 

3 H 

2 
0 	m 

2 c 2 

∫ r max 

0 

( r max − r ) r 

r max 
δ( r , θ ) d r (1) 

here r is the comoving distance and r max is the comoving distance
o the last scattering surface of the CMB. This κ is a dimensionless
uantity and measures all the projected matter density up to the CMB
urface and is weighted by a kernel for a given angular direction
epending on the distance. The gravitational potential is also related
o the matter density fluctuation δ via the Poisson equation: 

 

2 � = 

3 H 

2 
0 	m 

2 a 
δ, (2) 

here δ is the perturbation in the matter density and a( t) is the
imensionless scale factor. 

.2 Simulation–MICE CMB lensing map and redMaGiC 

racers 

e utilize the publicly available MICE (Marenostrum Institut de
i ̀encies de l’Espai) simulation, which is an N -body light-cone
xtracted from the MICE Grand Challenge (MICE-GC). The MICE-
C contains approximately 70 billion dark-matter particles in a

3 h 

−1 Gpc ) 3 comoving volume. This simulation was created using
he Marenostrum supercomputer at the Barcelona Supercomputing
enter, 2 running the GADGET2 code (Springel 2005 ). For details on

he creation of the MICE simulation, see Fosalba et al. ( 2015a , b )
nd Crocce et al. ( 2015 ). 

The MICE simulation assumes a flat standard � CDM model with
nput fiducial parameters: 	m 

= 0 . 25, 	� 

= 0 . 75, 	b = 0 . 044, n s =
 . 95, σ8 = 0 . 8, and h = 0 . 7, derived from the Five-Year Wilkinson
icrow ave Anisotrop y Probe best-fitting results (Dunkley et al.

009 ). 
In this study, we utilize the CMB lensing map from the MICE

imulation, generated using the ‘Onion Universe’ methodology as
etailed in Fosalba et al. ( 2008 ). The validity of this lensing map
as subsequently confirmed through auto- and cross-correlations
ith foreground MICE galaxy and dark matter particles (refer

o Fosalba et al. ( 2015a ) for an in-depth description of the map
reation process). Initially, the MICE κ map was provided with a
EALPIX pixel resolution of N side = 2048. Ho we ver, we do wngraded
NRAS 534, 2328–2343 (2024) 
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he map to a lower resolution of N side = 512. This adjustment
ignificantly reduces the computational expense without causing a
oss of much information, given that voids are degree-scale objects.

e also downgrade the resolution of the Planck κ map to N side = 512
mployed in our analysis. 

We chose the redMaGiC tracers on our mock galaxy catalogue
rom MICE, maintaining consistency with the methodology utilized
n the analysis of the observed DES Y3 data Rozo et al. ( 2016b ). It
s pertinent to note that the co v erage of MICE dark matter haloes
s confined to an octant of the sky (5169.25 deg 2 ), which is larger
han with the ef fecti ve footprint of DES Y3 (4147.15 deg 2 ). This

ICE- redMaGiC mock galaxy catalogue was constructed to match
he number density of the DES Y3 redMaGiC sample. It served as
ur tool to trace the distribution of galaxies on a large scale and to
dentify voids. 

It is important to emphasize that the MICE cosmological param-
ters are relatively distant from the best-fitting Planck cosmolog-
cal parameters (Planck Collaboration VI 2020 ). For example, the
ifference in the values of 	m 

and the Hubble constant H 0 can
ffect the amplitude of the lensing signal. However, we assume that
ariances in cosmological parameters, particularly 	m 

, negligibly
mpact our lensing signal measurements. This postulation aligns with
ndings from Vielzeuf et al. ( 2021 ) and Kov ́acs et al. ( 2022b ), who,
tilizing the WebSky simulation (Stein et al. 2020 ), showed minimal
nfluence of 	m 

on the CMB lensing signal’s amplitude. Additionally,
ur methodology encompasses a comprehensive error analysis,
articularly addressing the MICE template uncertainties, ensuring
he accuracy of our findings despite potential 	m 

discrepancies. 
In this context, it is important to mention that, as detailed in

adathur et al. ( 2019b ) and Vielzeuf et al. ( 2023 ), the parameter
hat seems to have the most significant impact on the determination
f the matter content and the lensing convergence of voids is σ8 . The
alue of σ8 in the MICE simulation, which is 0.8, is not far off from
he best-fitting Planck value of σ8 = 0 . 811 ± 0 . 006. Additionally,
adathur ( 2016 ) and Nadathur & Hotchkiss ( 2015 ) have identified

he primary factors influencing the size and number of voids in any
alaxy sample as the mean galaxy number density, the amplitude of
alaxy clustering, and the linear galaxy bias. Furthermore, σ8 also
ffects void density profiles, especially close to void centre (e.g. see
g. 5 in Nadathur et al. 2019b ). 

 M E T H O D  

ur approach aligns with the matched filtering technique detailed
n Nadathur & Crittenden ( 2016 ) and Raghunathan et al. ( 2019 ).
otably, Nadathur & Crittenden ( 2016 ) e v aluated the ISW imprint
f voids, emphasizing that this technique avoids dependence on arbi-
rary choices of additional tuning parameters (such as the smoothing
cale for Gaussian filtering of the CMB) that could introduce biases.

Utilizing the Voxel void parameters, δ̄g and R v , we introduce a
imensionless parameter: 

v ≡ δ̄g 

(
R v 

1 Mpc h 

−1 

)1 . 2 

. (3) 

his parameter, as empirically demonstrated by Nadathur,
otchkiss & Crittenden ( 2017 ), exhibits a strong correlation with
oid density profiles and their macroscopic environments. As such,
v serves as a pertinent proxy for the gravitational potential associ-
ted with voids. Given this relationship, we expect notable variations
n the lensing convergence profiles of voids based on their respective
v values. 

https://pla.esac.esa.int/#cosmology
file:www.bsc.es
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Figure 1. Histogram illustrating the distribution of Voxel void number 
density per unit volume in both the MICE and DES Y3 HD catalogues. 
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.1 Void and supercluster finding 

.1.1 Voxel voids 

he main goal of this research is to measure the CMB lensing
ignal from voids using two different void definitions: Voxel and 
D. The Voxel method is designed specifically for data sets with 
ragmented surv e y footprints, like DES Y3. One of the key benefits
f Voxel is that it estimates the galaxy density field by computing
umber counts on a mesh, normalized by the counts of unclustered 
andom points whose distribution accounts for the surv e y window 

unction. This is the same method as used for estimating densities
hen computing power spectra: its use provides a natural way to 

ccount for variations in the surv e y selection function, and makes
he Voxel algorithm better at handling gaps or fragmented surv e y

asks than algorithms that employ Voronoi tessellations to estimate 
he density field. Ho we ver, after the density field has been estimated,
oxel identifies voids using a watershed algorithm similar to that 
sed by other, tesellation-based, algorithms (see e.g. Neyrinck 2008 ; 
utter et al. 2015 ; Nadathur & Perci v al 2019 ). 
The algorithm generates the mesh size, denoted as N mesh , based 

n the tracer mean number density. The size of the mesh is set based
n the condition that every cubic grid unit, known as a voxel, should

ossess a side length represented by a vox = 0 . 5 × (
4 πn̄ 

3 

)− 1 
3 . Here,

¯ stands for the estimated average density of galaxies. The galaxy 
ensity field is then subsequently smoothed using a Gaussian filter of
ize n −1 / 3 

t , and local minima are identified across the voxels. Basins
re formed around each local minimum, mirroring the process used in 
arlier ZOBOV algorithm (Neyrinck 2008 ). The addition of adjacent 
oxels with increasing overdensity to the basin halts when the next 
oxel shows a lower density than its predecessor. Each resulting basin 
ignifies a Voxel void. 

For each identified Voxel void, we compute an average galaxy 
 v erdensity δ̄g and define an ef fecti ve spherical radius R v , which
quates to the radius of a sphere with a volume equi v alent to that of
he void. 

We generate the Voxel void catalogues for both DES Y3 and 
ICE simulation using the open-source REVOLVER void-finding 

ode (Nadathur et al. 2019a ). 3 

Void sizes in the MICE simulation range from 1 . 95 h 

−1 Mpc ≤
 v ≤ 61 . 96 h 

−1 Mpc , peaking around the median value R v =
9 . 37 h 

−1 Mpc . Meanwhile, for the DES, void sizes range from
 . 04 h 

−1 Mpc ≤ R v ≤ 59 . 41 h 

−1 Mpc , peaking around the median
alue R v = 19 . 98 h 

−1 Mpc . Both the MICE and DES have a median
oid redshift of z = 0 . 57. We perform a comparative analysis of the
umber density of Voxel voids identified in both the MICE and 
ES Y3 data sets per comoving volume ( Mpc h 

−1 ) 3 , as shown in
ig. 1 . 
By applying the Voxel void finder to the updated redMaGiC 

alaxies, we obtained notable insights. Our preference for HD 

racers of redMaGiC in identifying Voxel voids was influenced 
y their enhanced CMB lensing signal-to-noise ratio (S/N). Our 
ests confirmed that HD voids exhibit a higher S/N than HL voids,
nhancing the efficacy of the matched filter method o v er other tracer
ensities. This outcome is primarily attributed to the reduced galaxy 
ensity in the HL. 
Table 1 outlines our findings: 44 426 voids in the MICE catalogue

nd 33 427 voids in the DES Y3 catalogue, both identified using
D tracers. The disparity in void counts between MICE and DES
 Available at https:// github.com/ seshnadathur/ Revolver. 

f
 

a  

D  
3 is due to differences in effectiv e sk y co v erage: MICE co v ers
169 . 25 deg 2 while DES Y3 co v ers 4143 . 17 de g 2 . Consequently,
he total voxel void number densities for MICE and DES Y3 are
 . 59 voids deg −2 and 8 . 07 voids deg −2 , respectively. Although our
rimary interest lies in voids within the 0 . 2 < z < 0 . 8 redshift range,
ata constraints restricted our Voxel void analysis in the MICE
atalogue to a maximum redshift of z = 0 . 75. 

.1.2 2D voids 

e also employ a 2D void finder, an algorithm initially developed for
hotometric redshift surv e ys. This algorithm identifies voids within 
omographic redshift bins, which are slices of space at different 
edshift ranges (S ́anchez et al. 2016 ). The 2D void finder has been
mployed in several DES studies (Kov ́acs et al. 2019a , 2022b ;
ielzeuf et al. 2021 ). 
The 2D algorithm inspects possible minima in the galaxy density 

eld, which has been projected and smoothed for each redshift slice.
he void radius R v is defined when the density inside a thin annulus
round the void centre reaches the mean density of the redshift slice,
ncreasing the annuli by 1 h 

−1 Mpc. While R v is typically measured
n degrees and then converted to h 

−1 Mpc for consistency, we opt to
se degrees in our matched filtering analysis. 
Key parameters for the 2D void finder include the smoothing scale

or the galaxy density maps, the redshift slice thickness, and the
entral minimum pixel density. We adopt a smoothing parameter of 
= 10 h 

−1 Mpc , a central pixel density that is at least 30 per cent of
he most underdense pixels in the redshift slice, and a slice thickness
f s ≈ 100 h 

−1 Mpc . This results in 12 610 and 10 904 voids for
ICE and DES Y3, respectively. 
To remo v e potentially spurious objects due to variations in photo-
etric redshift, a measure of redshift derived from the photometric 

bservations of an object, we apply a cut of R v > 20 h 

−1 Mpc ,
ollowing the precedent set in Vielzeuf et al. ( 2021 ) and Kov ́acs
t al. ( 2022b ). After this cut, the number of 2D voids reduces to 6295
or MICE2 and 5148 for DES Y3. 

Normalizing by the ef fecti ve area, the 2D void densities are
pproximately 1 . 22 voids deg −2 for MICE2 and 1 . 25 voids deg −2 for
ES Y3 within the total redshift range. Just as with the Voxel
MNRAS 534, 2328–2343 (2024) 
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Table 1. This table presents the number of Voxel voids alongside the mean void size within each redshift bin for both MICE and DES Y3 data sets with sky 
fraction being 0.125 and 0.100, respectively. For the detailed Voxel void-size distribution across all nine void bins, see Fig. A1 in Appendix A. 

MICE void count DES Y3 void count MICE mean void size (Mpc h −1 ) DES Y3 mean void size (Mpc h −1 ) 

LOWZ (0.2–0.43) 9298 6821 20.01 20.57 
MIDZ (0.43–0.59) 14 679 10 861 20.22 20.54 
HIGHZ (0.59–0.75) 20 449 15 027 19.58 20.02 

Figure 2. Histogram illustrating the distribution of 2D void number density 
per unit volume as a function of tomographic redshift bins for the MICE and 
DES Y3. 

Table 2. Comparison of 2D voids and 2D superclusters in MICE and DES 
Y3. Total numbers without any cut are as follows: MICE 2D voids: 12 610, 
MICE 2D superclusters: 13 167, DES Y3 2D voids: 10 904, DES Y3 2D 

superclusters: 10 592. 

Category Redshift 
MICE 

( > 20 Mpc h −1 ) 
DES Y3 

( > 20 Mpc h −1 ) 

2D voids Low 1201 921 
Mid 1840 1512 
High 3254 2715 
Total 

( > 20 Mpc h −1 ) 
6295 5148 

2D 

superclusters 
Low 1043 809 

Mid 1556 1338 
High 2885 2285 
Total 

( > 20 Mpc h −1 ) 
5484 4432 
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 oids, the 2D v oid densities of MICE and DES Y3 align closely.
his implies that the discrepancies in absolute void count largely
rise from the differences in effective areas: 5169 deg 2 for MICE2
nd 4147 deg 2 for DES Y3. Fig. 2 shows the 2D void number density
er unit volume as a function of redshift bins. Specifically, we find
hat MICE (voids deg −2 ) = 1.22, while DES Y3 (voids deg −2 )
 1.25, which indicate a close alignment between the two. For a

etailed view, refer to Table 2 . 
For this analysis, we utilize the HL tracers from our updated
edMaGiC v0.5.1 sample, this tracer density-type choice is con-
istent with Kov ́acs et al. ( 2022b ) and has also been used with 2D
oids in other DES studies (Kov ́acs et al. 2021 , 2022a ). The study
onducted by Kov ́acs et al. ( 2022b ) is particularly rele v ant to our
nalysis as it also examined DES Y3 2D voids defined on HL tracers
NRAS 534, 2328–2343 (2024) 
nd used the MICE simulation, similar to our approach. The key
ifference lies in their filtering and stacking method, which differs
rom ours. Therefore, it becomes intriguing to investigate the extent
f the difference these distinct methods can cause, given the similarity
n both the data set and the simulation used. This choice was made
ith the aim of examining the effects of an alternative method, the
atched filter, on our measurements. 

.1.3 2D superclusters 

n order to supplement our analysis of 2D voids and provide further
alidation of our results, we have expanded our study to include 2D
uperclusters. To identify these superclusters, we applied the same
D void finder to the tomographic galaxy density maps used in the
revious void analysis, but with a twist: we inverted the density
aps by multiplying them by −1. This operation ef fecti vely flips the

alaxy density map, facilitating the detection of voids in the newly
nverted galaxy density landscape. As such, the detected ‘voids’ in
his inverted landscape correspond to superclusters in the original
ata. It is important to mention that our main reason for using this
upercluster definition is to be consistent with (Kov ́acs et al. 2022b ).
he superclusters found in this way represent o v erdense structures
n a large scale within the distribution of galaxies, though they may
ot be bound by gravity. Similar to how voids are associated with
 xtensiv e troughs in the density field, superclusters are linked to
rominent peaks in this field (Nadathur & Hotchkiss 2014 ). 
Using this method, we compiled a catalogue of 2D superclus-

ers, finding 5424 superclusters in the MICE simulation and 4432
uperclusters in the DES Y3 data set after applying a size cut of
 v > 20 h 

−1 Mpc . We then apply the same redshift binning as in 2D
oids and we obtain the 2D supercluster numbers in Table 2 . 

.2 Void lensing in MICE simulation 

o begin, we inspect the void lensing imprints within the MICE
imulation to calibrate the void lensing profiles κ( θ ). This involves
tacking 10 ◦ × 10 ◦ patches, derived from the full-sky MICE κ map
nd centred on each void. These stacks reveal a ne gativ e κ imprint
divergent lensing) at the centre of the void, signifying the void’s
entral underdensity. In contrast, a less conspicuous positive imprint
ncircles this, denoting matter o v erdensities at the outer periphery of
he void. The measured radial profiles from these stacks can be seen
n Fig. 3 . 

Unlike some studies (Hotchkiss et al. 2015 ; Cai et al. 2017 ; Kov ́acs
t al. 2019a , 2022b ; Vielzeuf et al. 2021 ; Vielzeuf et al. 2023 )
hat adopt a re-scaling method, our measure of void lensing signals
s in units of degrees ( θ ). This choice stems from our use of the
atched filtering approach, akin to Raghunathan et al. ( 2019 ), which

ecessitates that these simulation template void lensing profiles
re defined as κ( θ ). Importantly, by not re-scaling, we maintain
niformity in the noise power from the CMB lensing map across all
oid measurements. This is critical because the noise in the CMB
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Figure 3. This figure presents the derived profiles from stacked images, each centred on identified Voxel voids within the MICE simulation. The data are 
se gre gated into three different redshift bins, and within each of these, there are three different λv bins. The representation thus illustrates the behaviours and 
properties of these Voxel voids across three redshift bins and dif ferent v alues of λv . The shaded areas in the figure represent 1 σ uncertainty intervals, estimated 
through standard errors obtained from ‘v oid-by-v oid jackknife resampling’. The dashed lines illustrate the aggregate result from all voids within the specified 
redshift category. 
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ensing map is scale-dependent; thus, re-scaling might inadvertently 
ix different levels of noise power across various scales. 
Additionally, Nadathur et al. ( 2017 ) have shown a stronger

orrelation between the void lensing signal and λv , as defined in 
quation ( 3 ) – a function of void radius R v and void o v erdensity δ̄g 

than with the angular size of voids. 
We organize the MICE void sample into three distinct redshift bins, 

abelled LOWZ , MIDZ , and HIGHZ . This allows us to account for
ossible redshift-dependent variations in the CMB lensing imprints 
f voids. 
Further granularity is achieved by subdividing each redshift bin 

nto three separate λv bins. Importantly, each λv bin is populated with 
n approximately equal quantity of voids, a methodological decision 
hat aligns with the approach used in Raghunathan et al. ( 2019 ). By
roceeding in this way, we derive a total of nine bins for our Voxel
oid sample. 

As anticipated, the void lensing imprint strongly relies on the 
alue of λv . More explicitly, voids with ne gativ e λv values, such as
hose in bins 1 and 2, correlate with slightly larger, lower density
oids, exhibiting κ ≤ 0. On the other hand, voids with higher λv 

alues (as in bin 3) equate to ‘voids within voids’ Sheth & van
e Weygaert ( 2004 ), predominantly smaller voids enveloped within 
arge-scale underdensities, which present a positive κ ring around 
he void boundary. 

We also take into account the fact that the MICE footprint is
ignificantly larger than the DES Y3 footprint and as a result, contains 
ore voids. To assess the impact of this difference, we apply the
ES Y3 mask to the MICE octant and identify the voids within this
 v erlapping area. Subsequently, we carry out our stacking analysis 
sing these voids. As expected, and in line with previous studies,
e do not observe any substantial differences in the stacked profiles,
espite the varying footprints. Consequently, we opt to use all the 
oids in the MICE simulation without implementing any footprint 
ut. This approach is consistent with the methodologies adopted by 
ielzeuf et al. ( 2021 ) and Kov ́acs et al. ( 2022b ), providing further
alidation to our study. 

.3 Filtering the CMB lensing map 

hen handling the CMB lensing map, we focus on lensing modes 
ith L ≤ 2048. This is because the lensing signals from cosmic voids 
re typically found on degree scales, and higher L modes mostly
onsist of noise rather than useful signal. While we did consider
he exclusion of the largest scale modes with L < 8 as was done in
lanck Collaboration VIII ( 2020 ), we found that this had a negligible

mpact. As a result, we decided to exclude only the monopole and
he dipole. 

The key challenges in detecting the lensing signals are the lensing
econstruction noise present in the Planck κ map and the additional κ
alues contributed by unrelated structures in our line of sight. These
oise sources are about 10 times larger than the lensing signal from
 single void, rendering it essentially invisible. Hence, our strategy 
nvolves stacking these signals together and dividing the voids based 
n their λv values. We then apply an optimized ‘matched filter’ to
he κ map before stacking. This filter, derived from templates in 
he MICE simulations, combines with the original map in a way
hat highlights the parts of the map that match the filter, making the
ensing signals stand out more. 

The matched filter transforms the original lensing map, repre- 
ented as κ , into a ‘filtered’ version, or κMF . This transformation
n volves con volving the filter with the original map, ef fecti vely
mplifying the signals that match the filter. We created these filtered
aps for each of nine different void ‘bins’. 
One of the key benefits of this matched filter technique is its

eutrality – it is applied to the whole map uniformly, so it does not
nf airly f a v our certain parts of the map o v er others. It also reduces the
ariability, or ‘noise’, at the locations of voids to the lowest possible
evel. 

By comparing these measurements across all voids stacked to- 
ether, we can see the benefits of our approach to split the data into
ins based on λv values. We also find that the lensing signals are most
asily detected in the two extreme λv bins rather than the middle bin.

To construct the matched filters, we initiate by defining the 
onvergence field at a location θ , originating from the position θ0 

hat corresponds to the κ value at the centre of a void as illustrated
n Fig. 3 . This is expressed as 

( θ ) = κtemplate ( | θ − θ0 | ; λv ) + p( θ ) . (4) 

n this context, p is symbolic of the noise component in all the κ
aps, excluding the void lensing signal itself. Meanwhile, the κtemplate 
MNRAS 534, 2328–2343 (2024) 
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Figure 4. This figure shows the optimally determined spherical harmonic coef ficients, kno wn as the kernel of the matched filters ψ 

MF 
LO 

, derived from the MICE 

template profiles shown in Fig. 3 . The shaded regions represent uncertainty estimates calculated from 1000 synthetic data sets using jackknife standard errors, 
as detailed in equation ( 15 ). In our analysis, we confine the application of spherical harmonics to L = 700, a convention based on the observation that the power 
of these coefficients approaches zero beyond this threshold. 
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ymbol represents the corresponding void lensing template profile,
hich is derived from the stacked images from the MICE. 
It is possible to separate this template profile as 

template ( θ ; λv ) = κ0 ( λv ) k( θ ; λv ) (5) 

= κ0 ( λv ) 
∑ ∞ 

L = 0 k L 0 ( λv ) Y 

0 
L ( cos θ ) , (6) 

In the given equations, κ0 ( λv ) ≡ κtemplate (0; λv ) is what we refer to
s the ‘amplitude term’. It informs us about the maximum intensity of
he template profile at the void centre. Furthermore, k( θ ), which we
all a ‘shape function’, standardizes the shape of the template profile
ased on the coefficients of its spherical harmonic, k L 0 . To derive
he k L 0 coefficients, an interpolated univariate spline was employed
o construct a HEALPIX template map from the k( θ ) measurements.
his map’s pixel values, calculated from spherical coordinates, were

hen normalized relative to the value of κ0 . 
By taking these definitions into account, and making the assump-

ion that the noise component is uniform, shows no directional bias,
nd averages out to zero, we are in a position to calculate the spherical
armonic coefficients for the ideal matched filter: 

 

MF 
L0 ( λv ) = 

αk L 0 ( λv ) 

C 

N tot 
L 

(7) 

ith α defined as 

−1 ≡
∞ ∑ 

L = 0 

( k L 0 ( λv ) ) 2 

C 

N tot 
L 

, (8) 

here 

 

N tot 
L = C 

κκ
L + N 

κκ
L (9) 

s the total power spectrum, and C 

κκ
L and N 

κκ
L are the lensing and

oise power spectra, respectively, for the Planck lensing map. 
The ideal matched filters for each void bin, constructed using

reviously acquired template profiles, are displayed in Fig. 4 . We
alculate the sum in equation ( 8 ) up to L = 700, as the spherical
armonic coefficients for higher values of L rapidly approach zero,
s seen in the figure. We have also transferred the jackknife errors
rom the template profiles into the matched filters. 

An important tak eaw ay from Fig. 3 is that the templates for the
v bin 1 in every redshift category do not undergo a sign change,
hich suggests that the corresponding matched filters for these bins
NRAS 534, 2328–2343 (2024) 
lso stay the same. For all the remaining bins, a conspicuous cross-
 v er point is observed, resulting in filter profiles that are either partly
r entirely compensated. In this context, a ‘compensated’ profile
efers to a matched filter profile where the areas under the curve with
ositiv e and ne gativ e values of kappa cancel each other out, leading to
 net zero inte gral o v er the profile. This compensation phenomenon
ctually reflects a balance between the regions of underdensity and
 v erdensity within the voids and superclusters, as captured by the
ensing signal. 

For each bin defined by the matched filter, based on λv , the lensing
ap that has been filtered, denoted by κMF , can be viewed as a

onvolution of the filter with the original map. Formally, 

MF ( η) = 

∫ 
d 	κ( θ )  

MF ( | θ − η| ) , (10) 

This can also be transcribed into the spherical harmonic space
Sch ̈afer et al. 2006 ) as follows: 

MF 
LM 

= 

√ 

4 π

2 L + 1 
κLM 

 

MF 
L0 . (11) 

he matched filter is designed to ensure the expected value of the
ltered field at the void locations is 

 κMF (0; λv ) 〉 = κ0 ( λv ) , (12) 

uch that the filter is unbiased. This is the κ0 measured at the void
entre. This matched filter also minimizes the variance of the filtered
eld at this location, given by 

2 
MF (0; λv ) = 

∞ ∑ 

L = 0 

C 

N tot 
L |  

MF 
L0 | 2 . (13) 

he maximum detection level of the optimal matched filter, for
 single isolated void, can be quantified as (McEwen, Hobson &
asenby 2008 ) 

 s i ngle ( λv ) ≡ 〈 κMF (0; λv ) 〉 
σMF (0; λv ) 

= α−1 / 2 κ0 ( λv ) . (14) 

In summary, matched filtering is applied to optimize the S/N.
his technique emphasizes the expected lensing signal in specific

egions of the lensing map, following a predetermined template,
hile reducing non-rele v ant areas. The lensing signal, as represented
y the void centre pixel in the filtered map, enables a statistically
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ptimized quantification of the lensing effect, which is suitable for 
tacking. 

As observed in Fig. 4 , it is important to note that the power
f the filter primarily lies in the L modes less than 500. This
akes the final central pixel of voids susceptible to smaller scale 

oise as we anticipate that high L modes are dominated by noise.
his does not compromise its ef fecti veness but rather highlights 

ts specificity. Given that cosmic voids are large-scale structures, 
t is reasonable that these L modes capture the most significant 
ensing information. Therefore, the efficiency of the matched fil- 
er is not predicated on capturing all possible information, but 
n maximizing the detectability of the specific lensing signal, 
ssuming that the MICE template accurately characterizes this 
ignal. 

.4 Error estimation 

e use the jackknife method to estimate the uncertainties in the 
ICE void lensing templates and their corresponding matched filters. 

his approach contrasts with the method used by Kov ́acs et al.
 2022b , hereafter referred to as K22 ), which assumes that errors
n MICE are negligible. We set N jk = N void for each void bin in the

ICE simulation. This process results in a jackknife sample of size 
 void . The standard errors of the MICE templates, as used in Fig. 3 ,

re given by 

JK = 

√ √ √ √ 

N void − 1 

N void 

N void ∑ 

i= 1 

( θi − θ ) 2 , (15) 

here θi are the individual jackknife samples, θ is the mean of the 
ackknife estimates, and N void is the number of voids in that bin. 

We then estimate the covariance matrix from these ‘v oid-by-v oid’ 
ackknife samples by using (Mohammad & Perci v al 2022 ): 

 

( jk) 
ij = 

N void − 1 

N void 

N void ∑ 

k= 1 

( θk i − θ̄i )( θk j − θ̄j ) , (16) 

here the index k represents the jackknife samples and θk i and θj i 

re the corresponding θ measurements in the ith bin, as shown in 
ig. 3 . 
After this, a synthetic data vector is created as 

mock = LZ + ξth , (17) 

here LL 

T = C ij , L is obtained by a Cholesky decomposition of
he covariance matrix C ij , and Z is a vector of independent standard
ormal random variables ( μ = 0 and σ = 1), and ξth is the mean
ignal template for the corresponding bin. In this way, we conserve 
he structure of the covariance and add random Gaussian noise by 
sing Z, which makes our template error analysis more robust unlike 
revious CMB × LSS studies (Kov ́acs et al. 2019b , 2021 ; Vielzeuf
t al. 2021 ; Camacho-Ciurana et al. 2023 ). 

We then obtained N void synthetic data vectors using equation ( 17 )
or each void bin and calculated the mean profile of these. This
rocess was repeated N = 1000 times to obtain 1000 mean profiles.
e applied our matched filter methodology to obtain the spherical 

armonic coefficients based on these 1000 mean profiles, as shown 
n Fig. 4 . 

Subsequently, we perform a convolution of these matched filters 
ith 1000 randomly generated MICE κ maps, employing the synfast 

unction from the Healpy library. This operation introduces an 
dditional layer of randomness, derived from both the κ map and 
he coefficients of the matched filters, enabling us to observe the 
mpact of errors in the MICE templates. Otherwise, we could have
ust used the mean template profile to convolve with 1000 randomly
enerated MICE κ maps, but we wanted to observe the effect of the
ncertainty in the template profiles. 
We further tested our error analysis by applying jackknife re- 

ampling to different subvolumes and using various groupings 
ith dif ferent N jk v alues, such as 50, 64, and 100, instead of

reating each void as an individual jackknife subsample. Our findings 
ndicated that when implementing equation ( 17 ), the standard devi-
tion of the resulting templates remained consistent across these 
ifferent groupings. This consistency reinforced our decision to 
mploy the ‘v oid-by-v oid’ jackknife approach for our final error
nalysis. This error analysis was repeated for 2D superclusters as 
ell. 
Intriguingly, we find that the final stacked κ value emanating from 

he DES Y3 void centres remains unaffected by the randomness in
he spherical harmonics coefficients of the matched filters. This can 
ikely be attributed to the fact that the influence of this jackknife
andomness is minimal at smaller scales, such as the centre pixels of
oids. We, therefore, conclude that our measurements are predomi- 
antly dominated by the noise in the Planck κ map. 
We first extract κ0 values from the randomly generated and 
atched filtered Planck-like convergence maps at the location of 

he central pixels of each bin of DES Y3 voids. We then average out
hese values to calculate κ0 . This process, involving 1000 random 

nstances of κ0 , allows us to construct a covariance matrix for our
easurements. 
Next, we determine the κ0 values at the central pixels of DES

3 void positions for each bin on the corresponding matched 
ltered Planck map. These measured κ0 values are subsequently 
ompared with the corresponding MICE κ0 values. Fig. 5 illustrates 
he measured κ0 values for each void bin, encompassing both 
oxel and 2D voids. The standard errors incorporated into the 
lot correspond to the diagonal entries of our established covariance 
atrices. 
To measure our CMB lensing detection significance, we use the 

2 minimization technique as in Vielzeuf et al. ( 2021 ) and Kov ́acs
t al. ( 2022b ). We make use of the following equation: 

2 = 

∑ 

l,m 

(
κDES 

l − A κκ
MICE 
l 

)
C 

−1 
lm 

(
κDES 

m 

− A κκ
MICE 
m 

)
, (18) 

here κl denotes the mean CMB lensing signal within θ bin l, and
 represents the related covariance matrix. We checked to identify 

he best-fitting amplitude, represented as A κ ± σA κ , by constraining 
he shape of the stacked convergence profile from DES Y3 ×
lanck to align with the shape calibrated from the MICE simulation.
oreo v er, in our matched filtering methodology, we apply the

erci v al correction factor when inverting covariance matrices as 
escribed in (Perci v al et al. 2021 ). Conv ersely, for the co variance
atrix derived from the template-fitting methodology of K22 , we 

mploy the Anderson–Hartlap factor h = ( n randoms − 1) / ( n randoms −
 data points − 2) before inverting the covariance matrix (Hartlap, Si- 
on & Schneider 2007 ). This approach is adopted to maintain con-

istency with the methods utilized by K22 . We then obtain the final
esults using the template-fitting methodology of K22 as depicted in 
ig. 7 . 

 RESULTS  

he results of our study confirm that both Voxel and 2D void
esults are in good agreement with expectation, as seen in Fig. 5 . The
easured A k values are A V oxel = 1 . 03 ± 0 . 22 and A 2 D 

= 1 . 02 ±
MNRAS 534, 2328–2343 (2024) 
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M

Figure 5. Comparison of Voxel and 2D Voids. This figure illustrates the correlation between the CMB lensing convergence ( κ) derived from the Dark Energy 
Surv e y Year 3 (DES Y3) and Planck data, and the simulated void lensing κ from the MICE simulation at the stacked centre pixels of voids. Each redshift 
bin (LOWZ, MIDZ, and HIGHZ) is represented by different markers. Within each redshift category, the bin values of λv increase from the smallest to the 
largest. The plots include a reference line at A k = 1 . 0 and the best-fitting line. Our analysis reveals a significant correlation between DES Y3 and MICE data, 
with best-fitting amplitudes of A k = 1 . 03 for Voxel voids and A k = 1 . 02 for 2D voids, corresponding to 4 . 61 σ and 5 . 92 σ detection levels for CMB lensing, 
respectively. These findings show a strong agreement with � CDM expectations. 

Figure 6. Comparative analysis of 2D superclusters and 2D voids. This figure presents stacked κ0 values for each redshift bin of both 2D superclusters and 2D 

voids. Our joint fit utilizing different redshift categories yields a statistical significance of 5 . 94 σ and an amplitude of A k = 0 . 87 ± 0 . 15 for 2D superclusters, 
while for 2D voids we find a statistical significance of 5 . 92 σ and an amplitude of A k = 1 . 02 ± 0 . 17. The amplitude A k observed for 2D superclusters is slightly 
lower than that for 2D v oids, b ut still falls within 1 σ of A k = 1 . 00. These results are in line with Hang et al. ( 2021 ), which also found that 2D superclusters 
exhibit a slightly lower A k value than their void counterparts. However, it’s important to note that our measured A k values imply a good agreement with 
A k = 1 . 00, while Hang et al. ( 2021 ) demonstrate a marginally lower lensing amplitude for voids and superclusters. 
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 . 17. These represent a 4 . 61 σ detection of CMB lensing in the case
f Voxel voids, and a 5 . 92 σ detection for 2D voids. We attribute
he marginally higher detection associated with 2D voids to their
ntrinsic elongation along the line of sight due to their projected
NRAS 534, 2328–2343 (2024) 
ature in redshift shells. We then apply the same redshift binning
o compare the results of 2D superclusters as seen in Fig. 6 , finding
 2 D 

= 0 . 87 ± 0 . 15, corresponding to a 5 . 94 σ detection of CMB
ensing. 
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Figure 7. Stacked profile of 2D voids and 2D superclusters with the template fitting methodology from K22 . The 2D superstructures with radius R v < 20 h −1 Mpc 
are not included in the analysis in accordance with K22 . There is no further binning applied. The stacked images are obtained by rescaling the image up to 
5 R v centred on void positions. We then measured the radial kappa profile from the final stacked images. The shaded regions show the 1 σ error bars from the 
covariance matrix as explained in Section 4.1 . 
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.1 Comparison with K22 voids 

n order to understand the differences that the employed method and 
ype of tracers can make, we compare our results with K22 (Kov ́acs
t al. 2022b ). K22 uses the same data set and simulation as in our
tudy. The difference lies in our updated redMaGiC algorithm to 
elect the galaxies both in DES Y3 and the MICE simulation. 

In addition, we use the matched filtering method, and we do not
e-scale when stacking the CMB cut-outs around voids. Ho we ver, 
o investigate if the employed method makes a significant difference 
n the results, we also use the same method as in the K22 study,
escaling the stacked CMB cut-outs around void centres and filtering 
he CMB lensing maps with a Gaussian filter with a size full width
t half-maximum (FWHM) = 1 ◦. 

To determine the covariance matrix for this measurement, we 
enerate 1000 random Planck maps in the same way as for our
atched filtering approach, and repeat the Gaussian filtering and the 

e-scaled stacking of DES Y3 voids and superclusters, as carried out 
n K22 . To estimate the lensing amplitude, we employ equation ( 18 ),
onsistent with our matched filtering methodology. The templates 
nd observed signals are shown in Fig. 7 , and we find amplitudes
 κ = 0 . 88 ± 0 . 14 (a 6 . 30 σ detection of the lensing signal) for 2D
oids, and A κ = 0 . 94 ± 0 . 13 (a 7 . 16 σ detection) for 2D Clusters.
ompared to the results of K22 , who report values of A κ lower than

he MICE expectation at around the ∼ 2 . 3 σ level, our results are
erfectly consistent with A κ = 1. The statistical uncertainty in our 
esults is slightly larger than that of K22 , although very compatible.
e associate this difference between our result and that of K22 with
he updated and impro v ed redMaGiC galaxy sample, which affected
oth the Y3 data and the MICE mocks. 
We further tested changing the cut used to define the superstructure

ample, from R v < 20 h 

−1 Mpc as used by K22 to R v < 15 h 

−1 Mpc
nstead. This cut naturally substantially increases the number of 
D voids and 2D superclusters in the final sample, and leads to a
eduction in the measurement uncertainties of ∼ 15 per cent in each 
ase, while leaving the A κ central values essentially unchanged. This 
uggests that the K22 size cut is not optimal, but we leave a fuller
nvestigation of optimization of the S/N to future work. 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

n this study, we conducted an in-depth examination of superstruc- 
ures and their interrelation with the CMB lensing, zeroing in on a
ivotal instrument for the detection of the CMB lensing effect: the
atched filter technique. 
For the first time in the literature, we applied the Voxel void-

nding algorithm to photo- z galaxies and gauged their CMB lensing
ootprints. 

The CMB lensing footprints of cosmic voids, sourced from both 
he DES Y3 data set and the MICE simulation for Voxel and 2D
 oids, demonstrated a rob ust agreement. This rev elation pro vides
ompelling insights into the intricacies of delineating superstruc- 
ures. It highlights the significance of not only the methodologies 
MNRAS 534, 2328–2343 (2024) 
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mployed but also the noise properties associated with CMB lensing
ap and the choice of galaxies utilized in their definition. 
Our results indicate a slight divergence from the weaker signal

eported for DES Y3 voids in the study by Kov ́acs et al. ( 2022b ),
ut align well with the findings for DES Y1 voids by (Vielzeuf et al.
021 ). The disparity with the previous DES Y3 results is primarily
ttributed to the enhancements made in the redMaGiC galaxy
election algorithm employed in our investigation. It became evident
hat the selection of tracer galaxies used to define superstructures
ields a considerable influence on the CMB lensing outcomes of

hese, independent of the methodology employed in identifying the
uperstructures. 

Our research emphasized significant observations of lensing
temming from Voxel v oids, 2D v oids, and 2D clusters, each
niformly demonstrating an amplitude consistent with A k = 1 . 00.
uch uniformity across a variety of void types and structures not only
einforces the robustness of our findings but also aligns seamlessly
ith the predictions of the � CDM cosmological model, agreeing
ell with the results of previous studies (Cai et al. 2017 ; Raghunathan

t al. 2019 ; Hang et al. 2021 ; Vielzeuf et al. 2021 ; Camacho-Ciurana
t al. 2023 ). 

Furthermore, we identified a notable correspondence between 2D
nd 3D ( Voxel ) voids in our study, where the 2D voids exhibited
arginally lower uncertainties and enhanced levels of CMB lensing

etection. This observation indicates the superior precision of 2D
oid analysis in capturing lensing signals. Such precision is presum-
bly owed to the elongated structure of 2D voids along the line of
ight, which are defined on projected tomographic redshift slices.
he 2D algorithm finds structures elongated along the line of sight
ecause they result in a big impact on the projected density field but
tructures aligned perpendicular do not. This structural characteristic
ossibly contributes to the increased sensitivity in detecting lensing
henomena which is the integral effect along the line of sight, further
alidating the efficacy of employing 2D void analysis in studies of
his nature. 

Moreo v er, we demonstrated that Voxel voids can be ef fecti vely
tilized for analyses involving the cross-correlation of lensing effects
n the CMB. This study is the first to measure the CMB lensing
mprints of Voxel voids. Our results provide evidence that these
oids exist in regions of the Universe characterized by a true
eficit in matter density as shown by their CMB lensing imprints.
ncouragingly, our results align closely with those derived from 2D
 oids, a v oid finder methodology employed e xtensiv ely in previous
tudies. Furthermore, as demonstrated by Radinovi ́c et al. ( 2023 ),
oxel voids serve as a viable choice for void–galaxy correlation
nalyses. Unlike 2D voids, whose tomographically projected nature
recludes this type of analysis, Voxel voids do not suffer from
his limitation. This key advantage makes Voxel voids particularly
uited to forthcoming large-scale surv e ys such as the Dark Energy
pectroscopic Instrument (DESI; DESI Collaboration 2016a , b ) and

he Euclid mission (Laureijs et al. 2011 ). 
In our comparison of the matched filter and Gaussian filtering
ethods, we observed consistent results for A k = 1 . 00 across 2D

oids and clusters, as detailed in Vielzeuf et al. ( 2021 ) and Kov ́acs
t al. ( 2022b ). Our study demonstrated that the matched filter method
an provide more precise A k estimates, suggesting its potential for
uture research. In particular, it can be interesting to utilize the
atched filtering method on the same data set used in Kov ́acs et al.

 2022a ) to examine the detected ISW signals. The authors of the
ited study reported an excess ISW signal without using matched
ltering, which presents an intriguing opportunity for future analysis
nd verification of their claim. 
NRAS 534, 2328–2343 (2024) 
In the near future, the final processed data of the full 6 yr of DES
bservations will be available for such analyses. The DES Y6 data
et co v ers the same footprint as the Y3 data used here, but is deeper
nd thus has a factor of ∼ 2 . 3 × higher number density of galaxy
racers. Giv en the fix ed footprint, we e xpect only a small change
n the number of 2D voids in Y6, as these are less sensitive to the
alaxy number density. In contrast, for Voxel voids, the number of
oids is expected to change roughly proportional to the change in
he tracer number density, so we expect a factor of ∼ 2 . 3 × increase
n the number of voids for Y6. Ho we ver, this does not translate to a
imple 1 / 

√ 

N voids reduction in the statistical uncertainty, because the
ature of individual voids found also changes as the galaxy number
ensity increases, with smaller voids being resolved. This means that
he expected signal strength also changes. A full accounting of the
et effect on the expected S/N requires dedicated studies using Y6
ocks. 
This work provides the pivotal groundwork for upcoming studies

rom the Vera Rubin Observatory and the Euclid Surv e y, which
im to further investigate the ISW effect and CMB lensing due
o cosmic superstructures. Our research not only contributes to
he evolving understanding of lensing phenomena in the Uni-
erse but also lays a strong foundation for future studies. By
pplying the insights discussed in our analysis, future large-scale
tructure surv e ys can refine their strategies for exploring the uni-
erse’s large-scale structure, potentially leading to enhanced accu-
acy and precision in cosmological constraints derived from these
easurements. 
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Figure A1. This plot illustrates the Voxel void size distributions for both MICE and DES Y3 using a normalized histogram, segmented across 9 redshift bins. 
Notably, the number of voids increases with increasing redshift bin. Additionally, voids within the same λv bins, yet across differing redshift bins, exhibit a 
consistent size distribution pattern. This consistency emphasizes the functional relationship between λv and R v , as shown in equation ( 3 ). 
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Figure A2. This figure shows the correlation matrix for nine Voxel bins. The bins range from Bin 1, representing LOWZ λv Bin 1, to Bin 9, representing 
HIGHZ λv Bin 3. 
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