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ABSTRACT

The cross-correlation of cosmic voids with the lensing convergence (κ) map of the Cosmic Microwave Background (CMB) fluctuations provides
a powerful tool to refine our understanding of the current cosmological model. However, several studies have reported a moderate tension (up
to ∼ 2σ) between the lensing imprint of cosmic voids on the observed CMB and the ΛCDM signal predicted by simulations. To address this
"lensing-is-low" tension and to obtain new, precise measurements of the signal, we exploit the large DESI Legacy Survey Luminous Red Galaxy
(LRG) dataset, covering approximately 19,500 deg2 of the sky and including about 10 million LRGs at z < 1.05. Our ΛCDM template was created
using the Buzzard mocks, which we specifically calibrated to match the clustering properties of the observed galaxy sample by exploiting more
than one million DESI spectra. We identified our catalogs of 3D voids in the range 0.35 < z < 0.95 and cross-correlated them through a stacking
methodology, dividing the sample into bins according to the redshift and λv values of the voids. For the full void sample, we report a 14σ detection
of the lensing signal, with Aκ = 1.016±0.054, which increases to 17σwhen considering the void-in-void (Aκ = 0.944±0.064) and the void-in-cloud
(Aκ = 0.975 ± 0.060) populations individually, the highest detection significance for studies of this kind. We observe a full agreement between
the observations and ΛCDM predictions across all redshift bins, sky regions, and void populations considered. In addition to these findings, our
analysis highlights the importance of accurately matching sparseness and redshift error distributions between mocks and observations, as well as
the role of λv in enhancing the signal-to-noise ratio through void population discrimination.
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1. INTRODUCTION

The past 25 years have radically transformed our perception and
our ability to study the Cosmos. On one hand, the observation
of distant Type Ia supernovae (Riess et al. 1998, Schmidt et al.
1998, Perlmutter et al. 1999), the observations of large-scale
structures and of the anisotropies of the cosmic microwave back-
ground (CMB; Eisenstein et al. 2005, Komatsu et al. 2011, Ben-
nett et al. 2013, Planck Collaboration et al. 2020a) have intro-
duced and confirmed the model of an accelerating Universe. On
the other hand, the remarkable technological advancements have
enabled the development of a new generation of wide and deep-
field observational surveys (York et al. 2000, The Dark Energy
Survey Collaboration 2005a as key examples of the first major
surveys of this kind), complemented by cosmological simula-
tions of unprecedented scale and resolution.

These cutting-edge observational techniques have enabled
the mapping of the large-scale distribution of matter, confirming
theoretical predictions (Peebles 1980) of a Universe composed
of overdense sheets and filaments interspersed with vast under-
densities, known as cosmic voids. Collectively, these intricate
structures form what is widely referred to as the cosmic web.

Cosmic voids dominate the Late Universe in terms of vol-
ume. While lacking a universally agreed-upon definition, these
structures can be characterized as vast, underdense regions of

space that, when isolated, evolve over time by transferring mat-
ter from their central regions to the surrounding filaments and
overdense walls.

Thanks to their unique environmental characteristics, voids
have emerged as fundamental resources for assessing the valid-
ity of the Lambda-Cold Dark Matter (ΛCDM) model and explor-
ing scenarios of modified gravity (Clampitt et al. 2013, Spolyar
et al. 2013, Cai et al. 2015, Zivick & Sutter 2016, Wilson &
Bean 2023, Mauland et al. 2023), massive neutrinos (Massara
et al. 2015, Banerjee & Dalal 2016, Kreisch et al. 2019, Schus-
ter et al. 2019, Mauland et al. 2023, Thiele et al. 2023, Vielzeuf
et al. 2023), primordial non-gaussianities (Chan et al. 2019) and
more in general phenomena beyond the standard model of par-
ticle Physics (see Pisani et al. 2019 and Moresco et al. 2022 for
extensive reviews).

The constraining power of cosmic voids emerges from a va-
riety of probes. Examples include the void size function (Jen-
nings et al. 2013, Pisani et al. 2015, Contarini et al. 2019, Ron-
coni et al. 2019, Correa et al. 2022a, Contarini et al. 2023, Pel-
liciari et al. 2023, Song et al. 2024, Verza et al. 2024), which
represents the number of voids as a function of their radius,
and the void-galaxy cross-correlation function (Hamaus et al.
2014b, Nadathur & Percival 2019, Aubert et al. 2022, Correa
et al. 2022b, Mauland et al. 2023, Radinović et al. 2023, Schus-
ter et al. 2023, Schuster et al. 2024), which provides informa-
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tion on the density profile of voids and the distribution of mass
within them. Additional and more recent probes come from the
velocity profiles (Paz et al. 2013, Zivick et al. 2015, Hamaus
et al. 2016, Massara et al. 2022, Wilson & Bean 2023), void
auto-correlation function (Chan et al. 2014, Hamaus et al. 2014a,
Clampitt et al. 2016) and power-spectrum (Bonici et al. 2023),
weak lensing (Melchior et al. 2014, Barreira et al. 2015, Sánchez
et al. 2017, Baker et al. 2018, Hossen et al. 2022, Boschetti et al.
2023), modelling of dynamical and geometrical distortions (Ry-
den 1995, Lavaux & Wandelt 2012, Sutter et al. 2012, Paz et al.
2013, Hamaus et al. 2014a, Sutter et al. 2014, Hamaus et al.
2015, Hamaus et al. 2022, Correa & Paz 2022, Contarini et al.
2024) as well as shape and ellipticity of voids (Lee & Park 2009,
Zivick et al. 2015, Rezaei 2020, Schuster et al. 2023).

The large-scale matter distribution in the Universe alters the
CMB and introduces anisotropies therein (Sachs & Wolfe 1967,
Sunyaev & Zeldovich 1970, Blanchard & Schneider 1987, Kash-
linsky 1988, Cole & Efstathiou 1989, Sasaki 1989, Tomita &
Watanabe 1989, Linder 1990). Analogously to their overdense
counterparts, cosmic voids have been observed to induce various
effects on the observed CMB. These effects have a unique value
as additional probes to test the cosmological model. While the
presence of gas modifies the energy of CMB photons (thermal
Sunyaev-Zel’dovich effect, tSZ, Sunyaev & Zeldovich 1970),
the temporal variation of the gravitational potential due to the
accelerated expansion of the Universe introduces temperature
anisotropies that can be used to test the effects of dark energy
(Integrated Sachs-Wolfe effect, ISW, Sachs & Wolfe 1967). For
illustrative examples of the ISW effect within cosmic voids, see
Nadathur et al. (2012), Ilić et al. (2013), Cai et al. (2014), Kovács
(2018), and Naidoo et al. (2024). Similarly, for examples of the
tSZ effect within voids, see Alonso et al. (2018), Li et al. (2020),
and Li et al. (2024).

The imprint of cosmic voids on the CMB lensing signal pro-
vides a unique probe of the underlying total matter distribu-
tion. Unlike clusters and filaments, cosmic voids induce a de-
magnification effect on the CMB, resulting from the deflection
of photons as they cross these underdense regions. This effect is
observed as a negative signal in the CMB convergence (κ) maps.
Despite the complexity of obtaining a measurement of the lens-
ing signal from an individual void due to the amplitude of noise
in CMB lensing maps, which is dominant at typical scales of
these cosmic structures, numerous stacked measurements have
been conducted in recent years, reporting significance values
ranging between ∼ 3σ and ∼ 13σ (Cai et al. 2014, Raghunathan
et al. 2020, Vielzeuf et al. 2021, Hang et al. 2021, Kovács et al.
2022, Camacho-Ciurana et al. 2023, Demirbozan et al. 2024),
highlighting the effectiveness of stacking techniques in isolating
the CMB lensing signal induced by voids from the background
noise.

However, several recent studies have reported moderate ten-
sions, up to ∼ 3σ, between the observed signal amplitudes and
predictions from ΛCDM simulations (Vielzeuf et al. 2021, Hang
et al. 2021, Kovács et al. 2022, Camacho-Ciurana et al. 2023).
These discrepancies depend on factors such as the void identifi-
cation strategies employed, the degree of smoothing applied to
the CMB lensing maps, and the specific sub-populations of voids
considered. In light of these tensions, and furthermore consider-
ing recent analyses of the weak lensing of the DESI LRG sample
(Chen et al. 2024), which have addressed some of the existing
lensing tensions through an innovative treatment of systematics,
it is crucial to thoroughly understand the nature of these dis-
agreements with the ΛCDM predictions for properly evaluating
the systematics associated with voids. This may, in turn, provide

further insight into the discrepancies observed within theΛCDM
model.

The aim of this paper is to exploit the large catalog of voids
identified in the photometric Luminous Red Galaxies (LRG)
population of the Dark Energy Spectroscopic Instrument (DESI,
DESI Collaboration et al. 2016a, DESI Collaboration et al.
2016b) Legacy Imaging Surveys (Dey et al. 2019) to investi-
gate the current tensions in the literature, measuring the cross-
correlation with the lensing of the CMB from Planck 2018 and
comparing the amplitude of the signal with those obtained from
the Buzzard mocks (DeRose et al. 2019), designed and adapted
to match our observations by analyzing and correcting a num-
ber of possible systematics. The paper is organized as follows.
In Section 2, we introduce our observed and simulated datasets.
Section 3 describes how our mocks are adapted and validated
and, moreover, provides a description of our stacking methodol-
ogy and error analysis. Finally, we present and discuss the main
observational results of this paper in Section 4, followed by Sec-
tion 5, a summary of our conclusions.

2. DATASETS

2.1. DESI Legacy Surveys DR9 Luminous Red Galaxies

We identify our cosmic voids sample exploiting the LRG pop-
ulation extracted from the ninth Data Release (DR9; Schlegel
et al. 2021) of the DESI Legacy Imaging Surveys (see Zhou et al.
2023 for further details on the LRG catalog and on the selection
process).

The Legacy Surveys are motivated by the need of a target
selection for the DESI Survey and consist in a mosaic of three
different observative projects, as shown in Fig. 1. The Northern
hemisphere is mapped by a combination of different surveys:
the sky area with Dec ≥ +32.735◦ (J2000 coordinates) is ob-
served by the Mayall z-band Legacy Survey (MzLS; Silva et al.
2016), using the MOSAIC-3 camera at the prime focus of the 4-
meter Mayall telescope at Kitt Peak National Observatory, and
the Beijing–Arizona Sky Survey (BASS; Zou et al. 2017), that
exploits the 90Prime camera at the prime focus of the Bok 2.3-
m telescope. The Dark Energy Camera (DECam; Flaugher et al.
2015) of the Blanco 4m telescope, located at the Cerro Tololo
Inter-American Observatory, provides the observation of the re-
maining two-third of the survey footprint. In particular, the Dark
Energy Camera Legacy Survey (DECaLS; Blum et al. 2016)
completes the observations of the North Galactic Cap observ-
ing the region at Dec ≤ +32.375◦ and provides the observation
of the equatorial regions of the South Galactic Cap, while the
remaining part of the Southern hemisphere is integrated by the
Dark Energy Survey (DES; The Dark Energy Survey Collab-
oration 2005b) who previously exploited the same instrument
to map around 5, 000 deg2 of the South Hemisphere sky. The
Legacy Survey DR9, moreover, includes fluxes from the all-
sky Wide-Field Infrared Survey Explorer (WISE, Wright et al.
2010) at the locations of Legacy Surveys optical sources. The
exploited LRG sample, selected using g, r, z, and W1 photom-
etry from the DESI Legacy Imaging Surveys, is highly robust
against imaging systematics. With a comoving number density
of 5 × 10−4 h3Mpc−3 in 0.4 < z < 0.8, this sample proved to
have a significantly higher density than previous LRG surveys,
such as SDSS Legacy survey (Margon 1999), BOSS (Dawson
et al. 2013), and eBOSS (Dawson et al. 2016). The total observed
sky area of 19, 573 deg2, in combination with the high comoving
number density, allows us to exploit a total of 10,402,494 LRGs
in the redshift range 0.30 < zph < 1.05.
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Fig. 1: The different footprints of the MzLS+BASS, DECaLS, and DES surveys composing the DESI Legacy Survey, covering a total observed
sky area of 19, 573 deg2.

The selected sample is integrated with 1,005,750 spectro-
scopic redshifts from DESI, in particular from the first phase of
Survey Validation (SV1), the one-percent survey (SV3; covering
1% of the final area) and the first two months of the Main Survey.

2.2. CMB convergence map from Planck mission DR2018

The convergence κ, our observable, is defined as the ratio

κ(θ) =
Σ(θ)
Σcr
, (1)

where Σ is the projected density along the line of sight θ. The
critical projected density Σcr, for the specific case of a lens lo-

cated between the observer and the last scattering surface of the
CMB, is defined as

Σcr =
c2

4πG
rcmb

(rcmb − r)r
, (2)

assuming rcmb the distance between the observer and the CMB
and r as the distance between the observer and the lens.

Assuming the classical Poisson Equation for the gravita-
tional potential Φ(r, θ)

∇2Φ(r, θ) = 4πGρ(r, θ) , (3)

Fig. 2: Planck CMB lensing map, smoothed with a Gaussian filter of FWHM=0.5◦. The DESI Legacy Survey footprint is overlaid, indicating the
region where voids are identified and cross-correlations are performed. The footprint is divided into North and South regions, corresponding to the
North and South Galactic Caps, respectively.
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it is straightforward to obtain a formulation for Σ:

Σ(θ) =
1

4πG

∫ rcmb

0
∇Φ(r, θ)dr . (4)

Replacing Eqs. 2 and 4 in Eq. 1, we find that

κ(θ) =
1
c2

∫ rcmb

0

(rcmb − r)r
rcmb

∇2Φ(r, θ)dr . (5)

Now, knowing that the cosmological formulation of the Pois-
son equation for the gravitational potential can be written as

∇2Φ(r, θ) =
3
2

H2
0Ωm

a
δ(r, θ) , (6)

where δ(r, θ) is the local density contrast. We can immediately
recover the equation for the convergence (κ(θ)), estimated from
the matter density field δ(r, θ), in the Born approximation, with
the Hubble constant H0 and matter density parameter Ωm made
explicit.:

κ(θ) =
3
2

H2
0Ωm

c2

∫ rcmb

0

(rcmb − r)r
rcmb

δ(r, θ)
a(t)

dr . (7)

For our analysis, we exploit the publicly available recon-
structed CMB lensing convergence (κ) map provided by the
Planck collaboration (data release 2018; see Planck Collabora-
tion et al. 2020b). The map is reconstructed using a minimum-
variance (MV) quadratic estimator (Hu & Okamoto 2002),
which combines CMB temperature and polarization data, and
is provided in the form of harmonic coefficients κlm up to
lmax,mmax = 2048.

Despite the potential for higher resolution, we generated a
healpymap with Nside = 512 and lmax,mmax = 1536. The choice
of Nside ensures adequate resolution for the angular dimensions
of the structures analyzed, while the lmax,mmax values are se-
lected to maximize the precision in generating the random CMB
maps used for error estimation (see Sec. 3.4 for further details).

A Gaussian smoothing is finally applied to the map to sup-
press the noise at small scales and improve the signal-to-noise
ratio. Unlike some previous works (Vielzeuf et al. 2021, Kovács
et al. 2022, Camacho-Ciurana et al. 2023) that employed a Gaus-
sian smoothing with FWHM = 1.0◦, we opted for a more con-
servative filter with FWHM = 0.5◦. This approach ensures the
maximization of the measured signal while preserving the in-
tegrity of the smaller voids imprint on the CMB, whose angular
radii often measure less than 1.0◦.

The CMB lensing map, along with the extent of the North
and South regions, is shown in Fig. 2.

2.3. BUZZARD Mocks: simulated galaxies and CMB conver-
gence map

The Buzzard mocks are a suite of quarter sky galaxy catalogs
constructed from N-body lightcone simulations using Addgals
(Wechsler et al. 2022), an algorithm designed to reproduce the
clustering properties of subhalo abundance matching models
(DeRose et al. 2022) in low-resolution lightcone simulations.
The underlying N-body simulations were run with L-Gadget2,
a streamlined version of Gadget2 (Springel 2005) designed
to run large N-body simulations and initialized with second-
order Lagrangian perturbation theory at z = 49 using 2LPTIC
(Crocce et al. 2006), with a linear power spectrum produced
using CAMB (Lewis & Bridle 2002) assuming a ΛCDM cos-
mology with Ωm = 0.286, Ωb = 0.046, ns = 0.96, h = 0.7,

σ8 = 0.82, Ωr = 0, and Ων = 0. Each lightcone simulates a
quarter of the sky to z = 2.34 and is constructed from three dif-
ferent simulation boxes, with Lbox = {1050, 2600, 4000} h−1Mpc
and 14003, 20483 and 20483 particles respectively for z =
[0.0, 0.34), [0.34, 0.9), [0.9, 2.34). Each realization assumes the
same cosmological parameters, but varies the white noise field
used to initialize the simulations.

Galaxy catalogs are generated using Addgals, which assigns
each galaxy to a particle in the lightcone simulations, embu-
ing them with positions, velocities, and spectral energy distribu-
tions which can be integrated to provide broadband photometry.
DESI-like LRG catalogs are then selected from these galaxy cat-
alogs using slightly modified versions of the color cuts applied
to the DESI Legacy Survey data (DeRose 2024):

zfiber < 21.60
z − W1 > 0.8 × (r − z) − 0.6
(g − W1 > 2.9) | (r − W1 > 1.8) (8)
((r − W1 > 1.8 × (W1 − 17.14) + c1) &
(r − W1 > W1 − 16.33)) | (r − W1 > 3.3 + c2)

where c1 = 0.4 and c2 = 0.275 are the differences in color cuts
from the DESI targeting cuts, adjusted to roughly match the an-
gular target density of the DESI LRG sample.

Photometric redshifts are then generated by fitting a model
for σ(zphot|zspec) to the DESI Legacy Survey data, and using this
to apply Gaussian errors to the true redshifts of each simulated
LRG. Finally, CMB lensing maps are produced by applying the
Born approximation to 50 h−1Mpc thick density shells measured
from the lightcone simulations.

This work exploit 4 realizations of the Buzzard mocks.

3. METHODS

3.1. Mocks validation and calibration

To evaluate the lensing imprint on the CMB of our cosmic void
sample and any potential deviations from the ΛCDM predic-
tions, our goal is to compare through a template-fitting process
the observed cross-correlation signal with aΛCDM template de-
rived from mocks. The lensing imprint we measure is strictly
dependent on our void population, which, in turn, is inherently
linked to the characteristics of the galaxy sample. Consequently,
it is crucial that the simulated galaxy populations replicate the
clustering properties of the observed sample. To address po-
tential systematic errors arising from discrepancies between the
simulated and observed LRG datasets, we evaluated two key fac-
tors affecting void identification: photometric error and sparse-
ness. Comparing two equally biased galaxy populations with
identical photometric properties and mass distributions but dif-
fering in either sparseness or redshift error distributions can lead
to markedly different void populations. Identical galaxy samples
with differing photometric redshift (zphot) errors result in voids
with varying degrees of contamination from galaxies whose red-
shifts have been inaccurately determined. This contamination
particularly affects the estimation of the inner density contrast,
thereby impacting both the identification and size of the voids.
Conversely, different levels of sparseness significantly influence
the resolution of the void-finding method, thereby affecting the
void size function. It is evident that distinct void populations
could exhibit different lensing properties.
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3.1.1. Photometric Redshift correction

As a first step of our analyses, we examined the distribution of
the photometric redshift errors. We prioritized this aspect be-
cause modifications to the photometric redshift distribution in
the mocks would subsequently alter the sparseness. We utilized
both photometric and spectroscopic redshift (zspec) data, avail-
able for the mock populations and approximately 10% of the
observed galaxies, to estimate photometric errors, with spec-
troscopic redshifts considered as the true redshift values. The
matching between the spectroscopic and the photometric red-
shifts of our sources give us the opportunity to correct the photo-
metric redshift associated at the galaxies of the mocks, estimat-
ing a new and more precise photometric redshift distribution.
To account for potential variations in the error distribution as a
function of true redshift, we divided our sample into 75 bins with
∆z = 0.01. For each redshift bin, we calculated the distribution
of the redshift error zerr = zspec − zphot, and then determined the
cumulative distribution function (CDF), normalized between 0
and 1. This CDF provides the probability that zerr,i < Z, where Z
represents a specific value within the distribution.

Fig. 3: Redshift error distributions for the observed and one simulated
LRG datasets, shown in orange and purple, respectively, at the 68.27,
95.45, and 99.73 percentiles. Darker shades represent smaller percentile
ranges. The two distributions exhibit distinct trends and deviations from
zero. These differences must be corrected to ensure proper matching
between observations and mocks.

At this point, we extract a set of random numbers from a uni-
form distribution between 0 and 1, matching the size of our LRG
catalog for each mock realization. Each mock galaxy is then as-
signed a redshift error zerr = CDF−1(rand). The new photometric
redshift for the mock galaxies is then straightforwardly recov-
ered as zphot,i = zspec,i − zerr,i.

Figure 3 shows the redshift error distributions for the ob-
served dataset and one Buzzard realization at the 68.27, 95.45,
and 99.73 percentiles. It is evident that not only the two distribu-
tions exhibit significantly different standard deviations, but they
also diverge substantially in their overall trends.

Figure 4 shows the Mean Galaxy Separation (MGS), indica-
tor of the sparseness of the sample, defined as:

MGS = n−1/3 , (9)

where n is the galaxy number density, of the observed and simu-
lated sample. Moreover, it shows how the MGS changes after the

zphot correction of the mocks. The post-correction shape match-
ing of the two MGS distributions is a strong indication of the
success of the procedure.

Fig. 4: Mean Galaxy Separation (MGS) redshift evolution observed in
the Legacy Survey (orange dots) compared with the MGSs of the four
Buzzard mock realizations before (purple lines) and after (green lines)
the photometric redshift correction. The shape change after correction,
now matching the MGS trend of the Legacy Survey galaxy sample, is a
strong indicator of the accuracy of the redshift calibration procedure.

3.1.2. Sparseness matching

As a second step in the mock validation and adaptation process,
we corrected the sparseness of the simulated datasets to align
with the observations. To account for the slight differences in
sparseness between the different regions of the survey, we sub-
divided the observed dataset into two regions, as shown in Fig.
2, and handled the North and South Galactic Caps separately.

Similar to the approach used for photometric redshift cor-
rection, we divided our samples into bins with ∆z = 0.01.
Within each bin, we randomly sampled our mock galaxy pop-
ulations to match the number of objects in both the simulated
and observed catalogs. This procedure is feasible only for red-
shift ranges where our mock datasets are denser than the ob-
served ones. However, this condition is not consistently met for
0.35 < z < 0.50 and z > 0.80 (see Fig. 4). Despite the inability to
fully match the level of sparseness in these redshift ranges, the
density discrepancies between the different populations remain
below 5%. This minimal discrepancy ensures that the impact of
varying sparseness on void identification systematics is almost
negligible.

We applied this procedure to our four mock realizations, both
for the North and South observed catalogs, resulting in eight cor-
rected simulated datasets (four for the North Galactic Cap and
four for the South Galactic Cap).

Figure 5 shows the final effect of the combination of the two
correction procedures, for both the North and South datasets, as
an almost perfect MGS matching in the whole redshift range
considered by this cosmological analysis.

Article number, page 5 of 19



A&A proofs: manuscript no. main

Fig. 5: Mean Galaxy Separation (MGS) redshift evolution observed in
the Legacy Survey, measured in the North (Orange dots) and South
(white dots) regions. The slight difference in sparseness between the
two regions is due to random fluctuations and minor observational dif-
ferences between the surveys. The observed MGS values are compared
with those from the four redshift calibrated Buzzard mock realizations
(purple lines) and then with the MGS values after the sparseness cor-
rection, performed independently to match the North (green lines) and
South (grey lines) regions. We observed an almost complete match be-
tween the observations and simulations, with only minor differences at
z ∼ 0.4 and z > 0.8, where the mocks appeared more sparse than the
observations, making subsampling infeasible.

3.2. Void Finding

Over recent decades, the absence of a precise theoretical def-
inition of cosmic voids has led to the development of vari-
ous void-finding algorithms. According to Lavaux & Wandelt
(2010), these methods can be classified into three main cate-
gories: density-based, geometry-based, and dynamics-based, de-
pending on how the algorithms exploit the mass tracer field (see
Colberg et al. 2008 for an overview on the void finding methods
and their systematics). Furthermore, cosmic voids can be identi-
fied in either two or three dimensions (2D or 3D). Although 2D
void identification has been slightly more effective in maximiz-
ing the signal-to-noise ratio (S/N) for lensing analysis (see, e.g.,
Cautun et al. 2018), we opted for a 3D void catalog in our study.
This choice allows us to address tensions observed in previous
works, particularly those involving 3D voids (see, i.e, Vielzeuf
et al. 2021 and Camacho-Ciurana et al. 2023), and helps mitigate
issues related to the intrinsic alignment of voids that can pro-
duce spurious lensing signals. For identifying our 3D voids, we
used the REVOLVER1 (REal-space VOid Locations from surVEy
Reconstruction) void-finding code (Nadathur et al. 2019), based
on a modified version of the ZOBOV algorithm (Neyrinck 2008).
ZOBOV identifies cosmic voids in the minima of the reconstructed
density field, a reconstruction achieved through a Voronoi tessel-
lation. The identification process is fully described in Nadathur
et al. (2019), but can be summarized as follows:

(i). The three-dimensional space covered by the tracer catalog
is subdivided through a Voronoi tessellation. This process
assigns a unique Voronoi cell to each tracer particle, defining
the region that is closer to it than to any other particle. The
density at any point within each cell is then determined by

1 https://github.com/seshnadathur/Revolver

taking the inverse of the cell volume. The effect of the mask
is taken in account overflowing forbidden regions with mock
tracers, simulating overdense section of space.

(ii). Density minima in the Voronoi density field are identified.
A Voronoi cell is defined as a density minimum when its
volume is bigger than the volume of its neighbouring cells.
These minima constitute the initial seeds of the voids.

(iii). From each density minimum, the algorithm merges adjacent
cells with increasing density until no higher adjacent density
cells are found. These merged regions, or basins, are referred
to as zones, indicating local depressions in the density field.

(iv). A watershed transform is applied to merge zones into larger
voids. To preserve the underdense environment of voids, a
merging condition is applied: the ridge between any two
zones must be less than 20 percent of the average tracer den-
sity. Finally, a hierarchy of voids and subvoids is created.
A full discussion of the watershed methods is provided in
Platen et al. (2007).

(v). The center of each void is assigned as the circumcenter of
the positions of the lowest-density galaxy in the void and its
three lowest-density mutually adjacent neighbours. This is
equivalent to defining the centre of the largest empty sphere
that can be inscribed in the void.

(vi). Finally, the void radii are assigned. From total volume of
each void, calculated as the sum of the volumes of its con-
stituent Voronoi cells Vv =

∑
i Vi, an effective void radius Rv

is assigned. Rv is simply the radius of an equivalent sphere
of the volume Vv,

Rv =

(
3

4π
Vv

)1/3

. (10)

The code provides, moreover, a set of properties of the voids,
as the central density contrast δv, the average density contrast
δv =

1
V

∫
V δvd3x, or the parameter λv, a useful proxy of the

gravitational potential in the center of the voids (Nadathur
et al. 2017), defined as

λv ≡ δv

(
Rv

1 h−1Mpc

)1.2

. (11)

The parameter λv plays a fundamental role in distinguishing void
populations with varying internal potential values and, conse-
quently, different lensing properties. Negative λv voids are gen-
erally large structures that evolve within underdense regions, of-
ten identifiable as void-in-voids. In contrast, positive λv voids
are typically smaller structures evolving within overdense re-
gions, commonly classified as void-in-clouds (for an extensive
discussion about void-in-voids and void-in-clouds formation and
evolution see Sheth & van de Weygaert 2004). The lensing im-
print of these two void populations is expected to differ signif-
icantly: the convergence profile of void-in-voids is anticipated
to be strongly negative, approaching zero only at large radii.
By comparison, the convergence profile of void-in-clouds should
turn positive already in the outer regions of the structures, reflect-
ing the intrinsic overdensity of the surrounding environments. To
disentangle the combined lensing signal from these two popula-
tions, the discrimination based on λv becomes crucial. We fur-
ther introduce the measurement of the lensing imprint for a third
void population, with λv values around zero (λv ∈ (−5, 5]). These
voids are less likely to be part of larger structures; isolating them
from the other two populations enables a more precise separation
between the void-in-voids and void-in-clouds samples. This dis-
tinction also provides an additional independent measurement of
the lensing signal, enhancing the robustness of our analysis.
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Fig. 6: Probability function for the number of voids as a function of redshift for the full-sky sample, illustrating the effects of mock calibration.
Left: Void distributions prior to mock calibration. Center: Void distributions following the photometric redshift calibration of the mock galaxies.
Right: Void distributions following both photometric redshift and sparseness calibrations.

Fig. 7: Contours in the rv− δ̄v space for the full observed (left) and simu-
lated (right) void samples. The voids are divided into three populations
according to their λv values, following the binning strategy described in
Sec. 3.2.1. It can be seen that the λv subdivision is primarily driven by
the δ̄v values: voids with λv ∈ (5,∞) (orange) exhibit positive δ̄v val-
ues, voids with λv ∈ (−∞,−5] (purple) show negative δ̄v, and voids in
the range λv ∈ (−5, 5] (green) tend to have δ̄v ∼ 0, forming a transi-
tion zone between the two populations. Negative-λv voids are also more
likely to have larger rv values compared to positive-λv voids. It is evi-
dent that voids in different λv bins are physically distinct and undergo
significantly different formation processes and evolutions.

3.2.1. Void catalogs

We identified cosmic voids by partitioning, again, the observed
dataset into the North and South Galactic Caps, thereby account-
ing for the varying degrees of sparseness in these regions. Ad-
ditionally, we build a void catalog for each of the eight (four
for the North region, four for the South region) mock realiza-
tions presented in Sec. 3.1. For both the observed and simulated
datasets, we excluded voids whose center is identified outside
the redshift range 0.35 < z < 0.95. Maintaining a spatial buffer
near the tracer catalog borders helps to mitigate issues related to
the fragmentation of border voids introduced by the identifica-
tion algorithm. To reproduce the full-sky observation, we com-
bined the two observed void catalogs into a single dataset. To
match this full-sky catalog, we generated 12 mock full-sky void
samples by combining the four North and four South mock void
catalogs, ensuring that no single realization was used in both
regions to avoid covariance issues. The normalized void count
distributions are shown in Fig. 6 for the North-South combined
void catalogs, before and after the mock calibrations. We sub-
divided our void samples into four equispaced redshift bins of

∆z = 0.15. Additionally, for both the total void sample and each
redshift bin, we distinguished three different void populations
based on their λv values: negative-λv (λv ∈ (−∞,−5]), zero-λv
(λv ∈ (−5, 5]), and positive-λv (λv ∈ (5,∞)) voids. Figure 7
illustrates how the value of λv is predominantly driven by the
mean density inside the voids; however, voids with more posi-
tive λv tend to be smaller than those with more negative values,
and vice versa. Table 1 summarizes the number of voids for each
case considered, demonstrating that the void bins are not equally
populated. These specific λv-binning values were chosen to ap-
proximately maximize the signal-to-noise ratio. A more refined
selection will be explored in future work. Moreover, Fig. 8 shows
the comparison between the probability distributions for a set of
properties of the mock and observed voids, rv, δ̄v and λv, are
shown for each redshift bin. The general agreement between the
properties of the simulated and observed void datasets allows
us to mitigate potential systematics arising from discrepancies
between the two void populations. We highlight that the minor
discrepancies observed in the void size functions (left panel of
Fig. 8) at both lower and higher redshift bins are reasonably due
to the slight differences in sparseness of the two tracer catalogs,
which enhance the sensitivity of voids to this parameter.

3.3. Cross-correlation measurement

Despite the difficulty in detecting the lensing signal from a single
void (Krause et al. 2013), due to the weak and noisy nature of the
signal in current observations, measuring a stacked signal from
a substantial number of voids can yield a significant detection of
the void-lensing cross-correlation. Our approach follows to es-
tablished methods in the literature (see, for instance, Camacho-
Ciurana et al. 2023 and references therein), which are generally
consistent with one another. The procedure can be summarized
as follows:

(i). We initialize two empty 512×512 pixel matrices: one to store
the final stacked κ values from our CMB lensing map, and the
other to account for the impact of the CMB mask. The mask
applied is the Planck 2018 mask for the observational data,
and a corresponding mask covering the populated quarter of
the sky for the Buzzard mocks. The weight for each pixel
is progressively accumulated, ranging from 0 (indicating an
unobserved pixel) to 1 (indicating a fully observed pixel).

(ii). For each void, we extract a square CMB patch centred at the
same sky position as the void center, with the side length set
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Fig. 8: Probability distributions for rv (first column), δ̄v (second column), and λv (third column) for voids identified in the calibrated Buzzard
mocks (purple) and in the Legacy Survey (Orange). The void samples are subdivided into four equispaced redshift bins with dz = 0.15, with the
redshift increasing for each row from top to bottom. The excellent agreement between the properties of the observed and simulated voids ensures
effective control of systematics related to potential mismatches between observations and simulations.
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Table 1: Number of voids in each sample used in this analysis, both observed and simulated, for the North and South regions as well as the full-sky.
The table presents the number of voids for the entire dataset and for each redshift bin, further differentiated by the three λv bins considered. For
the Buzzard mocks, the number of voids is the average across the four realizations. Note that the number of voids for the Buzzard full-sky sample
is not simply the sum of the North and South realizations; instead, it is weighted to account for the different areas of the two regions of the sky.

Full sample

catalog Legacy North Legacy South Legacy Full-Sky Buzzard North Buzzard South Buzzard Full-Sky

All λv 78,231 62,481 140,712 71,041 70,555 127,765

Negative λv 17,687 14,035 31,722 14,560 14,516 26,449

Zero λv 30,603 24,018 54,621 28,112 27,741 50,394

Positive λv 29,941 24,428 54,369 28,369 28,298 50,922

0.35 ≤ z < 0.50

catalog Legacy North Legacy South Legacy Full-Sky Buzzard North Buzzard South Buzzard Full-Sky

All λv 10,480 9,343 19,823 9,211 9,676 17,008

Negative λv 2,338 2,017 4,355 2,012 2,086 3,748

Zero λv 3,973 3,371 7,344 3,187 3,330 5,860

Positive λv 4,169 3,955 8,124 4,012 4,260 7,400

0.50 ≤ z < 0.65

catalog Legacy North Legacy South Legacy Full-Sky Buzzard North Buzzard South Buzzard Full-Sky

All λv 15,868 12,937 28,805 14,560 14,861 26,498

Negative λv 3,770 3,132 6,902 3,348 3,425 6,146

Zero λv 6,120 4,770 10,890 5,215 5,380 9,540

Positive λv 5,978 5,035 11,013 5,998 6,055 10,811

0.65 ≤ z < 0.80

catalog Legacy North Legacy South Legacy Full-Sky Buzzard North Buzzard South Buzzard Full-Sky

All λv 21,640 16,763 38,403 20,714 20,080 36,860

Negative λv 5,439 4,234 9,673 4,743 4,598 8,500

Zero λv 8,368 6,321 14,689 8,308 7,940 14,691

Positive λv 7,833 6,208 14,041 7,664 7,542 13,669

0.80 ≤ z ≤ 0.95

catalog Legacy North Legacy South Legacy Full-Sky Buzzard North Buzzard South Buzzard Full-Sky

All λv 29,853 23,118 52,971 26,170 25,565 46,710

Negative λv 6,045 4,574 10,619 4,381 4,321 7,907

Zero λv 12,008 9,439 21,447 11,250 10,958 20,042

Positive λv 11,800 9,105 20,905 10,539 10,286 18,760
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to five times the angular diameter of the void. To perform this
extraction, we use the healpy Python package, specifically
its gnomonic projection function. This function identifies the
patch by performing an appropriate coordinate rotation and
rescales the CMB pixels to match the resolution required by
the angular diameter of the void. The same process is applied
to the CMB mask.

(iii). The CMB and mask patches are then added to their respec-
tive 512×512 matrices.

(iv). Once all voids have been processed, the stacked CMB patch
is normalized by dividing it by the weight matrix. This step
yields the average κ value for each pixel, relative to its dis-
tance from the center of the voids, while properly accounting
for the effects of the CMB mask.

To accurately compare different measurements, we must ac-
count for the bias introduced by the incomplete observation of
the CMB which results in a mean convergence over the observed
area of the sky that deviates from zero. To account for this ef-
fect, simply subtracting the mean convergence of the observed
region from our stacked patch is insufficient, as the voids do not
uniformly sample the sky. Some regions are oversampled due to
void overlap, which introduces additional complexity to the mea-
surement. We correct our CMB lensing map by subtracting the
bias, which is calculated by averaging all the pixels within the
circular CMB patches behind the voids with a radius of R = 5rv.
Each pixel is weighted according to the number of times it is
selected by the overlapping patches.

To compute the cross-correlation, we measured the radial
profile of the final stacked patch. We extended our measurement
to R = 5rv (where the subscript v denotes the stacked void) to
capture the influence of the surrounding environment. The radial
profile was calculated using 25 bins with a width of dR = 0.2rv,
ensuring an optimal balance between noise reduction and the fit-
ting accuracy of the profile.

3.4. Error estimation and template-fitting analysis

The statistical uncertainty in the measurement of the void-CMB
lensing cross-correlation is dominated by the instrumental noise
in the Planck CMB temperature measurements. Other relevant
sources of uncertainty include cosmic and sample variances, as
well as, to a smaller degree, the error associated with the recon-
struction of the convergence maps. The combination of the wide
coverage of the sky provided by both Planck (which offers the
broadest sky coverage for CMB observations to date) and DESI
Legacy observations, along with the size of the void dataset iden-
tifiable in the DESI Legacy LRG sample, enables us to stack our
signal from a wide range of independent regions of the Universe
and uncorrelated areas of the sky, resulting in an unprecedented
reduction of the uncertainty associated with our measurements.
To account for these systematic effects, we employed the fol-
lowing strategy for each void sample, based on Vielzeuf et al.
(2021):

(i). Using the healpy function anafast, we firstly compute
the auto Power Spectrum of the anisotropies of the Planck
CMB lensing map (Planck Collaboration et al. 2020b), Ckk

l .
We then generated, through the healpy synfast function,
1,000 random maps, with nside = 512 and lmax = nside ∗ 3− 1,
based on the measured Power Spectrum. To account for
the effects of the CMB mask, a first-order correction to the
power spectrum is applied: Cκκl,real = Cκκl,masked/ fsky, where fsky

represents the ratio between the observed and total sky areas.

Although fsky varies between 0 and 1, this correction is only
reliable when fsky is close to 1. In our case, fsky ∼ 0.66, en-
suring an adequate correction of the power spectrum in the
contest of our analysis. We note that for future studies aim-
ing to constrain cosmological parameters or working with
smaller sky regions, a mode-coupling Monte Carlo correc-
tion should be considered (see Appendix C of Sailer et al.
2024 for a detailed description of this methodology). Figure
9 shows the comparison between the observed Planck Ckk

l ,
before and after the correction, with the theoretical Power
Spectrum derived from the 2018 Planck best-fit cosmology
provided by the Planck Collaboration. Finally, monopole and
dipole of the generated maps are removed.

(ii). Similarly to the procedure applied to the real CMB lensing
map, we perform a Gaussian smoothing with a FWHM of
0.5◦ on each random realization.

(iii). Planck CMB lensing mask is applied to the random realiza-
tion in order to conserve the amount of information provided
by every map.

(iv). Following the procedure outlined in Sec. 3.3, we cross-
correlated each randomly generated map with our voids. It
is essential to maintain the positions of the void centers to
avoid losing information on void clustering, which could re-
sult in an overestimation of the errors. To assess the impact
of cosmic variance, which arises from working with a single
realization of our observable Universe, we performed a Jack-
knife analysis, with NJK = Nv for each bin. This procedure
generates a jackknife sample of the same size as the void
sample in the considered bin. The standard error associated
with each bin is then computed as

σJK =

√
Nv − 1

Nv

∑
(θi − θ̄)2 . (12)

The impact of the jackknife on the error associated with our
signal is less than 1.5% for each bin and it is therefore con-
sidered negligible.

(v). We estimate the elements i, j of the covariance matrix Ĉ as:

Ci j =
1

N − 1

N∑
k

(xk
i − x̄i)(xk

j − x̄ j) , (13)

where N = 1000 is the size of the random lensing CMB
map-voids cross-correlation sample, xk

i is the measurement
of i-th data component of the k-th cross-correlation, and x̄i is
the mean measurement of the i-th component.

(vi). The error bars associated with our measurements are then
given by the square root of the diagonal elements of the co-
variance matrices.
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Fig. 9: Theoretical (dashed grey line) and observed power spectra,
shown before (purple line) and after (Orange line) the linear correc-
tion accounting for the mask effect. The theoretical prediction is derived
from the best-fit cosmology of the Planck 2018 results.

A similar procedure is applied to each CMB mock realiza-
tion, allowing us to compute the errors associated at the simu-
lated cross-correlations. It is important to note that, in this case,
the contribution from instrumental noise is zero. However, we
should still account for cosmic and sample variances, which con-
tribution to the error budget is not negligible. The average value
of the mock cross-correlation signal is obtained from the mean
of the four realizations, while the elements of the associated co-
variance matrix are computed as:

CB
i j =

1
N

N∑
n=1

C(n)
i,k +

1
N − 1

N∑
n=1

(Mn,i − M̄i)(Mn, j − M̄ j) , (14)

where N is the number of realizations and M refers to the value
of the cross-correlation signal. The first term represents the av-
erage covariance matrix between the various realizations, while
the second term accounts for the variance arising from the devi-
ation of each simulated signal from the average template.

At this stage, we can quantify the consistency of our observa-
tions with the ΛCDM prediction from the Buzzard mocks. Fol-
lowing the approach outlined in Vielzeuf et al. (2021), we as-
sess the level of consistency by estimating the best-fitting CMB
lensing amplitude parameter, Aκ = κLegacy/κBuzzard along with its
corresponding uncertainty σAκ .

The best-fitting CMB lensing amplitude parameter, Aκ, is
constrained through a χ2 minimization, with the χ2 statistic as-
suming the form:

χ2 =
∑

i j

(xL
i − Ak · xB

i )((CL
i j)

−1 + A2
k · (CB

i j)
−1)(xL

j − Ak · xB
j ) , (15)

where xi is the average CMB lensing signal in a radius bin i and
C is the associated covariance matrix. The exponents L and B
denote respectively elements from Legacy Survey and Buzzard
Mocks. Each inverse covariance matrix, following the Anderson-
Hartlap procedure (Hartlap et al. 2007), is corrected by the factor

α =
(Nrandoms − Nbins − 2)

(Nrandoms − 1)
, (16)

where Nrandoms = 1000 and Nbins = 25. This correction decrease
of ∼ 2.6% the covariance value, having, in our specific case,
a small impact on the error measurement. In this statistics, we
take into account the error estimated for the simulated cross-
correlations including its relative covariance, re-scaled for the
factor A2

k . The Aκ corresponding uncertainty, σAκ , is estimated as
the range given by the two values assumed by the parameter Aκ
when χ2

min is increased by 1.
The signal-to-noise ratio associated with our measurement

is calculated based on the maximum detected anisotropy, or, in
other words, as

S
N
= max

j

(
M j

σ j

)
, (17)

where M j and σ j denote the measured amplitude of the signal in
each bin and its corresponding relative error, respectively.

4. RESULTS & DISCUSSION

Following the procedures outlined in the previous sections, we
are now able to measure the cross-correlation between the voids
identified in the LRGs from the DESI Legacy Survey DR9 and
the CMB lensing map from Planck. Additionally, we estimate
the deviation from the ΛCDM predictions based on the analysis
of the spectroscopically calibrated LRG population of the Buz-
zard Mocks.

We chose to conduct our analysis by dividing the dataset
into two distinct regions corresponding to the North and South
Galactic Caps, matching each mock realization to the respective
dataset in order to account for the slight differences in the galaxy
catalogs between the two regions. Subsequently, we performed a
combined analysis by merging the two regions to account for the
full-sky observation. The detailed procedure is outlined in Sec.
3.1.1 and Sec. 3.1.2.

4.1. North and South Galaxy Caps

In our initial analysis, we separately cross-correlated the 78,231
DESI Legacy voids in the North Galaxy Cap and the 62,481
voids in the South Galaxy Cap with the Planck CMB lensing
map. To account for the different environments and evolution
of our voids, following the procedure illustrated in Nadathur
et al. (2017), we further subdivided the datasets according to the
λv value of the voids (see Raghunathan et al. 2020, Camacho-
Ciurana et al. 2023 and Demirbozan et al. 2024 for previous
works exploiting the λv-binning methodology), more precisely
creating three non-equipopulated bins with λv ∈ (−∞,−5), λv ∈

[−5, 5), and λv ∈ [5,∞). All the observed cross-correlations are
then compared with the ΛCDM templates calculated from the
Buzzard Mocks in order to estimate the best-fitting CMB lens-
ing amplitude parameter, Aκ, and its corresponding uncertainty,
σAκ , providing an estimate of the deviation from the simulated
ΛCDM cosmology.

The main results of the North/South Galaxy Caps analysis
are summarized in Fig. 10, while an illustrative example of the
stacked images from which the cross-correlation profile is de-
rived is presented in Fig. 11, referred in this case to the full-sky
void sample. For both the full dataset and the three λv bins, we
present the observed cross-correlation alongside the simulated
ΛCDM signal up to 5rv. In the right panel, the Aκ values for each
measurement are displayed. Despite appearing nearly identical,
the simulated signals for the North and South regions exhibit
slight differences, primarily due to the varying tracer sparseness
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Fig. 10: Cross-correlation signals for the voids identified in the North (left) and South (center) regions of DESI Legacy Survey and the correspond-
ing calibrated Buzzard mock realizations. The measurements are provided for the full void samples and the three different λv bins considered. The
right panel summarizes the Aκ values for the various measurements (see 2). The yellow and blue vertical bands represent the combined measure-
ments for the λv bins, with associated errors, for the North and South regions, respectively. These two estimates yield CMB lensing amplitude
parameter values of Aκ,North = 1.028±0.099 and Aκ,South = 0.998±0.112, in perfect agreement with the full sample measurements and the simulated
ΛCDM predictions.

between the two regions (see Fig. 5) which leads to small dif-
ferences in the void populations identified. Both regions display
a similar behaviour in the observed cross-correlations, with all
measurements being consistent with the ΛCDM expectations,
with fluctuation from Aκ = 1 not exceeding ∼ 1σ.

When considering the full void sample, we measured Aκ =
1.088 ± 0.081 (S/N = 11.47) for the North region and Aκ =
0.936 ± 0.087 (S/N = 7.83) for the South region. Despite the
similarity in the measured signals, the differences in the signal-
to-noise ratio can be attributed to the varying number of voids
and sky coverage in the two regions. As expected, the full sam-
ple signals reveal a profile consistent with the projected density
profile of the stacked void. Typically, the density contrast pro-
file of voids is negative in their inner part, increasing toward the
outer regions in the so-called compensation wall, which corre-
sponds to the surrounding walls and filaments and exhibits pos-
itive density contrast values. The cross-correlation profiles anal-
ogously show a negative convergence in the inner regions, in-
creasing to a positive maximum around r/rv ∼ 1, correspond-
ing to the overdense compensation wall of the stacked void, and
then decreasing to zero at high radius values. When consider-
ing the three λv bins, it becomes evident that the void sample
is split into three distinct populations, each exhibiting markedly
different lensing characteristics. To understand this behaviour,
it is important to recall that voids with very negative λv are, by
definition, highly underdense, often corresponding to large voids
and/or structures likely classified as void-in-voids. On the other
hand, voids with very positive λv are defined as slightly under-
dense structures evolving in overdense environments, commonly
referred to as void-in-clouds. The distinct nature of these two
populations leads to significant differences in their respective
lensing signals, resulting in the original cross-correlation split-
ting into three distinct signals. This effect can be exploited to en-
hance the signal-to-noise ratio (For example, the signal-to-noise
ratio is enhanced to S/N = 16.06 for the negative λv void sample
in the North region, compared to S/N = 11.47 for the full void
sample in the same Galaxy Cap), thereby yielding observations

Table 2: Summary of the estimated Aκ parameters, along with their rel-
ative uncertainties and signal-to-noise ratios, for the various measure-
ments performed in the North and South regions of the sky.

North Galaxy Cap

Void Sample S/N Aκ ± σAκ

λv ∈ (−∞,∞) 11.47 1.088 ± 0.081

λv ∈ (−∞,−5) 16.06 0.976 ± 0.087

λv ∈ [−5, 5) 8.92 1.155 ± 0.117

λv ∈ [5, 1000) 11.67 0.953 ± 0.090

South Galaxy Cap

Void Sample S/N Aκ ± σAκ

λv ∈ (−∞,∞) 7.83 0.936 ± 0.087

λv ∈ (−∞,−5) 12.71 0.930 ± 0.101

λv ∈ [−5, 5) 6.85 1.044 ± 0.135

λv ∈ [5, 1000) 12.41 1.021 ± 0.095

with higher significance. The significance levels of the various
measurements, along with the values of the CMB lensing ampli-
tude parameter Aκ and their associated uncertainties, are reported
in Table 2, while the number of voids considered in each sample
is listed in Table 1.

Article number, page 12 of 19



S. Sartori et al.: The lensing CMB imprint of cosmic voids from the DESI Legacy Survey

Fig. 11: Stacked images of the simulated cross-correlation from the Buzzard mocks (top) and the observed (bottom) cross-correlation between the
full-sky void dataset from the Legacy Survey and the Planck CMB convergence map. The first column displays the stacked images for the full
void population, while the subsequent three columns correspond to void bins categorized by λv, ranging from positive to negative values. Despite
the presence of instrumental noise in the observed stacked CMB patches, the images exhibit strong visual agreement between simulations and
observations, clearly illustrating the distinct properties of the different void populations analyzed.

4.2. Full-Sky analysis

As the second step of our analysis, we combined the void sam-
ples from the North and South Galaxy Caps to reconstruct the
full sky void catalog, consisting of 140,712 voids. We then com-
pared the observed cross-correlations with the simulated ΛCDM
template derived from the 12 North/South Buzzard mock com-
binations. For details on the full creation procedure of the mock
catalogs, refer to Sec. 3.2.1.

Figure 11 presents a detailed view of the stacked CMB
patches resulting from the cross-correlation between the full-
sky void dataset and the CMB lensing map, shown for both the
observed data and a single mock realization, as well as for the
different λv bins. The first column shows the stacked image for
the full void sample, where a distinct negative convergence re-
gion is visible at the center of the patches, illustrating the de-
magnification effect induced by the voids. Additionally, a pos-
itive ring around r ∼ 1rv highlights the magnification effect of
the compensation wall. It is evident that the stacked image de-
rived from the DESI Legacy voids appears noisier than that from
the simulations, an effect attributable to residual instrumental
noise. The subsequent three columns, from left to right, show the
void bins ordered by decreasing positive to negative λv values.
The convergence values of the stacked voids clearly distinguish
the different environments in which the various void populations
evolve.

As in the previous analysis, we first cross-correlated the en-
tire void sample and then subdivided the void catalog into three
distinct λv bins. The results of the full sky analysis are summa-
rized in Fig. 12, along with the best-fitting CMB lensing ampli-

Table 3: Summary of the estimated Aκ parameters, along with their rel-
ative uncertainties and signal-to-noise ratios, for the various measure-
ments performed in the full-sky sample.

Full Sample

Void Sample S/N Aκ ± σAκ

λv ∈ (−∞,∞) 14.06 1.016 ± 0.054

λv ∈ (−∞,−5) 16.94 0.944 ± 0.064

λv ∈ [−5, 5) 11.33 1.093 ± 0.090

λv ∈ [5, 1000) 17.02 0.975 ± 0.060

tude parameters for the signals. We measured Aκ = 1.016±0.054
(S/N = 14.06) for the whole void sample. For the three λv bins,
the measured parameters are Aκ = 0.944 ± 0.060 (S/N = 16.94)
for the negative λv bin, Aκ = 1.093± 0.090 (S/N = 11.33) for the
zero λv bin, and Aκ = 0.975±0.060 (S/N = 17.02) for the positive
λv bin. These value are also tabulated in Table 3. Once again,
all measurements are consistent with the ΛCDM expectations
and demonstrate the enhanced signal-to-noise ratio achieved by
differentiating between the various void populations. This be-
haviour highlights that improving the signal-to-noise ratio is not
solely dependent on the number of voids but also on the type and
quality of the void catalog selected. We note that future analyses
could further improve the signal-to-noise ratio through optimal
fine-tuning of the λv binning.

Article number, page 13 of 19



A&A proofs: manuscript no. main

Fig. 12: Left: Cross-correlation signals for the voids identified in the full-sky DESI Legacy Survey and the corresponding calibrated Buzzard mock
realizations. The measurements are provided for the full void samples and the three different λv bins considered. Right: Summarized Aκ values for
the various measurements (see 3). The blue vertical band represents the combined measurements for the λv bins, with associated error, providing
an estimate of Aκ,full−sky = 1.004 ± 0.072, in perfect agreement with the full sample measurement and the simulated ΛCDM predictions.

Table 4: Summary of the estimated Aκ parameters, along with their relative uncertainties and signal-to-noise ratios, for the various tomographic
measurements performed in the full-sky sample across the different redshift bins.

0.35 ≤ z < 0.50 0.50 ≤ z < 0.65 0.65 ≤ z < 0.80 0.80 ≤ z ≤ 0.95

Void Sample S/N Aκ ± σAκ S/N Aκ ± σAκ S/N Aκ ± σAκ S/N Aκ ± σAκ

λv ∈ (−∞,∞) 5.20 1.025 ± 0.153 7.33 0.993 ± 0.109 7.94 1.041 ± 0.099 10.34 1.072 ± 0.083

λv ∈ (−∞,−5) 6.13 1.158 ± 0.266 9.27 1.104 ± 0.131 10.10 0.947 ± 0.107 15.92 0.992 ± 0.075

λv ∈ [−5, 5) 5.48 1.180 ± 0.283 5.22 1.142 ± 0.222 5.93 1.219 ± 0.184 7.17 1.011 ± 0.130

λv ∈ [5, 1000) 5.71 0.984 ± 0.179 8.47 0.979 ± 0.120 11.28 1.010 ± 0.100 12.55 0.943 ± 0.085

In recent years, Kovács et al. (2022) and Camacho-Ciurana
et al. (2023) have identified a redshift-dependent tension with
the ΛCDM prediction in the cross-correlation, with the ten-
sion becoming more pronounced at lower redshifts. To address
these discrepancies, we extended our analysis by exploiting the
large void sample available to conduct a tomographic study of
the cross-correlation. We partitioned the redshift range into four
equally spaced bins with dz = 0.15. Additionally, as in previous
studies, we further divided the void sample within each redshift
bin into three distinct populations according to their λv values.
The number of voids in each bin is reported in Table 1.

The results of the tomographic analysis are shown in Fig. 13,
alongside the summary plot of the various estimates of the CMB
lensing amplitude parameter. Considering the full void samples
for each redshift bin, we measure, from lower to higher redshift,
Aκ = 1.025 ± 0.153 (S/N = 5.20), Aκ = 0.993 ± 0.109 (S/N =
7.33), Aκ = 1.041 ± 0.099 (S/N = 7.94), and Aκ = 1.072 ± 0.083

(S/N = 10.34). We can observe that for the full void sample, all
measurements are in agreement with theΛCDM prediction, with
the significance level increasing as the number of voids grows.
Furthermore, the cross-correlations exhibit similar amplitudes
across the different redshift bins, whereas a stronger signal at
higher redshifts would be expected due to the magnification ef-
fect of the CMB lensing kernel, which is zero at z = 0 and peaks
at z ∼ 1.7−1.8. To better understand these behaviours, it is useful
to separate the void sample based on the λv values of the voids.
This procedure allows us to distinguish between different void
populations and avoid the signal flattening effect caused by the
combination of voids with varying physical and lensing prop-
erties. It is observed that, when analyzing the signals from the
negative and positive λv voids separately, both demonstrate a co-
herent evolution, with signal amplitude increasing from low to
high redshift.
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Fig. 13: Left: Tomographic cross-correlation signals for the voids identified in the full-sky DESI Legacy Survey and the corresponding calibrated
Buzzard mock realizations. The measurements are provided for the full void samples and the three different λv bins, analyzed in four equispaced
redshift bins with dz = 0.15. Right: Summarized Aκ values for the various measurements (see 4). The blue and yellow vertical bands represent the
combined measurements for the λv bins and the full void samples at different redshifts, with associated errors. The estimates provide CMB lensing
amplitude parameters of Aκ,λv = 1.056±0.170 and Aκ,λv = 1.033±0.114, in perfect agreement with the individual measurements and the simulated
ΛCDM predictions.

All the measurements are compatible with the ΛCDM sim-
ulated prediction at ∼ 1σ level. The significance levels of the
various measurements, along with the Aκ values and their asso-
ciated uncertainties, are reported in Table 4.

We observe that the zero-λv bin, for all redshift bins except
the highest, consistently yields an Aκ value systematically above
one, at approximately 1σ level. This bin has limited cosmologi-
cal significance due to its intrinsic superposition of various void
populations, which results in a cross-correlation amplitude close
to zero and a lower significance compared to the other two popu-
lations; although, it serves as an important indicator of the align-
ment between the properties of observed and simulated voids.
This void population is likely to represent voids with an aver-
age internal density δ̄v ∼ 0. As shown in Fig. 8, these voids
are located in the region of the peak of the δ̄v distribution. Con-
sequently, even minor mismatches in δ̄v between observed and
simulated void populations (due to differences in sparseness, er-
ror distributions, or other systematics) can lead to Aκ values devi-
ating from one, creating apparent discrepancies with the ΛCDM

predictions. Despite the apparent trend in our measurements, it
cannot be ruled out that this result is due to random fluctuations.
Indeed, considering the excellent overlap of the two void popula-
tions, as observable in Fig. 8, and the fact that our measurements
are compatible with the ΛCDM estimates for this zero-λv bins,
we are assured of compatibility between our observed and sim-
ulated void populations.

5. CONCLUSIONS

In this paper, we present a series of new measurements of the
cross-correlation between cosmic voids and Planck CMB lens-
ing (Planck Collaboration et al. 2020a, Planck Collaboration
et al. 2020b). Our work is motivated by the opportunities offered
by the exploitation of the new large photometric LRG catalog
provided by the DESI Legacy Survey (Dey et al. 2019), with
the goal of investigating the tensions with the ΛCDM simulation
highlighted by some previous studies (Vielzeuf et al. 2021, Hang
et al. 2021, Kovács et al. 2022, Camacho-Ciurana et al. 2023).
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We compared our observed signals with simulated templates
derived from four realizations of the LRG samples from the Buz-
zard Mocks (DeRose et al. 2019), which are designed to mimic
the DESI observations and provide realistic DESI-like photo-
metric LRG samples. To address potential tensions arising from
discrepancies between the observed and simulated galaxy cata-
logs, we corrected our mock realizations by calibrating the pho-
tometric redshifts of the mock galaxies, performed using a com-
bination of photometric and spectroscopic redshifts provided by
one million DESI spectra (DESI Collaboration et al. 2016a), and
matching the sparseness between the observed and simulated
galaxy catalogs, as detailed in Sec. 3.1.1 and Sec. 3.1.2.

To create our 3D void samples, we utilized the modified
ZOBOV algorithm (Neyrinck 2008), which is integrated into the
Revolver void-finding code (Nadathur & Percival 2019). The
void identification process and the properties of the void catalogs
are summarized in Sec. 3.2. The observed void catalog and the
void catalogs from the calibrated mocks exhibit an almost per-
fect match across all considered properties (rv, δ̄v, λv), as shown
in Fig. 8, allowing us to avoid the possible arising of tensions
between our measurements and the ΛCDM prediction, arising
from the mismatch between the simulated and observed galaxy
sample in which our void catalogues are identified.

Once the void catalogs were produced, we evaluated their κ
imprint by cross-correlating them with the CMB lensing maps
using a stacking methodology. We applied Gaussian smoothing
with a FWHM of 0.5◦ to the CMB lensing maps to mitigate noise
and fluctuations at small scales. We then utilized 1000 random
CMB realizations to estimate the covariance matrices associated
with our measurements. Through a template-fitting process, we
assessed the consistency between the observed data and the sim-
ulated ΛCDM predictions estimating the CMB lensing ampli-
tude parameter Aκ and its uncertainty σAκ .

We independently analyzed the North and South Caps to ac-
count for small differences in sparseness levels between the two
regions. Afterwards, we merged the two void catalogs to cover
the entire sky, correspondingly modifying our mocks to accu-
rately reflect the properties of the full-sky observations. The re-
sult of the cross-correlation process are reported in Sec. 4. When
considering the full void sample, we measured Aκ = 1.088 ±

0.081 (S/N = 11.47) for the North region, Aκ = 0.936 ± 0.087
(S/N = 7.83) for the South region, and Aκ = 1.016±0.054 (S/N =
14.06) for the full-sky observation. All three measurements are
in perfect agreement with the simulatedΛCDM predictions. Fur-
thermore, the full-sky observation provides a new record detec-
tion of the CMB lensing signal from voids, with a signal-to-noise
ratio slightly exceeding those reported in Hang et al. (2021) and
Camacho-Ciurana et al. (2023).

To account for the different environments and evolution of
our voids, following the procedure illustrated in Nadathur et al.
(2017) and Raghunathan et al. (2020), we further subdivided the
datasets according to the λv value of the voids, more precisely
creating three non-equipopulated bins with λv ∈ (−∞,−5), λv ∈

[−5, 5), and λv ∈ [5,∞). These specific λv-binning values were
chosen to approximately maximize the signal-to-noise ratio. For
the North, South, and full-sky observations, we measured void-
CMB lensing cross-correlation signals in perfect agreement with
the ΛCDM expectations. The values of the CMB lensing ampli-
tude parameter and corresponding signal-to-noise ratios are sum-
marized in Tabs. 2 and 3. This analysis underscores the enhanced
signal significance obtained by subdividing the void sample into
different populations based on their λv values. Specifically, for
the full-sky observation, we measured Aκ = 0.944 ± 0.064 (S/N
= 16.94) for the void-in-voids population and Aκ = 0.975±0.060

(S/N = 17.02) for the void-in-clouds, significantly improving the
signal-to-noise ratio compared to previous observations, despite
the smaller number of voids in each sample, establishing a new
record measurement for CMB lensing by voids.

Lastly, we took advantage of the large size of our void cat-
alog to perform a tomographic analysis, subdividing the red-
shift range into 4 different bins to explore the evolution of the
void-CMB lensing signal across different cosmic epochs. Once
again, we further subdivided our void samples into three dis-
tinct bins based on their λv values, allowing us to disentan-
gle the varying lensing properties of different void populations
across the redshift range. As shown in Fig. 13, all the observed
cross-correlations are consistent with the simulated ΛCDM pre-
dictions at ∼ 1σ level. The corresponding signal-to-noise ratios
and the measured Aκ values, along with their associated uncer-
tainties, are detailed in 4. Once again, this analysis highlights
the enhanced power of the signal and the disentangling effect of
the λv binning approach, revealing the evolution of the cross-
correlation with redshift driven by the effect of the CMB lensing
kernel, which would otherwise remain obscured by the overlap-
ping contributions from different void populations to the total
signal.

In summary, we presented a set of new cross-correlation
measurements between 3D voids and CMB lensing with im-
proved S/N, fully consistent with the ΛCDM predictions from
simulations, emphasizing the critical role of systematic manage-
ment. In particular, we underscore the necessity for mock cata-
logs used in such analyses to precisely match the observed data
in terms of sparseness and redshift error distribution. Even small
deviations can lead to void populations with significantly differ-
ent lensing properties, potentially causing apparent tensions be-
tween observations and simulations. This consideration should
be prioritized in the development of any future mock catalogs
aimed at the cosmological exploitation of voids, ensuring that
the systematic alignment between mocks and observations is rig-
orously maintained to avoid introducing biases in the analysis.
Moreover, we demonstrated the importance of the λv binning ap-
proach, establishing it as essential for disentangling distinct void
populations and enhancing the signal-to-noise ratio. This method
reveals the redshift evolution of the CMB lensing signal, which
would otherwise be obscured by the superposition of different
void populations with differing physical and lensing properties,
allowing a more precise comparison between observations and
ΛCDM predictions, thus significantly improving the robustness
of the analysis.

In future analyses, it will be valuable to explore the fine-
tuning of the void-in-voids and void-in-clouds populations to
further improve the signal-to-noise ratio. This refined approach,
combined with the new large spectroscopic datasets from DESI
and other next-generation surveys (e.g., Euclid, Vera C. Rubin
Observatory, Roman Space Telescope), which will provide high-
quality data in the redshift range where the CMB lensing kernel
is most sensitive, and with upcoming high-precision CMB ob-
servations (e.g., Simons Observatory, CMB-S4), which will sig-
nificantly lower the noise level in convergence maps, will sub-
stantially enhance the cosmological constraining power of fu-
ture measurements of the CMB lensing imprint of voids. These
advancements will be critical for future efforts aimed at differen-
tiating between cosmological models and constraining cosmo-
logical parameters (see Vielzeuf et al. 2023 for details), offering
a new and detailed perspective on cosmic voids and the nature of
the Universe.
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Data Availability

The DESI Legacy Survey DR9 LRG catalogue and the Buz-
zard mocks are available upon request to respectively Rongpu
Zhou and Joe DeRose. Planck 2018 CMB lensing data are pub-
licly available on the Planck Legacy Archive at the following
link: http://pla.esac.esa.int/pla/#home. Datapoint in-
formations for all the figures of the publication can be found at
https://doi.org/10.5281/zenodo.14251132.
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