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A B S T R A C T 
The Cold Spot is a puzzling large-scale feature in the Cosmic Microwave Background temperature maps and its origin has been 
subject to active debate. As an important foreground structure at low redshift, the Eridanus supervoid was recently detected, but it 
was subsequently determined that, assuming the standard ! CDM model, only about 10–20 per cent of the observed temperature 
depression can be accounted for via its Integrated Sachs–Wolfe imprint. Ho we ver, R ! 100 h −1 Mpc supervoids elsewhere in the 
sk y hav e shown ISW imprints A ISW ≈ 5.2 ± 1.6 times stronger than e xpected from ! CDM ( A ISW = 1), which warrants further 
inspection. Using the Year-3 redMaGiC catalogue of luminous red galaxies from the Dark Energy Surv e y, here we confirm the 
detection of the Eridanus supervoid as a significant underdensity in the Cold Spot’s direction at z < 0.2. We also show, with S/N 
! 5 significance, that the Eridanus supervoid appears as the most prominent large-scale underdensity in the dark matter mass 
maps that we reconstructed from DES Year-3 gravitational lensing data. While we report no significant anomalies, an interesting 
aspect is that the amplitude of the lensing signal from the Eridanus supervoid at the Cold Spot centre is about 30 per cent lower 
than expected from similar peaks found in N-body simulations based on the standard ! CDM model with parameters "m = 
0.279 and σ 8 = 0.82. Overall, our results confirm the causal relation between these individually rare structures in the cosmic 
web and in the CMB, moti v ating more detailed future surv e ys in the Cold Spot region. 
Key words: gravitational lensing: weak – surv e ys – cosmic background radiation. 
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1  I N T RO D U C T I O N  
The Cold Spot (CS) is a large-scale anomaly of about 10 ◦ diameter 
in the Cosmic Microwave Background (CMB) temperature maps. 
Centred on l , b $ 209 ◦, −57 ◦ galactic coordinates, it was first 
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DES and the cold spot 217 
Table 1. A collection of the main proposed explanations for the Cold Spot 
and their current status in the light of existing observational probes. 

Cold spot hypothesis Observational status 
1. Measurement error excluded, Planck data confirmed it 
2. Galactic foreground excluded, no frequency dependence 
3. Sun yaev–Zeldo vich effect excluded, no major low- z cluster 
4. Cosmic texture no evidence from other probes 
5. Multiverse signature no evidence, highly speculative 
6. Primordial fluctuation possible, formally a ∼3 σ CMB fluke 
7. Imprint of a supervoid possible, anomalies in other voids 
8. Combined effect from 1-7 possible, depends on cosmology 
detected using a spherical harmonic wavelet filtering method (Cruz 
et al. 2005 ) in Wilkinson Micr owave Anisotr opy Pr obe ( WMAP ) 
data set (Bennett et al. 2013 ), and it was later confirmed in Planck 
data (Planck Collaboration XXIII 2014 ). Subsequently, Zhang & 
Huterer ( 2010 ) and Nadathur et al. ( 2014 ) pointed out that the most 
anomalous nature of the CS is not primarily its coldness at its centre, 
but rather the combination of a cold interior and a surrounding 
hot ring. Overall, the CS is equi v alent to a ∼3 σ fluctuation in an 
ensemble of Gaussian CMB skies, thus the null hypothesis of a tail- 
end primordial temperature fluctuation cannot be rejected. 

Yet, there has been an active debate about possible physical 
processes from foreground structures, at low or high redshifts, that 
might imprint such a spot on the CMB sky (see Table 1 for popular 
hypotheses). The first proposals for the physical origin of the CS 
included rather exotic physics, e.g. cosmic textures at z ≈ 1 (Cruz 
et al. 2008 ), without valuable supporting evidence from independent 
probes (see Vielva 2010 , for a detailed review). Another active line of 
follow-up research was focused on the possible existence of a large 
underdensity, a supervoid, in the matter distribution in alignment 
with the CS. The rationale is that, in the presence of a dominant 
low- z dark energy component, the decaying gravitational potential 
( % ) of a supervoid may generate at least a significant fraction of the 
observed temperature depression ( & T 0 ≈ −150 µK in the centre, see 
Fig. 1 for details) via the late-time Integrated Sachs–Wolfe (ISW) 
effect (Sachs & Wolfe 1967 ). In general, the total ISW shift of the 
CMB photon temperatures along a direction ˆ n can be calculated 
from the time-dependent gravitational potential ( ̇% &= 0) based on 
the line-of-sight integral (other notations may use conformal time) 
&T ISW 

T ( ̂  n ) = 2 ∫ z LS 
0 a 

H ( z) %̇ ( ̂  n , z ) d z , (1) 
with c = 1, scale factor a = 1/(1 + z), Hubble parameter H ( z), 
extending to the redshift of last scattering z LS . The gravitational 
potential % is related to the matter density field δ( r ) by the Poisson 
equation 
∇ 2 % ( r , z) = 3 

2 H 2 0 "m δ( r , z) 
a , (2) 

with the Hubble constant H 0 and matter density parameter "m . 
In the linear growth approximation, density perturbations grow as 
δ( r , z) = D( z ) δ( r ), where D ( z ) is the linear growth factor with a 
typical normalization D (0) = 1. We note that there are subdominant 
non-linear Rees—Sciama effects (RS; Rees & Sciama 1968 ) that 
remain at the &T RS /&T ISW " 10 per cent level compared to the ISW 
term (see e.g. Cai et al. 2010 , for simulated results). 

From a combination of linear growth and the Poisson equation, it 
follows that %̇ = −H ( z)[1 − f ( z)] % , where f = dln D /dln a is the 
linear growth rate of structure. Then, one can obtain the following 

Figure 1. The Planck CMB temperature map (Planck Collaboration VI 
2020 ) is shown centred on the CS with a Gaussian smoothing applied to 
suppress small-scale fluctuations (using RA and Dec Equatorial coordinates). 
We highlighted the DES Y3 surv e y footprint which is the basis of our 
investigations in this paper. The inset shows a 10 ◦ × 10 ◦ zoom-in version of 
the CS area. 
formula for the linear ISW effect that is dominant at large scales: 
&T ISW 

T ( ̂  n ) = −2 ∫ z LS 
0 a [ 1 − f ( z) ] % ( ̂  n , z ) d z . (3) 

Considering the theoretical side of the problem, we note that 
the ISW signal is sensitive to the underlying cosmology (see e.g. 
Cai et al. 2014 ; Beck et al. 2018 ; Adamek et al. 2020 ), and this 
makes the proposed causal relation of a foreground supervoid and 
the CS an interesting hypothesis. Since the ISW signal is sourced by a 
suppression of the growth rate ( f < 1) due to the extra space-stretching 
effects by dark energy at low redshifts, the details of the measured 
ISW imprints can constrain the properties of the cosmological 
constant ( ! ) in the ! -Cold Dark Matter ( ! CDM) model. 

Note that in order to imprint a strong ISW signal, a supervoid 
should ideally be located at low redshift where the [1 − f ( z)] growth 
suppression factor is the strongest (see equation 3). Earlier in the 
! CDM timeline during the Einstein-de Sitter-like matter-dominated 
epoch at z ! 2, gravitational growth,, and cosmic expansion are in 
balance ( f ≈ 1), implying constant gravitational potentials ( ̇% ≈ 0) 
and & T ISW ≈ 0. Based on equation (3), the second requirement for 
a strong ISW imprint is a large fluctuation in % (see e.g. Nadathur, 
Hotchkiss & Crittenden 2017 ), which is also more easily met in 
the low- z range where the cosmic web features bigger density 
fluctuations. 

The first expectation was that an exceptionally deep ( δ0 ≈ −1) and 
very large ( R ! 200 h −1 Mpc) supervoid at z ≈ 1 could, in principle, 
imprint the CS via the ISW effect (Inoue & Silk 2006 , 2007 ; Inoue, 
Sakai & Tomita 2010 ). Ho we ver, a sensible reasoning to exclude any 
supervoid explanation was that in the standard theory of peaks for 
Gaussian random fields (Bardeen et al. 1986 ) the probability of the 
formation of a supervoid capable of imprinting a CS-like profile via 
the ISW effect is practically zero (corresponding to a ! 5 σ density 
fluctuation) in ! CDM (Nadathur et al. 2014 ). The CS itself is a ∼3 σ

MNRAS 510, 216–229 (2022) 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/510/1/216/6468992 by U
niversity of Pennsylvania user on 18 August 2022

art/stab3309_f1.eps


218 A. Kov ́acs et al. 

0 5 10 15 20 25
θ [◦]

−150

−100

−50

0

50

∆
T

C
M

B
[µ
K

]

ΛCDM Jubilee AISW = 1.0
ΛCDM Cai et al. AISW = 1.0
ΛCDM MXXL AISW = 1.0
ΛCDM MXXL AISW = 5.2 ± 1.6
Planck Cold Spot data

Figure 2. A comparison of the observed CS data and the & T ISW profiles 
aligned with ‘coldest spots’ in three different N-body simulations assuming 
a ! CDM model ( A ISW = 1, & T 0 ≈ −20 µK). For the MXXL simulation, we 
also show an enhanced ISW signal by re-scaling the ! CDM template with 
A ISW ≈ 5.2 ± 1.6 that was determined from the observational analysis of 
several other supervoids, including DES Y3 and BOSS DR12 data. 
fluctuation in Gaussian CMB map statistics of cold spots and thus 
hypothesizing such an unlikely supervoid makes no sense in solving 
the problem itself. 

Alternatively, the CS might be composed of a moderate ne gativ e 
fluctuation in the primordial CMB plus a small ne gativ e & T ISW 
contribution, rather than it being entirely a primordial fluctuation 
or entirely an ISW imprint. Smaller and/or shallower voids at 
lower redshift may partially contribute to the observed temperature 
depression, but such structures are incapable of explaining the total 
CS profile in a standard ! CDM model (Naidoo, Benoit-L ́evy & 
Lahav 2016 ). 

On the observational front, the existence of significant voids at z 
! 0.3 has been excluded with high confidence (Bremer et al. 2010 ; 
Granett, Szapudi & Neyrinck 2010 ), in line with the theoretical 
e xpectations discussed abo v e. As a culmination of an e xtensiv e 
search, the relatively shallow ( δ0 ≈ −0.2), but certainly extended ( R 
≈ 200 h −1 Mpc) Eridanus supervoid was disco v ered at z ≈ 0.15 in the 
direction of the CS (see e.g. Szapudi et al. 2015 , and Section 2 below). 
Assuming a baseline ! CDM model, there is a consensus about the 
corresponding ISW imprint of supervoids with parameters consistent 
with the abo v e observ ationally determined v alues (see e.g. Nadathur 
et al. 2014 ; Finelli et al. 2015 ; Marcos-Caballero et al. 2016 ; Naidoo 
et al. 2016 ; Naidoo, Benoit-L ́evy & Lahav 2017 ). As shown in Fig. 2 , 
the expected central ISW imprint is of order & T 0 ≈ −20 µK, in 
accordance with the ‘coldest spot’ in the simulated Jubilee (Watson 
et al. 2014 ), Millennium XXL (Angulo et al. 2012 ), and (Cai et al. 
2010 ) ISW maps using the same definition and wavelet filtering 
technique on mock ISW maps (Kov ́acs 2018 ; Kov ́acs et al. 2020 ). 

Therefore, among others, Nadathur et al. ( 2014 ) and Mackenzie 
et al. ( 2017 ) concluded that a causal relation is certainly plausible, 
but the Eridanus supervoid can only explain about 10–20 per cent 
of the observed CS profile ( & T 0 ≈ −150 cent µK) in the ! CDM 
model. 

None the less, an important further aspect is that the observed 
amplitude of the ISW signal ( A ISW ≡ & T obs / & T ! CDM ) is often sig- 
nificantly higher from supervoids than expected in the concordance 
model ( A ISW = 1). Such excess ISW signals were first found by 

Granett, Neyrinck & Szapudi ( 2008 ) using luminous red galaxies 
(LRG) from the Sloan Digital Sky Survey (SDSS) data set. Follow- 
up measurements and simulation analyses then determined that the 
observed signal is in about ∼3 σ tension with the ! CDM model 
expectations (see e.g. Nadathur, Hotchkiss & Sarkar 2012 ; Flender, 
Hotchkiss & Nadathur 2013 ; Hern ́andez-Monteagudo & Smith 2013 ; 
Ili ́c, Langer & Douspis 2013 ; Aiola, Kosowsky & Wang 2015 ). 

To further test the claimed ISW anomalies, Kov ́acs et al. ( 2017 ) 
used photo- z catalogues of LRGs from the Dark Energy Surv e y 
(DES Collaboration 2016 ) Year-1 data set (DES Y1) and reported 
an excess signal, similar to the original SDSS detection by Granett 
et al. ( 2008 ). This analysis was extended to the DES Year-3 data set 
and the excess ISW signals were confirmed (Kov ́acs et al. 2019 ). 
These findings were crucial, because they independently detected 
ISW anomalies using a different part of the sky. 

In combination with the BOSS results using similarly defined 
supervoids (Kov ́acs 2018 ), the ISW amplitude from BOSS DR12 
and DES Y3 data is A ISW ≈ 5.2 ± 1.6 in the 0.2 < z < 0.9 redshift 
range. Note that this excess ISW amplitude appears to be consistent 
with the enhancement that would be necessary to fully explain the 
CS as an ISW imprint from the Eridanus supervoid, as shown in 
Fig. 2 . An obvious question to ask: is this a coincidence, or the two 
ISW - like anomalies concerning supervoids are related? 

In this paper, we approach this problem from a different per- 
spective. Unlike ISW measurements, recent analyses of the CMB 
lensing imprints of the anomalous supervoids showed no excess 
signal neither using BOSS (Cai et al. 2017 ; Raghunathan et al. 2020 ) 
nor DES Y1 data (Vielzeuf et al. 2021 ), which might provide new 
insights. Along similar lines, here we use the state-of-the-art dark 
matter mass maps reconstructed using the DES Y3 data set (Jeffrey 
et al. 2021 ) to study the gravitational lensing signal of the Eridanus 
supervoid. In particular, we explore how special it is in the 4100 deg 2 
DES Y3 footprint and how its shape and amplitude compare to 
! CDM expectations (see e.g. Higuchi & Inoue 2018 ). 

The paper is organized as follows. In Section 2, we provide a 
historical account of cosmographic analyses in the CS area, and also 
describe the DES data sets. We present our observational methods 
and results in Section 3, and then compare our findings to simulated 
results in Section 4. Finally, Section 5 presents a discussion of our 
main results including our conclusions. 
2  MAPPI NG  T H E  C O L D  SPOT  A R E A  
2.1 Existing results: from galaxy maps to cosmic flows 
The first evidence for an underdensity aligned with the CS was 
presented by Rudnick, Brown & Williams ( 2007 ) by studying 
a catalogue of radio galaxies in the NRAO VLA Sky Survey 
(NVSS). Ho we ver, no redshift information was available for the void 
candidate, and the significance of the detection was disputed (Smith 
& Huterer 2010 ). 

Targeted pencil beam surv e ys (Granett et al. 2010 and Bremer 
et al. 2010 ) found no evidence for a significant underdensity between 
redshifts of 0.5 < z < 0.9, but their galaxy counts were consistent 
with a void at z < 0.3. In addition, the analysis of the 2-Micron 
All-Sk y Surv e y Extended Source Catalogue (2MASS XSC; Jarrett 
et al. 2000 ) galaxy distribution by Francis & Peacock ( 2010 ) showed 
a shallow underdensity of large angular size around the CS. Rassat, 
Starck & Dup ́e ( 2013 ) confirmed the presence of this low- z void in 
the reconstructed 2MASS ISW maps. Manzotti & Dodelson ( 2014 ) 
found that any late time ISW-RS imprints that might be responsible 
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DES and the cold spot 219 
for the CS are very likely to originate at z < 0.3, moti v ating a detailed 
examination of this range. 

Then, Finelli et al. ( 2015 ) analysed the low- z WISE-2MASS 
galaxy catalogue (Kov ́acs & Szapudi 2015 ) that combines measure- 
ments of two all-sky surveys in the infrared, the Wide-Field Infrared 
Surv e y Explorer (WISE; Wright et al. 2010 ) and the Point Source 
Catalogue of the 2-Micron All-Sky Survey (2MASS; Skrutskie et al. 
2006 ). They identified a ∼ 20 per cent underdensity ( δ0 ≈ −0.2) in 
the direction of the CS with θ ≈ 20 ◦ angular size that corresponds to 
about R ≈ 200 h −1 Mpc physical radius, i.e. a rare density fluctuation 
given the combination of size and underdensity. 

Along similar lines, Szapudi et al. ( 2015 ) matched the WISE- 
2MASS galaxy data set to a 1300 deg 2 area with Pan-STARRS1 
(PS1 Kaiser 2004 ) data, adding optical colours for each object. For 
the resulting catalogue, photometric redshifts were estimated and 
the line-of-sight galaxy density profile was analysed in the redshift 
range z < 0.3. Further evidence was found for a shallow but extended 
supervoid ( δ0 ≈−0.2, R ≈ 200 h −1 Mpc) centred on the CS, indicating 
a roughly spherical structure in combination with the constraints on 
it transverse size by Finelli et al. ( 2015 ). 

After the disco v ery of this underdensity called the Eridanus 
supervoid , Kov ́acs & Garc ́ıa-Bellido ( 2016 ) analysed the 2MASS 
photo- z catalogue (Bilicki et al. 2014 , 2MPZ) and found that the 
supervoid is elongated and its extent in the line-of-sight might be 
larger than R ≈ 200 h −1 Mpc, extending to the lowest redshifts. 

A further development was the dedicated 2CSz spec- z survey 
of about 7000 galaxies in the CS region at z < 0.4. Mackenzie 
et al. ( 2017 ) identified four smaller voids at different redshifts which 
suggests substructure for the Eridanus supervoid. Ho we v er, the y also 
identified a similar underdensity in the line of sight in their control 
sample elsewhere in the sky (not observed by DES). They then 
argued that the absence of a CS-like pattern in alignment with this 
other system of voids suggests that the Eridanus supervoid is not 
a special structure in the lo w- z Uni verse and therefore there is no 
causal relation with the CS. Alternativ ely, the o v erall volume of the 
Eridanus supervoid in 3D may be larger than that of the underdensity 
in the control field by Mackenzie et al. ( 2017 ) depending on the large- 
scale environments around the measured lines of sight. This second 
hypothesis is also supported by Courtois et al. ( 2017 ) who analysed 
their Cosmicflows-3 data set and found that the ‘Cold Spot Repeller’ 
is the largest basin of repulsion in the z ≈ 0.1 cosmic web, closely 
aligned with the CS. Therefore, the Eridanus supervoid appears to be 
a rare underdensity in a full 3D view and further investigations are 
needed to determine its connections to the CS; including this analysis 
using DES data. 
2.2 Moti v ation: the lensing imprint of voids 
The weak lensing information from DES Y3 data is a key novelty 
in the problem of the CS and the Eridanus supervoid. In a wider 
context, it helps us to contribute to an established line of research on 
the mass distribution in cosmic voids, including possible precision 
tests of alternative cosmological models in void environments (see 
e.g. Clampitt, Cai & Li 2013 ; Cai, Padilla & Li 2015 ; Baker et al. 
2018 ; Cautun et al. 2018 ; Davies, Cautun & Li 2019 ). 

Unlike clusters, groups, and filaments, cosmic voids cause a de- 
magnification effect and therefore correspond to local minima in the 
lensing convergence ( κ) maps, estimated from the matter density 
field δ( r , θ ) via projection as 
κ( θ ) = 3 H 2 0 "m 

2 c 2 
∫ r max 

0 δ( r , θ ) ( r max − r ) r 
r max d r , (4) 

where r denotes a comoving distance to the sources, and r max 
determines the maximum distance considered in the projection. 

Several real-world detections of the lensing signal from multiple 
voids using stacking methods have already been reported (Melchior 
et al. 2014 ; Clampitt & Jain 2015 ; Gruen et al. 2016 ; S ́anchez 
et al. 2017 ; Brouwer et al. 2018 ; Fang et al. 2019 ), including CMB 
lensing analyses (Cai et al. 2017 ; Raghunathan et al. 2020 ; Hang 
et al. 2021a ; Vielzeuf et al. 2021 ). These observations are supported 
and complemented by signal-to-noise optimization efforts and tests 
of the signal shape given different void definitions using N-body 
simulations (see e.g. Cautun, Cai & Frenk 2016 ; Davies, Cautun & 
Li 2018 ; Davies et al. 2021 ). 

Ho we ver, the detection of the weak lensing effect of an individual 
void has been considered a great challenge due to the significant 
measurement uncertainties (see e.g. Krause et al. 2013 ), except in 
the case of the largest voids with R ! 100 h −1 Mpc radius (Amendola, 
Frieman & Waga 1999 ). Therefore, the Eridanus supervoid is a 
good candidate for such a measurement given its low redshift and 
approximate R ≈ 200 h −1 Mpc radius. 

Higuchi & Inoue ( 2018 ) used an N-body simulation with a lensing 
convergence map and found an expected significance of S/N ! 4 
for a weak lensing signal from such an extended low- z underdensity 
assuming a standard ! CDM model. Higuchi & Inoue ( 2019 ) also 
showed that measurable decreasing trends are expected in the non- 
Gaussian peak statistics in κ maps towards the largest underdense 
regions such as the Eridanus supervoid. These recent findings from 
simulations provide moti v ation for our observ ational analysis. Our 
main methods are the following: 

(i) we first measure a line-of-sight galaxy density profile at the CS 
using LRGs selected from DES data. 

(ii) we then rely on the gravitational lensing convergence ( κ) maps, 
reconstructed from DES cosmic shear measurements, and follow up 
on the detection of the Eridanus supervoid using dark matter mass 
maps, and compare the results to N-body simulations. 
2.3 DES Y3 data: Luminous red galaxies 
We mapped the CS region using data products from the first three 
years (Y3) of the Dark Energy Surv e y (DES, DES Collaboration 
2016 ; Abbott et al. 2018 ). DES is a six-year surv e y that co v ers 
approximately 4100 deg 2 sky area of the South Galactic Cap. 
Mounted on the Cerro Tololo Inter-American Observatory (CTIO) 
four metre Blanco telescope in Chile, the 570 me gapix el Dark Energy 
Camera (DECam, Flaugher et al. 2015 ) images the field in grizY 
filters. 

The raw images were processed by the DES Data Management 
(DESDM) team (Sevilla et al. 2011 ; Morganson et al. 2018 ). We 
adopted the empirically constructed DES Y3 surv e y mask in our 
analysis, which excludes potentially contaminated pixels e.g. in the 
close proximity of bright stars. For the full details of the DES Y3 
data set, we refer the readers to Sevilla-Noarbe et al. ( 2021 ). 

To estimate the line-of-sight galaxy density profile aligned with the 
CS, we used an LRG sample from the first three years of observations. 
This red-sequence MAtched-filter Galaxy Catalog ( redMaGiC ; Rozo 
et al. 2016 ) is a catalogue of photometrically selected LRGs, 
based on the red-sequence MAtched-filter Probabilistic Percolation 
(redMaPPer) cluster finder algorithm (Rykoff et al. 2014 ). We 
utilized the redMaGiC sample that spans the 0.2 < z < 0.7 range, 
because of its exquisite photometric redshifts, namely σ z /(1 + z) 
≈ 0.02, and a 4 σ redshift outlier rate of r out $ 1 . 41 per cent. The 
resulting galaxy sample has an approximately constant comoving 
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space density n̄ ≈ 10 −3 h 3 Mpc −3 (high density sample, brighter 
than 0.5 L ∗). 

The great photo- z precision allows an accurate and robust recon- 
struction of cosmic void environments, and such a redMaGiC galaxy 
sample has been used in a series of DES void analyses including 
weak lensing and ISW measurements (see e.g. Kov ́acs et al. 2017 ; 
S ́anchez et al. 2017 ; Fang et al. 2019 ; Vielzeuf et al. 2021 ). 

The galaxy clustering properties of the latest Y3 redMaGiC data 
set are presented by P ande y et al. ( 2021 ). In the context of possible 
remnant systematic effects in this sample (see e.g. DES Collaboration 
2021 , for further details), we note that 3222 DES voids, identified 
from the Y3 redMaGiC data, did show correlations with DES mass 
map features (Jeffrey et al. 2021 ). This indicates that genuine cosmic 
voids are detected from this catalogue. 
2.4 DES Y3 data: dark matter mass maps 
Complementing galaxy catalogues, the mass maps are weighted 
projections of the density field (primarily dark matter) in the 
foreground of the observed galaxies. Following the DES Y3 mass 
map reconstruction analysis presented in detail by Jeffrey et al. 
( 2021 ), we consider mass maps in HEALPix format with resolution 
N side = 1024 (Gorski et al. 2005 ) based on four slightly different 
reconstruction methods; each is a maximum a posteriori estimate 
with a different model for the prior probability of the map: 

(i) The first method considered is the direct inversion of the shear 
field, also known as the Kaiser-Squires (KS) method (Kaiser & 
Squires 1993 ), followed by a smoothing of small angular scales. 

(ii) The second method uses a prior on the B-modes of the map, 
imposing that the reconstructed convergence field must be purely 
an E-mode map (null B-mode prior); this method also includes 
smoothing at small scales. 

(iii) The third method, the W iener filter , uses a Gaussian prior 
distribution for the underlying convergence field. 

(iv) Lastly, the GLIMPSE method implements a sparsity prior 
in wavelet (starlet) space (Lanusse et al. 2016 ), which can be 
interpreted as a physical model where the matter field is composed 
of a superposition of spherically symmetric haloes. 

All methods are implemented on the celestial sphere to accom- 
modate the large sky coverage of the DES Y3 data. The mass 
maps were reconstructed using the DES Y3 shear catalogue Gatti 
et al. ( 2021 ) of 100 204 026 galaxies in 4143 deg 2 , building upon 
the Y3 Gold catalogue (Sevilla-Noarbe et al. 2021 ) and using 
the METACALIBRATION algorithm (Huff & Mandelbaum 2017 ; 
Sheldon & Huff 2017 ), which infers the galaxy ellipticities starting 
from noisy images of the detected objects in the r, i, z bands. 

Map-level tests against various systematics regarding the parent 
DES galaxy catalogues showed no significant remnant contamina- 
tion. Focusing on large scales, here we take the DES Y3 mass maps 
as inputs and present an additional application in cosmographic 
analyses (see Jeffrey et al. 2018 , 2021 , for further details about 
reconstruction methods and mass map properties). 
3  M E T H O D S  A N D  RESULTS  
3.1 A line-of-sight density profile 
Without considering lensing information, this first part of our analysis 
aims at measuring and testing the galaxy density field from the DES 
data in the direction of the CS, and test the consistency with previous 
state-of-the-art results (see e.g. Kov ́acs & Garc ́ıa-Bellido 2016 ; 

Mackenzie et al. 2017 ). Following similar DES analyses presented 
by Chang et al. ( 2018 ) and Jeffrey et al. ( 2021 ), the redMaGiC galaxy 
catalogue was projected into the 2D slices of & r = 100 h −1 Mpc along 
the line of sight. This thickness corresponds to the approximate 
photo- z errors of the redMaGiC galaxies that allows the robust 
identification of voids (see S ́anchez et al. 2017 , for details). 

At 0.07 < z < 0.45, galaxy density contrasts ( ρg / ̄ρg − 1 = δg ) are 
measured in 10 tomographic slices aligned with the CS at RA, Dec ≈
48.3 ◦, −20.4 ◦. Galaxies were counted within an aperture of 2.5 ◦ of 
the void centre. This corresponds to approximately half the angular 
size of the CS, allowing a more direct analysis of the deepest parts 
of the supervoid. 

To facilitate comparisons to the previous 2MPZ and 2CSz surv e ys 
in the CS area that used different galaxy tracers with different linear 
bias, we converted the galaxy density value to matter density ( δm = 
δg / b g ) in all cases. We note that the large and shallow (super)voids 
detected by photo- z surv e ys such as DES are well described by the 
linear bias model; they naturally trace the largest scales where the 
linear bias approximation is expected to hold (see Pollina et al. 2017 , 
2019 , for previous simulated and DES results). 

Estimated from a combination of clustering and lensing 2-point 
correlation functions (Prat et al. 2021 ), the linear galaxy bias for 
the DES Y3 redMaGiC sample is about b g ≈ 1.74 ± 0.12 at our 
redshifts of interests (a slight redshift dependence is neglected in 
this analysis). The linear galaxy bias values for the 2MPZ galaxy 
catalogue (Bilicki et al. 2014 ) are b g ≈ 1.18 ± 0.03 at z < 0.08 and 
b g ≈ 1.52 ± 0.03 at 0.08 < z < 0.3, as determined by Alonso et al. 
( 2015 ). The linear bias of the 2CSz galaxies changes gradually from 
b g ≈ 1.35 at z ≈ 0.1 to about b g ≈ 2.0 for galaxies approaching z ≈
0.4 (Mackenzie et al. 2017 ). We linearly interpolated between these 
measured b g values, and used them for our conversion from galaxy 
to matter density fluctuations. 

As shown in Fig. 3 , the matter density contrasts estimated from 
DES data at the different redshifts are remarkably consistent not only 
with the 2MPZ photo- z data in their o v erlapping range, but also with 
the presumably more accurate 2CSz spec- z results. This agreement 
further suggests that our analysis is certainly not affected by possible 
remnant systematic problems concerning the DES Y3 redMaGiC 
catalogue (DES Collaboration 2021 ). 

With the DES data, we confirmed the previously reported deepest 
part ( δ ≈ −0.25) of the Eridanus supervoid at z ≈ 0.15, observed 
a slight o v erdensity ( δ ! 0.1) at z ≈ 0.2, and also detected 
two smaller voids at higher redshifts. Our redMaGiC LRG data 
contain few galaxies in the z < 0.1 range and therefore we cannot 
provide a detailed comparison with existing measurements. In this 
generally underdense low- z environment (see 2MPZ data points), 
the intervening overdense structure at z ≈ 0.06 (detected only 
in more accurate spec- z data) is one of the outer filamentary 
features rooted in the Horologium supercluster, as noted previ- 
ously by Kov ́acs & Garc ́ıa-Bellido ( 2016 ) in their cosmographical 
analysis. 

Considering the z > 0.45 redshift range, we note that previous line- 
of-sight analyses of galaxy counts by Granett et al. ( 2010 ) and Bremer 
et al. ( 2010 ) excluded the possibility of significant voids aligned 
with the CS (while their results were consistent with an underdensity 
at z < 0.3 where later the Eridanus supervoid was detected). For 
completeness, we did check the 0.45 < z < 0.7 range using our DES 
redMaGiC galaxies and, as expected, found no significant voids or 
superclusters (see Appendix A for details). 

Our reconstruction of the matter density field at the CS from the 
DES Y3 data set confirms that the Eridnaus supervoid is among the 
largest known underdensities in the observable Universe. A deeper 
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Figure 3. The line-of-sight matter density profiles are compared for different surv e ys of the CS direction. We converted galaxy density to matter density using 
the independently determined linear galaxy bias ( b g ) values for each tracer data set. The DES results from redMaGiC galaxies feature a consistent density profile 
when compared to 2MPZ (photo- z) and 2CSz (spec- z) data. We also observe two previously seen smaller voids at redshifts higher than the main supervoid at z 
< 0.2, which may also contribute to the o v erall ISW imprints of the supervoid. 
understanding of these large-scale structures is of great interest in 
cosmology (see e.g. Shimakawa et al. 2021 ). 
3.2 Mass map filtering strategies 
The DES Y3 weak lensing convergence ( κ) maps are exceptionally 
rich sources of cosmological information. For instance, additional 
information on the growth of structure and the clumpiness of the 
matter distribution might be extracted by analysing their higher order 
moments (Gatti et al. 2020 ), or their non-Gaussian peak statistics may 
also be measured with machine learning techniques to complement 
traditional 2-point function analyses (see e.g. Ribli et al. 2019 ; 
Z ̈urcher et al. 2021 ). 

In this analysis, we are guided to ignore the information encoded 
in their small-scale patterns, and rather test their largest scales for 
three reasons. First, the existing evidence on the dimensions of the 
Eridanus supervoid suggests that its angular size is about θ ≈ 20 ◦
as a consequence of its very low redshift and large physical size 
with about R ≈ 200 h −1 Mpc. Secondly, to test previous claims that 
this supervoid is not a particularly special underdensity in the low- z 
Universe (see e.g. Mackenzie et al. 2017 ) we wish to know if this 
region is of special significance considering the total 4100 deg 2 DES 
Y3 surv e y area. 

Thirdly, we expect from the Poisson equation, conveniently ex- 
pressed in Fourier space as % ( k , z) ∼ δ( k , z) / k 2 using a wave vector 
k , that the characteristic fluctuations in the gravitational potential 
appear on much larger scales than in the density field due to the k −2 
factor. Since these perturbations in % are the actual sources of the 
ISW signal, it is important to focus on their reconstruction. 

Along these lines, we followed three similar strategies to highlight 
and probe the largest scales in the DES Y3 mass maps: 

(i) as the simplest proxy for tracing large-scale patterns in the 
gravitational potential, we applied a Gaussian smoothing to the mass 
maps with σ = 10 ◦. 

(ii) as an alternative method, we filtered the mass maps in spherical 
harmonic space and kept only the + < 10 modes which correspond 
to the largest angular scales. 

(iii) we calculated the projected gravitational potential ψ from 
the κ maps following a κ+m = − 1 

2 + ( + + 1) ψ +m transformation which 
also ef fecti vely highlights the largest scales in the map. 

Our reconstructed large-scale patterns in the DES Y3 KS mass map 
are shown in Fig. 4 . We report a striking visual correlation between 
the location of the CS and the largest ne gativ e density fluctuation 
in the maps, regardless of the methodology to probe the largest 
scales. We also observed a generally overdense environment further 
away from the CS region. The significance of these correlations is 
estimated from more detailed analysis below. 

Overall, this finding certainly confirms previous detections of the 
Eridanus supervoid from an independent new tracer of large-scale 
structure. Moreo v er, it also indicates that this supervoid is indeed 
a special underdensity in the low- z cosmic web, and reinforces the 
hypothesis of causal correlations with the CS. 
3.3 Void lensing profiles at the cold spot 
An important consideration is that the CS is located close to the 
edge of the DES surv e y area as shown in Fig. 4 . We note that 
the originally designed DES footprint was in fact modified (during 
the surv e y planning stage) to fully include the CS area. Therefore, 
the observed DES Y3 data set does include a complete θ ! 15 ◦
disc around the nominal CS centre (RA, Dec ≈ 48.3 ◦, −20.4 ◦) 
which allows a detailed view of the large-scale structure of DES 
galaxies in this direction. Ho we ver, this limitation also means that 
any radially averaged measurement beyond θ ≈ 15 ◦ will necessarily 
result in a less complete reconstruction due to an increasing fraction 
of masked pix els be yond the edge of the surv e y (most importantly in 
the direction of the top left-hand corner of the insets in Fig. 4 ). 

We quantified the visually compelling correlations seen in Fig. 4 by 
measuring the tangential κ and ψ profiles in &θ = 2 ◦ bins centred on 
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Figure 4. Using HEALPix tools, the left-hand panel shows the DES KS mass map with a σ = 10 ◦ Gaussian smoothing applied to highlight fluctuations at the 
largest scales. The middle panel displays our results for a mass map with + < 10 modes only. On the right, we show the projected gravitational potential ( ψ) that 
we calculated from the κ map. Our maps consistently show that the largest under-density in the DES Y3 data set is closely aligned with the CS, corresponding 
to a prominent low- z supervoid. As in Fig. 1 , the inset in all panels shows the Planck CMB temperature map in the CS region. 
the CS. We estimated the uncertainties of this detection by measuring 
the radial κ profile in 200 random locations in the DES Y3 mass 
maps. The resulting covariance matrix C showed strong off-diagonal 
contributions, especially at the innermost 4–5 bins, which we take 
into account in our analysis. We then e v aluated a χ2 statistic and 
calculated the signal-to-noise ratio compared to a null detection 
as S / N = √ 

χ2 
0 − N bins with χ2 

0 = κdata C −1 κdata , where C −1 is the 
inverse of the covariance matrix from our randoms and κdata are the 
measured data points in the radial profile. 

We compared our results from different versions of the DES Y3 
mass map based on the Kaiser-Squires (KS), Wiener filter, and Null-B 
reconstruction methods. We note that, by construction, the GLIMPSE 
method is not adequate to accurately reco v er the largest scales and 
therefore we do not use the related mass map in our main analyses. 
For completeness, we nevertheless detected an underdensity aligned 
with the CS in the GLIMPSE map as well, although with a lower 
amplitude than in the other three versions. 
3.3.1 Gaussian smoothing ( σ = 10 ◦) 
In Fig. 5 , we present our results in the case of the Gaussian smoothing 
applied to the mass maps. All maps show a consistently ne gativ e 
and gradually fading κ imprint which extends to about θ ≈ 20 ◦, 
in line with previous findings from the WISE-2MASS galaxy map 
(Finelli et al. 2015 ). Testing the relation of fluctuations in mass and 
light, we also measured the projected galaxy density field at the 
CS using the DES redMaGiC galaxies. We found an approximately 
linear relationship between δg and κg , as expected based on previous 
results (Fang et al. 2019 ; Pollina et al. 2019 ). 

Considering only the innermost radial bin at θ < 2 ◦, we found S/N 
≈ 2.1 as a signal-to-noise ratio. Using the data from all radial bins up 
to θ ≈ 40 ◦, we report an S/N ≈ 7.2 detection of an underdensity in the 
fiducial Kaiser-Squires mass map. While this S/N analysis was based 
on the full covariance matrix C (including bin-to-bin correlations), 
the error bars shown in Fig. 5 were estimated from the diagonal 
elements for demonstration. Given these uncertainties, the Wiener 
filtered and Null B-mode results are fully consistent with the KS 
signal, which strengthens our detection. 

We note that a slightly o v erdense ‘compensation’ re gion ( κ > 0) 
is also detected around the central underdensity ( κ < 0). These data 
points also contribute to the S/N that we estimate considering their 

Figure 5. Tangential κ profiles centred on the CS. In the case of the KS map, 
the detection significance of the measured κ profile is S/N ≈ 7.2 compared to 
a null signal. We compare our three different mass map versions and report 
good consistency among them at all radii. 
covariance with the inner part of the profile. At large θ , the lensing 
signal does approach zero as expected. See also Fig. 4 for a visual 
impression of the surroundings of the CS area. 
3.3.2 Large-scale modes ( + < 10) 
In Fig. 6 , we then compare the shape of the κ profile in the different 
DES mass map versions if only the largest scales are considered with 
+ < 10. The detection significance is S/N ≈ 2.1 for the first bin at 
the centre, whilst the full profile yields an S/N ≈ 6.1 detection. 

Given the errors, we again report great consistency between 
different mass map versions, and also with the results from Gaussian 
smoothing. The underdense central part, the o v er-dense compensa- 
tion region, and the convergence to zero signal are again clearly 
detected using these differently filtered maps. 

We note that the amplitude of the κ profiles from the + < 10 
maps are higher compared to the results from Gaussian smoothing. 
This is the consequence of the slightly different mass map filtering 
techniques that we applied to highlight the largest scales, but both 
sets of W iener , Null B-mode, and KS maps are internally consistent. 
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Figur e 6. Conver gence ( κ) profiles measured from the + < 10 filtered version 
of the maps to study the actual large-scale modes. When comparing different 
mass maps, we again see good consistency throughout the full extent of the 
profile, including the compensation zone at θ ! 20 ◦. 

Figure 7. Tangential ψ profiles measured from the projected gravitational 
potential maps that we calculated from the original κ maps without smoothing 
or filtering. We again report consistent results in the full extent of the profile 
from different mass maps. 
3.3.3 Lensing potential ( ψ) 
In Fig. 7 , we illustrate how the reconstructed large-scale gravitational 
potential at the CS changes when different map versions are used. As 
in the previous two cases, we observe a consistent profile shape and 
amplitude. An underdensity is detected with S/N ≈ 2.3 considering 
only the first bin, but the o v erall detection significance reaches S/N 
≈ 5.9 considering the full extent of the profile. Given the errors, the 
measured profiles from different mass map versions show consistent 
results, including the compensation zone beyond the zero-crossing 
at about θ ≈ 20 ◦. 

From these tests, we also observed that the transverse size of 
the under-density extends beyond the actual CS region, and other 
surrounding voids are also expected to contribute to this large 
fluctuation in the gravitational potential. We note that another large 
void with R ≈ 250 h −1 Mpc line-of-sight size, that Jeffrey et al. ( 2021 ) 
detected in alignment with a significant κ < 0 region in the DES Y3 
mass map at RA, Dec ≈ 41.2 ◦, −12.2 ◦, is also expected to contribute 
to the gravitational potential fluctuation ( θ ≈ 7 ◦ from the CS centre). 

This finding suggests that the actually deepest part of the Eridanus 
supervoid may be outside the central CS region, but the o v erall large- 
scale fluctuation in the ψ map is very accurately centred on the CS, 

Figure 8. Tangential profiles from 100 independent Monte Carlo samples 
from the posterior p ( κ| γ ) using the Wiener posterior (light grey curves) 
with fixed void position are compared to our main results that are based 
on maximum a posteriori mass maps from different reconstruction methods. 
Though the error bars represent different uncertainties, the mean and standard 
deviation (black markers) of this ensemble is in great agreement with our 
baseline analyses in the full extent of the profile. 
and this is what drives the expected ISW signal. We leave the more 
detailed analysis of the substructure of the Eridanus supervoid for 
future work, possibly including upcoming DES data releases and 
no v el spectroscopic data sets. 
3.4 Monte Carlo sampling 
To e v aluate the uncertainty associated with the lensing poten- 
tial profile at fixed position, we target the posterior probability 
p( ψ | γ , RA , Dec ) given lensing data γ . We generate independent 
Monte Carlo (MC) samples from this ψ posterior using samples from 
the posterior of possible mass maps p ( κ| γ ). For each sample of the 
posterior probability of the map κ , we e v aluate the lensing potential 
ψ and measure the radial profile for the fixed RA, Dec of the CS. 

For the mass map posterior samples, we use the same Gaussian 
prior as used by the Wiener filter. The Wiener filter is equi v alent to 
the mean of all possible posterior samples (in addition to being the 
maximum of the posterior distribution). Each posterior sample is a 
constrained realization (Hoffman & Ribak 1991 ; Zaroubi et al. 1995 ) 
and each appears as a full-sky mass map with the expected power 
spectrum and masked regions in painted. Unobserved regions of the 
sky are lightly constrained by data and will therefore fluctuate heavily 
between samples. To generate κ realizations drawn from p ( κ| γ ) we 
use the DANTE 1 package (Kodi Ramanah, Lavaux & Wandelt 2019 ) 
with settings matching those described by Jeffrey et al. ( 2021 ). 

In Fig. 8 , we present the results from the analysis of 100 MC 
mass map samples. The uncertainties that we estimated from the MC 
sampling are comparable to the errors we estimated from randomiza- 
tion of the void centre in the DES footprint but their actual meaning 
is slightly different. The MC errors characterize our knowledge on 
the amplitude and shape of the reconstructed void profile, whereas 
the errors from randomization correspond to a detection significance 
compared to a null hypothesis of no void detection. 

Given these errors, we found that the mean profile calculated from 
this ensemble of profiles is not identical to the baseline maximum a 
posteriori Wiener filter map result. Ho we ver, the two results are fully 
1 https://github.com/doogesh/dante 
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consistent with each other, and also with the other two mass map 
versions Kaiser-Squires and Null B-modes. 
4  VOID  LENSING  IN  SIMULATIONS  
Considering all the evidence presented, we report a robust S/N ! 
5 detection of a supervoid from the DES Y3 mass maps aligned 
with the CS. Importantly, this finding is fully consistent with the 
expectation of an S/N ! 4 detection from an Eridanus-like supervoid 
based on the simulation analysis by Higuchi & Inoue ( 2018 ). 
4.1 Methodology 
To better assess the consistency of the observed lensing signal with 
! CDM expectations, we also analysed convergence maps from N- 
body simulations. We used a set of full-sky mock lensing maps 
(Takahashi et al. 2017 ) obtained for source redshifts z ! 1.4, 
in consistency with the range of DES Y3 source galaxies. Initial 
conditions were generated using the 2LPTIC code (Crocce, Pueblas 
& Scoccimarro 2006 ) and the N-body simulation used L-GADGET2 
(Springel et al. 2005 ) with cosmological parameters consistent with 
the WMAP 9-year results: "m = 0.279, σ 8 = 0.82, "b = 0.046, n s 
= 0.97, h = 0.7 (see Hinshaw et al. 2013 , for details). 

The average matter power spectra of the simulations agree with 
the revised HALOFIT (Takahashi et al. 2012 ) predictions within 5 
per cent for k < 1 h Mpc −1 at z < 1 and for k < 0.8 h Mpc −1 at z 
< 3. A multiple plane ray-tracing algorithm ( GRayTrix ; Hamana 
et al. 2015 ) was used to estimate the values of the convergence fields 
for the simulation snapshots, and κ maps are provided in the form of 
HEALPix maps with different resolutions, including N side = 4096 
which we used for our tests. 
4.2 Consistency tests 
To model our DES Y3 analysis, we downgraded the mock κ maps to 
N side = 1024, and converted them to ψ maps by applying the κ+m = 
− 1 

2 + ( + + 1) ψ +m transformation. We considered five different mock 
! CDM realizations, and also analysed each octant separately in the 
fiv e full-sk y maps. With this strate gy, we accounted for the 4100 de g 2 
surv e y window of the observed DES data (using a less complicated 
mask than in observations, but identical map resolutions), and thereby 
built an ensemble of 5 × 8 = 40 DES Y3-like simulations to compare 
to. We also checked that the simulations feature similar fluctuations 
in the maps compared to the DES data, and that using lower resolution 
maps does not change the results. 

In each of the DES Y3-like octant mocks, we identified the location 
of the HEALPix pixel with the highest value of ψ , which corresponds 
to the approximate centre of the largest projected underdensity in the 
map. As in the DES Y3 analysis, we then measured the tangential 
profiles around these most significant peaks in the ψ maps, and 
determined their mean and standard deviation. 

As shown in Fig. 9 , we found that, in the centre of the CS ( θ
! 5 ◦), the lensing signal from the Eridanus supervoid is about 30 
per cent lower than typical results from the ! CDM mocks. The 
significance of the observ ed discrepanc y is at the 2 σ level, with a ψ 0 
≈ (2.8 ± 1.2) × 10 −5 central value for DES Y3 and ψ 0 ≈ (5.3 ± 0.8) 
× 10 −5 measured for our mocks. At θ ≈ 3 ◦ and θ ≈ 5 ◦, we also found 
a 1.7 σ and a 1.2 σ lower-than-expected signal, respectively, followed 
by consistent signal strength in the rest of the profile. 

We stress that this is a frequentist analysis; the cosmological 
parameters "m = 0.279 and σ 8 = 0.82 are not varied in our mock 
realizations. Therefore, the 2 σ discrepancy that we found should be 

Figure 9. A comparison of lensing signals from supervoids, identified as 
large-scale peaks in ψ maps, using DES Y3 data (dark blue) and 40 mock 
realizations (pale red curves). The red points and error bars show the mean 
and standard deviation of the 40 simulated analyses, if the profiles are 
centred on the actual peak of the potential fluctuations. The discrepancy with 
observations cannot be resolved even when a random &θ ! 5 ◦ peak mis- 
centring is applied in simulations (empty squares). It is also demonstrated 
that the actual peak in DES Y3 data is very closely aligned with the nominal 
CS position, and measuring the ψ profile around this observed peak (empty 
circles) does not significantly change the DES Y3 results. 
interpreted as the likelihood of detecting such a low lensing signal 
given the specific ! CDM model parameters, and also considering 
the field-to-field fluctuations in the simulated measurements. 
4.3 Discussion and interpretation 
While this mismatch is not highly significant, we considered possible 
explanations. First, we tested the expected role of mis-centring in the 
identification of the largest peak in the ψ maps. As demonstrated 
in Fig. 9 , a randomly assigned &θ ! 5 ◦ shift of the peak position 
in mock profile measurements could reduce the ∼2 σ tension to the 
even more tolerable 1.3 σ level (and also results in a slight widening 
of the lensing profiles at large radii, i.e. similar to the DES results). 
Then, we also identified the position of the large-scale peak in the 
DES Y3 ψ map, finding RA, Dec ≈ 45.0 ◦, −18.5 ◦, i.e. only about 
&θ ≈ 3.8 ◦ from the nominal CS centre at RA, Dec ≈ 48.3 ◦, −20.4 ◦. 
We measured the tangential profile in the DES Y3 ψ map around this 
location, and found an approximately 10 per cent stronger signal in 
the centre (see Fig. 9 ). Therefore, the observed mis-centring does not 
explain all of the discrepancy (but it may contribute to it), assuming 
that the DES mass maps are correct. 

We also considered that a lower lensing signal might come from 
imperfections in the observational reconstruction of the underlying 
potential ψ . The performance of the DES Y3 mass mapping methods 
was validated using a single realization of the Takahashi et al. ( 2017 ) 
simulations that we also analysed. In that e xample, Jeffre y et al. 
( 2021 ) found that the power spectrum of the reconstructed mass map 
simulations was underpredicted by ∼10–30 per cent at the largest 
scales ( + ! 15) compared the true noiseless mock convergence field. 
In a more realistic analysis, a noisy realization of the same underlying 
κ map was analysed, and no significant bias was found in the KS and 
Null B-mode map reconstructions. We also highlight here that the 
DES surv e y window provides an incomplete map of the surroundings 
of the wider CS region (see Fig. 4 ), and thus the reconstruction of the 
large-scale potential may also be imperfect, both in terms of centring 
and in o v erall amplitude. 
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We note that the large-scale modes may vary quite significantly 

in different realizations due to cosmic variance. While the role of 
these variations was not e xtensiv ely tested in the DES Y3 mass map 
analyses (Jeffrey et al. 2021 ), a consistent suppression of large-scale 
modes in DES Y3 mass map reconstructions could in principle result 
in lower amplitudes at the large-scale peaks. In our measurements 
and mock analyses, we made an attempt to minimize such possible 
biases by setting the + ≤ 3 spherical harmonic modes to zero in the 
ψ map. At the expense of losing some of the signal, this simple high- 
pass filtering remo v es supersurv e y modes from the lensing potential 
map ψ that a DES Y3-like 4100 de g 2 surv e y is unable to probe. In 
turn, the strongest local peaks in the full-sky ψ map’s octants became 
more comparable to the cut-sky DES Y3 maps. 

Overall, the flattened lensing profile observed in DES data may 
well be a combined effect from the abo v e sources of imperfections 
concerning the data (mis-centring, nearby surv e y edge, suppression 
of large-scale power in the map reconstructions), but we stress that 
the observed discrepancy remains at the moderate 2 σ level. 

Finally, we also contemplated that the lower-than-expected 
lensing signal in the direction of the CS centre is due to a genuine 
physical effect, since there are intriguing precedents for similar 
findings in cosmology. For example, Leauthaud et al. ( 2017 ) 
reported from their BOSS × CFHTLenS g alaxy–g alaxy lensing 
measurements that the observed lensing signal is ∼20–40 per 
cent lower than expected based on the autocorrelation of the 
galaxy sample. Then, Lange et al. ( 2021 ) determined that this 
tension does not significantly depend on the mass of haloes in the 
10 13.3 –10 13 . 9 h −1 M , range and no significant scale-dependence is 
seen in the 0.1 h −1 Mpc < r < 60 h −1 Mpc range. These results can 
exclude some proposed small-scale phenomena as explanations, 
such as baryonic effects or insufficient halo occupation modelling. 

Considering cosmic voids, we highlight that the CMB lensing 
imprint of DES Y1 voids was also found slightly lower than expected 
with about A κ = κobs / κ th ≈ 0.8 (Vielzeuf et al. 2021 ). While the 
significance of this DES Y1 result was only moderate, Hang et al. 
( 2021a ) analysed a larger sample of similarly defined voids and 
superclusters using the Le gac y Surv e y photo- z catalogue (De y et al. 
2019 ), and reported A κ ≈ 0.811 ± 0.057, i.e. 3.3 σ lower signal than 
expected from a standard ! CDM model. 

As in the case of the ISW excess signals discussed in Section 1, it 
is important to note that not all void samples show anomalously low 
lensing signals (see e.g. Cai et al. 2017 ; Raghunathan et al. 2020 ), 
and therefore more work is needed to settle this debate, including 
this analysis of the CS area and the Eridanus supervoid. Taken at face 
v alue, a lo wer-than-expected lensing signal could in principle be a 
consequence of a faster low- z expansion rate and a related stronger 
decay of the gravitational potentials ( ̇% < 0) than assumed in the 
baseline ! CDM model (see equations 1 and 3), i.e. low lensing and 
strong ISW signals are not inconsistent. 

We note that the S 8 = σ8 √ 
"m / 0 . 3 ≈ 0 . 79 lensing parameter from 

the mocks, given the "m = 0.279 and σ 8 = 0.82 parameters, 
is consistent with the main DES Y3 result S 8 ≈ 0.776 ± 0.017 
(DES Collaboration 2021 ). This implies that while the "m and σ 8 
parameters may differ, the o v erall lensing amplitude is expected 
to agree at the 2 per cent level, which provides a good basis for 
comparison. 
5  SU M M A RY  A N D  C O N C L U S I O N S  
In this paper, we investigated the CMB CS region using the Year-3 
data set from the Dark Energy Surv e y (DES Collaboration 2016 ). 
To advance the mapping of the low- z Eridanus supervoid aligned 

Table 2. The estimated S/N of a supervoid detection in the KS mass map 
for the three different map filtering strategies. We compare the detection 
significances for the most central bin only, and if all 21 bins are used. 
Map version: ψ + < 10 σ = 10 ◦
Bins 1-21 5.9 6.1 7.2 
Bin 1 only 2.3 2.1 2.1 

with the CS, we used the redMaGiC catalogue of LRGs. As a key 
innovation, we also analysed state-of-the-art weak lensing data in the 
form of dark matter mass maps reconstructed from the DES Y3 data 
set (Jeffrey et al. 2021 ). 

As demonstrated in Fig. 3 , we first measured the line-of-sight 
galaxy density profile in the direction of the CS centre. In consistency 
with previous galaxy surv e ys (see e.g. Mackenzie et al. 2017 ), we 
provided more evidence for the existence of the Eridanus supervoid 
( R ≈ 200 h −1 Mpc, δ0 ≈ −0.2) from the distribution of DES Y3 
redMaGiC galaxies at z ! 0.2. 

We then presented a robust S/N ! 5 detection of the Eridanus 
supervoid from the reconstructed DES Y3 mass maps (see Table 2 ), 
in line with the expectations from related N-body simulation analyses 
by Higuchi & Inoue ( 2018 ). We found no significant difference in the 
lensing profiles when considering different mass map reconstruction 
methods (Kaiser-Squires, W iener filter , Null B-modes). Also, our 
detection is stable when changing our methodology to highlight the 
largest scales from the DES κ maps ( σ = 10 ◦ Gaussian smoothing, 
+ < 10 filtering, lensing potential ψ). In particular, our findings 
confirmed that the Eridanus supervoid is the most prominent large- 
scale underdensity in the 4100 de g 2 surv e y footprint mapped by the 
DESY3 data set (see Fig. 4 ), further suggesting a causal connection 
with the CS. 

Finally, we tested the lensing signal’s amplitude in the direction 
of the CS. We looked for the strongest large-scale peaks in the 
lensing potential map ψ in N-body simulations (Takahashi et al. 
2017 ), and compared our DES Y3 results to the resulting ensemble 
of mock supervoid profiles. Interestingly, we found that the observed 
lensing imprint of the Eridanus supervoid is ∼ 30 per cent lower 
than expected from measurements of the largest voids found in 
mocks based on the ! CDM model. We noted that this discrepancy 
is observed at the moderate ∼2 σ significance level (frequentist 
analysis), restricted only to the CS centre at θ ! 5 ◦ (see Fig. 9 
for details). 

We none the less considered three possible explanations. Using 
mock lensing potential ( ψ) maps, we determined that the observed 
discrepancy cannot be fully resolved by assuming a random &θ ! 5 ◦
peak mis-centring, but it could reduce the tension to the 1.3 σ level. 
We also argued that a consistent underestimation of the large-scale 
modes in the DES Y3 mass map reconstruction process might also 
explain such a discrepancy, and this possibility is consistent with 
existing mass mapping analyses in simulations (Jeffrey et al. 2021 ). 

As a third option, we also considered that the low lensing signal at 
the CS is due to a genuine physical effect. We pro vided e xamples for 
∼20–40 per cent lower-than-expected lensing amplitudes measured 
from o v erdensities (Leauthaud et al. 2017 ) and also from voids 
(Vielzeuf et al. 2021 ; Hang et al. 2021a ). If the lo w- z gro wth rate of 
structure in supervoids is even more suppressed than in ! CDM, that 
leads to shallower gravitational potentials, weaker lensing effects, 
and a stronger ISW signal. Note that this interesting possibility is 
consistent with the excess ISW signals observed from a statistical 
analysis of R ! 100 h −1 Mpc supervoids (Kov ́acs et al. 2019 ). 
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In the context of the CS, a hitherto unknown alternative cosmolog- 

ical model might also provide explanation for the large enhancement 
that would be needed to explain its deep & T 0 ≈ −150 µK central 
temperature depression as an ISW imprint, if the underlying model 
of dark energy is not the cosmological constant (see e.g. Beck et al. 
2018 ; Kov ́acs et al. 2020 ). Therefore, possible relations to the Hubble 
constant tension (see e.g. Di Valentino et al. 2021 ) and the S 8 problem 
(see e.g. Heymans et al. 2021 ; Secco et al. 2021 ) should also be 
explored in greater details. 

We note that not all data sets and methodologies agree on the 
detection of such excess ISW signals (see e.g. Hang et al. 2021a ), 
and the claimed tensions often remain undetected using smaller voids 
(Nadathur & Crittenden 2016 ) or two-point correlation functions 
(Hang et al. 2021b ). Nevertheless, recent ISW measurements using 
the eBOSS quasar catalogue (Ross et al. 2020 ), co v ering the 0.8 < 
z < 2.2 range, also showed ISW anomalies at redshifts higher than 
before (see Kov ́acs et al. 2021 , for details), further suggesting an 
alternati ve gro wth history in supervoid environments. 

In the light of these findings, the imprint of superstructures in the 
CMB remains an interesting unsolved problem in cosmology. Future 
releases of the DES data and other weak lensing and galaxy surv e ys 
such as HSC, KiDS, Euclid , eBOSS, and DESI will certainly help to 
converge to a solution, together with a more precise mapping of the 
CS including CMB polarization data (Kang et al. 2020 ). 
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Figure A1. Extending the pre viously sho wn lo wer z range, we compare line-of-sight matter density profiles at 0.3 < z < 0.9 for different surv e ys of galaxies 
in the CS direction. As in Fig. 3 , we converted galaxy density to matter density using the independently determined linear galaxy bias ( b g ) values for each 
tracer data set. In good consistency with previous results by Granett et al. ( 2010 ) who conducted a dedicated photo- z survey in the area, the DES results from 
redMaGiC galaxies show no evidence for significant voids or o v erdensities be yond the z < 0.3 range where the Eridanus supervoid is observ ed. 
Z ̈urcher D., Fluri J., Sgier R., Kacprzak T., Refregier A., 2021, J. Cosmol. 
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APPENDIX :  DENSITY  PROFILE  ANALYSIS  
Here we provide further details on our DES Y3 measurements of the 
high- z matter density profile in the direction of the CS. In Fig. A1 , 
we illustrate that the DES Y3 data shows no evidence for significant 
voids or o v erdensities at the 0.3 < z < 0.9 range beyond the known 
underdensities at z < 0.3 in Eridanus. These results are consistent 
the findings by Granett et al. ( 2010 ) and Bremer et al. ( 2010 ). 
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