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Dark Energy and Massive Neutrino Universe : DEMNUni simulations (Gadget-3)

14 cosmological simulations  with volume: (2 Gpc/h)3, Npart: 2 x 20483 (CDM+)
baseline Planck-13 cosmology

+
 M=0, 0.17, 0.3, 0.53 eV (DEMNUni-I) 

& 
(M,w0,wa)=(0÷0.16,-0.9,±0.3),(0÷0.16,-1.1,±0.3) + M=0.32 (DEMNUni-II)

DEMNUni-Covariances

300 cosmological simulations  with V=1 (Gpc/h)3  and Npart=2 x 10243 (CDM+): 
140 TB of stored data at project completion

5 snaps per sim stored between z=0-2, all the halo/subhalo catalogs stored from z<2

300 TB of stored data @CINECA/CNAF/IA2-TS

+ CMB lensing map for each catalog, 
+ CMB lensing separate effect from DM and Mnu for 0.53
+ diluted DM particles catalog
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Figure 1. Comoving Free-Streaming length �FS of massive neutrinos - Eq. (1.1) - as a function of redshift, for
the di�erent neutrino masses considered in this work.

As galaxy surveys intend to constraint the di�erent cosmological parameters driving the evolution
of our universe, an important parameter to take into account is the sum of the masses of the di�erent
neutrinos species (

Õ
m⌫). In fact, the presence of massive neutrinos in our universe has an impact

in both background evolution and structure formation [9]. In particular, the evolution of the large
structure of the cosmic web is directly sensitive to

Õ
m⌫ at scales on the order of magnitude of

the size of cosmic voids: recent analysis have shown how cosmic voids could be exploited to set
constraints on neutrino physics. In [10] using cosmological simulations, the authors found that the
presence of massive neutrinos is slowing down the evolution of cosmic voids with respect to ⇤CDM.
Consequently, this can a�ect the density profile of voids and thus changing the lensing e�ects on
CMB photons in the presence of massive neutrinos.

While at small scales, due to their non-zero velocity, massive neutrinos will travel across density
fluctuations and thus smooth them, at scales comparable to cosmic voids, massive neutrinos will fall
in the potential wells. We then expect cosmic voids to be particularly a�ected by the presence of
massive neutrino, due to the fact that the typical size of voids (10 to 100s of h

�1Mpc) approaches the
free-streaming length (�FS) of massive neutrinos which can be expressed as function of redshift and
mass [11, 12]:

�FS(m⌫, z) ⇠ 8.1
H0(1 + z)

H(z)

✓
1eV

m⌫

◆
h
�1Mpc, (1.1)

with H(z) and H0 being the Hubble parameter and its value at z = 0, respectively. In Fig.1 we show
the evolution of �FS as a function of redshift for the di�erent neutrino masses that will be considered
in this work. Intuitively, as the neutrino field is less clustered with respect to the matter field (CDM
and baryons), the ratio between matter and neutrino should be higher at the maximum of the potential
field, that is to say in cosmic voids. In fact, we expect to observe stronger e�ects due to the presence
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At small scales, due to their non-zero velocity, massive neutrinos 
will travel across density fluctuations and thus smooth them, at 
scales comparable to cosmic voids, massive neutrinos will fall in 
the potential wells. 

cosmic voids might be particularly affected 
by the presence of massive neutrino, due to 
the fact that the typical size of voids (10 to 
100s of h−1Mpc) 

Figure 2. Top panel: CMB convergence angular power spectrum, for ⇤CDM (blue line) and ⇤CDM + m⌫

simulations with the neutrino masses m⌫ = 0.16 eV (red, dot-dashed line), m⌫ = 0.32 eV (green, dotted line)
and m⌫ = 0.53 eV (orange, dashed lines). Black, dashed line is the semi-analytical realization with pyCAMB

for the DEMNUni ⇤CDM cosmology. Bottom panel: fractional di�erence for the angular power spectra with
respect to the ⇤CDM case. Points with errorbars refer to measurements from N-body simulations via the
lightcone convergence maps; signals have been binned in multipoles, error bars representing the variance in
each bin. Lines are semi-analytical realizations with pyCAMB in the di�erent cosmologies. Vertical lines are
the (average) FS multipole - h`FSi - as computed by Eq. (2.3).
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The art of finding voids Chapter 4 CMB lensing around voids
8

Figure 3. Illustration of the structures identified by the six void finding methods employed in this paper. Each circle corresponds to an underdensity of radius
equal to the one shown in the plots. The left column plots the SVF (top-left), WVF (centre-left) and ZOBOV (bottom-left) 3D voids in a 50 h�1Mpc slice, with the
background image showing the density in that slice. The right column plots the 2D SVF_2D voids (top-right), tunnels (centre-right) and troughs (bottom-right),
with the background image showing the projected density of the full box (which has a 1024 h�1Mpc side length) along the line-of-sight. Note the different
scales for the left and right columns.
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F��. 4.3.2 – Example from Cautun et al. (2018) of a cosmic void identified in
a simulation box by di�erent void-finders algorithms. The circles represents the
underdensity spotted and the background color the density field considered. Left
panels: 3D void finders using either a growing sphere methodology (top) or
watershed method (bottom). Right panel: 2D void-finders using either growing

circles (top) or troughs (bottom)

Such scenarios are in fact the only viable void definitions in photo-z surveys like DES
given the significant smearing e�ect of redshift uncertainties. Figure (4.3.2) is an
example of a void find by three di�erent algorithms probed by Cautun et al. (2018). As
it can be seen in the figure, the void-finders employed will influence the void populations
identified (in number or size) and this will have an impact on the cosmology one wants
to do.

119

In the literature, a 
variety of void finder 

exists, and void 
finder can be run in 

different density 
tracers

Cautun et al. (2018) :
Void lensing observables 
are better indicators for 
tests of gravity if defined in 
2D projection such as 
“tunnels" or “troughs". 

 

Different methodology will 
identify different void 

populations, depending on 
the science case, some 

methodology will be more 
efficient than others.
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the number of galaxies in 

each pixel of an healpix map 
in a given redshift slide

Void identification : 2D void finder
Sánchez et al. (DES Collaboration), MNRAS 465, 746, 

2017.



Pauline Vielzeuf 
 EDSU, la Réunion, Nov 2023

Neutrinos effect on the matter tracer

• Due to the overall decrease in the 
tracer density, the presence of 
massive neutrinos tends to decrease 
the total number of voids. We note 
that the number of small voids tends 
to be more reduced than the large 
ones. Such behaviour in the void size 
function can be directly explained by 
the decrease in the tracer density 
which in turn induces a merge of the 
smaller structures in the void 
identification procedure. As one 
increases the Gaussian smoothing in 
our void finder - and thus tracks 
larger structures - we can reduce 
this effect.  

Figure 5. Top panel: abundances of 2D voids at di�erent redshifts, as a function of void radius, for massless
(solid line) and massive neutrino (dashed line) simulations. From left to right, the di�erent smoothing scales
considered. Bottom panels: ratio of the number of voids in neutrino cosmologies w.r.t. the standard ⇤CDM
case.

show a drop in the number of small voids (Rv < 50h
�1Mpc) if the neutrino are massless particles,

and that this e�ect is even more pronounced for higher redshifts, which is consistent with the fact that
at higher redshifts the range of scales a�ected by massive neutrino is larger than at lower ones (cf.
Figure 1). Moreover, similarly to Table 1, the choice of the smoothing scale parameter of the finder
is related on how massive neutrinos are a�ecting the void size function. In fact, as we increase the
smoothing parameter the e�ect of massive neutrino in the size function decreases: this e�ect could be
explained since, as we increase the smoothing scale the finder tends to merge small voids into larger
structures, and thus shifting the size function towards large voids, i.e. towards scales that are less
a�ected by massive neutrinos.

3.2.2 Void density profile

The general density profile of cosmic voids has already been studied in several works and di�erent
modelisations have been proposed in the literature [62, 68, 69]. However, these studies have high-
lighted the complexity of finding a general definition for this profile, due to the fact that it depends on
the void definition itself (e.g. the choice of tracers of the matter field, void finder, smoothing scales,
etc.). Nevertheless, in all these studies, cosmic voids can be described as underdensed regions at the
void centre, surrounded by a more or less pronounced positive density shell at the void’s edge: the
so-called compensation wall. This wall is associated to filaments, while the depth of the central region
and the size of the compensation wall will depend on the size of the considered objects. In this work,
we will quantify how the presence of massive neutrinos can a�ect the density profile of the voids

– 12 –
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Void density profile

• Once we consider larger smoothing scales, the 
identified voids tend to be smoother 

• Voids in massive neutrino cosmologies seem to be 
slightly deeper than in the massless case  

in the halo field. In fact, cosmic voids due to their scales have shown to be particularly sensitive to
massive neutrino. In particular, from what have been observed in [13] in simulations, the halo mass
function inside voids is more a�ected by the presence of massive neutrinos than in other regions in
the sky. This implies that the clustering process inside underdense regions, and consequently the void
density profile, will be di�erent while considering massive neutrinos in the cosmic budget. In [10], by
looking at the DM density profile of 3D cosmic voids of a given size, they showed how the presence
of massive neutrino will smooth the density profile by decreasing the size of the compensation wall
and by making the void less empty at the void centre, and that this e�ect is more significant at low
redshifts than higher ones. These e�ects are direct consequences of the slowing-down of clustering
due to massive neutrinos. Moreover, in [67] the authors have shown that e�ects on the density profile
of 3D voids in modified gravity models tend to be canceled out when neutrinos are massive.

In the context of this work, our void definition allows us to identify voids much larger than the
3D voids studied in previous works, so that it becomes important to investigate the density profile of
our 2D voids. In particular, changes in the underlying density profile of the objects are directly related
to their imprint signals on the CMB convergence map. Thus, analysing the actual profile of our voids
could give us insights to characterize their imprints in the CMB lensing map (see Section 4).

The density profile of cosmic voids can be defined as the number of tracers at a given angular
distance from the void centre, compared to the mean distribution of tracers at redshift z. We can
analogously relate it to the void-halo two point cross-correlation function (2PCF), which refers to
the measurement of pairs void/halo at di�erent angular separations (see Eq. 4 in [70]). Therefore,
to estimate the density profile of our cosmic voids in the halo field, we have measured the void-halo
2PCF using the publicly available GUNDAM toolkit [71]. The GUNDAM pipeline measures the 2PCF
⇠i j(r) directly in the ligthcone, using the Davis-Peebles estimator [72]:

⇠i j(r) = DiDj(r)/DiR(r) � 1, (3.1)

where DiDj(r) and DiR(r) represent the count of pairs between the object i and the object j or the
random distribution of point R, respectively. Note that, in order to be in line with future experiments,
we computed the density profile of our voids using DM halos as tracers of the density, meaning that
the resulting profile will be also related to the void size function of Figure 5.

In Figure 6 we show the measured density profile for the void catalogue, divided in three redshift
bins (0.2 < z < 0.5, 0.8 < z < 1.2, 1.6 < z < 2.0) for the three smoothing scales considered
in this work (from top panel to bottom panel). We observe from the correlation function that once
we consider larger smoothing scales, the identified voids tend to be smoother, with a larger central
density, which is consistent with what we saw in Figure 3. Moreover in all panels, we noticed that the
presence of massive neutrinos tends to make the voids slightly deeper than standard ⇤CDM, which is
an opposite trend to what has been observed in [10]. However, the density measurement done in [10]
is the actual intrinsic density profile of cosmic voids, i.e. the density profile using the DM particles
as the tracers of the matter field, while in this work DM halos have been used. The profile is thus in
agreement with the decrease in the number of gravitationally bound halos with a mass greater than
the minimum mass of the mock catalogues (see Section 2.2). The more the neutrinos are massive,
the more the voids will be devoid of massive objects. Similarly to what happens with the halo mass
function, the e�ect of massive neutrino is greater at high redshifts than low ones, the latter being also
consistent with the fact that at higher redshifts, larger scales will be a�ected by massive neutrinos (cf.
Figure 1). We stress that the density profile presented here is computed using DM halos, i.e. biased
objects as tracers of the matter field, as they are more realistic than the DM particles which can be
measured only in simulations.

– 14 –

Figure 6. Void-halo two point correlation functions, 2PCF. As in the void density profiles, each row shows
a di�erent smoothing scale, while each column a di�erent redshift bin. The bottom panels in each box is the
ratio between the massive neutrino 2PCF w.r.t. the ⇤CDM case.
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Figure 5. Average total matter density profiles around voids with different sizes: Re↵=10-11
Mpc/h (top), Re↵=16-18 Mpc/h (center), and Re↵=20-25 Mpc/h (bottom). Left and right panels
show results at redshifts z = 0 and z = 1, respectively. Red, purple, blue and green lines show the
0.0, 0.15, 0.3 and 0.6 eV cosmologies, respectively. At the bottom of each panel we display the ratio
between the results from the massive neutrino cosmologies and the ⇤CDM one. The vertical dashed
black lines indicate the mean value of the void radii in the selected range and two times the same
quantity.
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Figure 6. Void-halo two point correlation functions, 2PCF. As in the void density profiles, each row shows
a di�erent smoothing scale, while each column a di�erent redshift bin. The bottom panels in each box is the
ratio between the massive neutrino 2PCF w.r.t. the ⇤CDM case.
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What can cause such a Cold Spot? Does it have a cause?

?

The Cold Spot

Integrated Sachs-Wolfe (ISW) effect from a large under-

density (a supervoid) could imprint a cold spot on the CMB
VOID

Similarly to the deflection effects 
induced by the large structures 
that we observe on the sky on the 
photons coming from background 
galaxies, we should have lensing 
effects by the foreground matter 
field on the photons that come 
from the CMB  
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Figure 11. Sensitivity parameter �in - Eq. (4.3) - for di�erent massive neutrino masses as a function of the
void finder smoothing scale.[Matteo: In the figure we should add h

�1
Mpc as x-label]

massless neutrinos and ⇤CDM simulation [4, 5]. Namely, in both analysis voids have been identified
using the 2D void finder described previously with a smoothing scale of 20h

�1Mpc, resulting in a
observed signal of the correlation of cosmic voids with the Planck 2018 lensing convergence map
[84] about 2� lower than the one measured in ⇤CDM simulation without massive neutrinos. The
direction of this tension is thus in line with the decrease of the lensing imprint of cosmic voids caused
by the presence of massive neutrinos in our simulations.

Void redshift evolution We used the same redshift binning than in Section 4.2.1 and applied our
stacking methodology to catalogues for each of the massive neutrino simulations, combining both
DM and neutrino maps. We show in the top panel of Figure 12 the profiles measured for the di�erent
smoothing scales, while in the bottom panels the sensitivity of the signal in the central part of the
stacked voids as a function of redshift for the di�erent massive neutrino cosmologies and the di�erent
smoothing scales11. At low redshifts, although neutrinos will fall in large potential wells, we expect the
smaller fluctuations to be smoothed. Namely, from Figure 1 we can see that as the redshift decreases,
smaller scales will be a�ected. On the other hand, as we increase the redshift, the di�erence in
the void population is also increasing when neutrinos are more massive (see Figure 5); the amount
of small voids will be larger in the massless neutrino simulations with respect to the massive ones.
These small structures would be more smoothed in their centre due to their size, on similar scales
for which massive neutrinos will smooth the matter field. However, in the medium redshift range,
the sensitivity parameter decreases with the neutrino mass. This is consistent with the slight tension
claimed by [4], where a lower signal in the observation appears in the DESI Legacy survey observation
at 0.6 < z < 0.8.

Void radius evolution Previously, we have measured that medium redshift ranges are showing more
di�erences in void lensing imprints (Figure 12). In addition to that, it is also possible to prune the
void catalogue in order to select voids that show a stronger lensing imprint. Moreover, as explained
before and confirmed above, we expect the smaller voids to be more a�ected by the presence of
massive neutrino since the neutrino will reduce the clustering at the scales corresponding to their
sizes, making them less underdensed. Consequently, similarly to what we did in Sect. 4.2.1, we split
the void catalogues into di�erent bins in radius and measure the stacked lensing signal of all the
sub-samples, separately.

11We have considered additional redshift bins as well to have a more detailed overview on the redshift evolution of the
sensitivity parameter.
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Figure 9. Radius evolution. Imprint caused by neutrinos (dashed lines) and DM only (solid line) for voids
in six di�erent radius bins for the three di�erent smoothing scale 10 h

�1Mpc (left panel), 20 h
�1Mpc (middle

panel), 30 h
�1Mpc (right panel). The shaded region represents the fluctuations of the signal measured in 1,000

randomly-generated CMB lensing map (see Section 4.1). The insight plot in each panel is the ratio of the signal
induced by neutrinos w.r.t. the one induced by DM.

Figure 10. Imprint of cosmic voids for di�erent massive neutrino cosmologies, combined DM and neutrinos.
From left to right, three smoothing scales: 10 h

�1Mpc, 20 h
�1Mpc, 30 h

�1Mpc .

�in =

Õr<Rv/2
0 m⌫=0.16eV,0.32eV,0.53eVÕr<Rv/2

0 m⌫=0
, (4.3)

where �in stands for the amplitude ratio of the signal with and without massive neutrinos in the
inner region of the void (R < Rv/2). Figure 11 shows the sensitivity parameter of Equation 4.3 as a
function of the smoothing scale of the void finder. As already observed in Figure 10, the increase in the
smoothing scale in the void finder results in a boost of the intensity of the correlation signal amplitude,
and this boost seems to be dependant on the mass of the neutrinos present in the simulations. In other
words, as we increase the smoothing scale of the void finder, we measure a larger di�erence in the
correlation signal of massive neutrino simulations with respect to the standard ⇤CDM cosmology
without massive neutrinos. The errorbars in Figure 11 have been estimated by propagating the errors
of our stacking measurement described in Section 4.1, thus not considering any extra systematic errors.
The measure of this reduction in the lensing signal inside cosmic voids due to the presence of massive
neutrinos is in particular interesting as it is consistent with the tensions in the same lensing signal with
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function of the smoothing scale of the void finder. As already observed in Figure 10, the increase in the
smoothing scale in the void finder results in a boost of the intensity of the correlation signal amplitude,
and this boost seems to be dependant on the mass of the neutrinos present in the simulations. In other
words, as we increase the smoothing scale of the void finder, we measure a larger di�erence in the
correlation signal of massive neutrino simulations with respect to the standard ⇤CDM cosmology
without massive neutrinos. The errorbars in Figure 11 have been estimated by propagating the errors
of our stacking measurement described in Section 4.1, thus not considering any extra systematic errors.
The measure of this reduction in the lensing signal inside cosmic voids due to the presence of massive
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The increase in the 
smoothing scale in the void 
finder results in a boost of 
the intensity of the 
correlation signal 
amplitude, and this boost 
seems to be dependent on 
the mass of the neutrinos 
present in the simulations  
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DES Y3 super-structures ⇥ Planck CMB lensing 5

Figure 2. Comparison of void (left) and supercluster (right) radius distributions extracted from MICE and DES Y3. Overall, we report a great agreement
between simulations and observations for both voids and superclusters. We applied a minimum radius cut R & 20 h�1Mpc to eliminate potentially spurious
under-densitites and over-densitites, while the largest void and supercluster radii are approximately R ⇡ 150 h�1Mpc in both simulated and observed catalogues.

the signal-only MICE  map in our first simulation analyses. How-335

ever, in the calculation of actual observational errors, additional336

fluctuations from a Planck-like measurement noise in the CMB 337

maps (as well as the role of the DES Y3 survey mask) are taken into338

account and they mostly add small-scale fluctuations to the stacked339

images of voids and superclusters.340

We note that, while the simulated MICE  map is provided in341

a full-sky format, the mock redMaGiC galaxy catalogue only spans342

one octant and therefore we applied a simple octant mask to the343

lensing map. We also transformed the  map to a zero-mean version344

by subtracting the mean ̄ ⇡ 10�4 value in the octant we analysed.345

The main results from these simulated stacking measurements346

are presented in the left panels of Figure 3. We detected a clear347

negative (positive) CMB  imprint from voids (superclusters) in the348

MICE mock catalogue in the central region and up to the re-scaled349

radius of the structures (R/Rv < 1). In contrast, we found a slightly350

positive (negative)  signal in the surroundings of voids (superclus-351

ters) from the compensating over-dense (under-dense) regions at352

1 < R/Rv < 5 (see Figure 3). Overall, these finding are consistent353

with expectations and also DES Y1 results by Vielzeuf et al. (2021)354

who analyzed smaller patches (1,300 deg2) in the MICE simulation355

using the same void definition and stacking methodology.356

3.2 DES Y3 measurements and covariance matrix357

Following the methodology developed using the MICE simulation,358

we detected 3,578 voids and 4,010 superclusters from DES Y3 data,359

which also covers about 5000 deg2. We found a clear detection of360

negative (positive) CMB  signals aligned with the centres of voids361

(superclusters), as shown in the right panels of Figure 3. While362

these stacked images using the Planck CMB  map naturally feature363

larger noise fluctuations compared to the stacked images from MICE364

without observational noise (see the left panels of Figure 3), we365

nonetheless detected a lower amplitude in the lensing signal from366

DES Y3 voids and superclusters in the centre of the images.367

The dominant source of the stacking measurement uncertain-368

ties is the random instrumental noise in the Planck data. Addition-369

ally, the total error also has contributions from uncertainties in the370

CMB  signal generated by the voids, with about half the mag-371

nitude of the instrumental noise (see Figure 4 for further details).372

This second uncertainty is, at least in part, due to the fact that the373

mean  imprint of voids is not calculated as an average of several374

isolated structures. Instead, the complicated overlap structure of the375

voids and superclusters along the line-of-sight, and the overlap with376

the surroundings of their neighbour structures in the same redshift377

slice inevitably results in an imperfect reconstruction of the imprints378

from these structures, starting from the CMB  map’s fluctuations.379

To account for these two sources of uncertainty in the cross-380

correlations, we created random realizations of the signal-only CMB381

 maps and also random noise maps using the noise power spec-382

trum released by the Planck team (Planck Collaboration 2018b).383

Following Vielzeuf et al. (2021), we measured the power spectrum384

of the signal-only MICE  map S
MICE
 using the anafast routine of385

healpix. Then, given the same power spectrum, we created 1000386

random  map realisations using synfast. To model the noise, we387

also generated 1000 Planck-like noise map realisations. We then388

added our N
i
 noise maps to the S

i
 MICE-like CMB  map realisa-389

tions. Finally, we stacked these 1000 random S
i
 + N

i
 convergence390

maps on the uncorrelated DES Y3 void and supercluster positions391

to characterize the standard deviation of chance fluctuations in such392

cross-correlation measurements. While the DES Y3 and MICE cata-393

logues of voids and superclusters are in good agreement, we decided394

to use the observed DES Y3 catalogues for the estimation of the395

errors to ensure that the mask e�ects, overlap structure, or any other396

correlation between voids and superclusters is fully realistic.397

We applied a further 10% correction to take into account that398

we use a single realisation of voids and superclusters instead of399

varying their positions when cross-correlated with random  maps400

(determined by Cabré et al. (2007) using simulations). Therefore,401

we re-scaled our covariance matrix and increased the errors on the402

measurement of the CMB lensing amplitude by about 10% for a403

conservative analysis which incorporates this additional variance404

(see Kovács et al. (2019) for a similar DES void ⇥ CMB analysis405

with such a correction applied).406

MNRAS 000, 000–000 (0000)

DES Y3 super-structures ⇥ Planck CMB lensing 3

Figure 1. The Year 3 footprint of the Dark Energy Survey is highlighted on
the Planck CMB lensing convergence map in Equatorial coordinates. We
applied a FWHM=1� Gaussian smoothing to suppress noise contributions
from small-scale fluctuations.

To identify voids, we used a catalogue of luminous red galax-
ies (LRG), photometrically selected by the red-sequence MAtched-
filter Galaxy Catalog (redMaGiC, Rozo et al. 2016) method, that
is based on the red-sequence MAtched-filter Probabilistic Percola-
tion (redMaPPer) cluster finder algorithm (Ryko� et al. 2014). The
redMaGiC sample spans the 0.15 < z < 0.8 range, and its princi-
pal advantage is the exquisite �z/(1 + z) ⇡ 0.02, photo-z precision
and a low outlier rate. The resulting DES Y3 LRG galaxy sam-
ple has an approximately constant co-moving space density with
n̄ ⇡ 4 ⇥ 10�4

h
3 Mpc�3 (high-luminosity sample, brighter than

1.0L⇤).
The great photo-z precision allows an accurate and robust re-

construction of cosmic void environments. The redMaGiC galaxy
samples have been used in a series of DES void analyses including
weak lensing and ISW measurements (see e.g. Gruen et al. 2016;
Sánchez et al. 2017; Kovács et al. 2017; Fang et al. 2019; Vielzeuf
et al. 2021). Further details about the general galaxy clustering
properties of the latest DES Y3 redMaGiC data set are presented
by Pandey et al. (2021).

2.2 Simulations of galaxy catalogues and  maps

We simulated our DES Y3 lensing measurements using the
MICE (Marenostrum Institut de Ciencias de l’Espai) N-body sim-
ulation (Fosalba et al. 2015b,a; Carretero et al. 2015), which
spans (3h

�1Gpc)3 co-moving volume based on the GADGET2 code
(Springel et al. 2005). It assumes a⇤CDM model with input cosmo-
logical parameters⌦m = 0.25,⌦⇤ = 0.75,⌦b = 0.044, ns = 0.95,
�8 = 0.8 and h = 0.7 from the Five-Year Wilkinson Microwave
Anisotropy Probe (WMAP) results (Komatsu et al. 2009).

The MICE CMB  map was created based on projected 2D
pixel maps of the convergence field using the "Onion Universe"

approach (Fosalba et al. 2008), proven to be successful in producing
maps with lensing power spectra in agreement with the Born and
Limber approximations (see e.g. Jain et al. 2000). The dark-matter is
added up in “onion shells”, or projected density maps, in the MICE
light-cone, weighted by the weak-lensing e�ciency at each redshift.
The map is provided with a pixel resolution of Nside = 2048 (see
Fosalba et al. 2015b, for more details). However, given the nature
of our problem and the relatively large degree-scale angular size of
voids, we downgraded the high resolution map to a lower Nside =
512 resolution. The downgraded map matches the resolution of the
Planck  map that we used in this analysis.

We then created a DES-like MICE redMaGiC light-cone mock
catalogue based on a Halo Occupation Distribution (HOD) method-
ology (see e.g. Tinker et al. 2012). While the detailed description of
this process is beyond the scope of this paper, we direct the interested
readers to two related DES HOD analyses. Our mock construction
is based on the findings by Zacharegkas et al. (2021), who fitted
an HOD model to the galaxy-galaxy lensing signal and the number
density of the DES Y3 redMaGiC sample in wide redshift bins. It
was found that redMaGiC galaxies typically live in dark matter ha-
los of mass log10(Mh/M�) ⇡ 13.7, without significant dependence
on redshift. In our implementation, we closely followed the mock
construction methodology1 by Ferrero et al. (2021), and carried out
a similar HOD analysis in the MICE light-cone. Our mock repro-
duced the n(z) redshift distribution of LRGs observed in the DES
Y3 data, leading also to consistent void and supercluster samples.

We note that the MICE cosmology is relatively far from the
best-fit Planck cosmology (Planck Collaboration 2018a) that is of-
ten used as a reference. For instance, the two cosmologies di�er
in the values of ⌦m and H0, and such di�erences are expected
to a�ect the overall amplitude of the lensing signal (see Eq. 1).
Another influential factor is the �8 parameter for determining the
matter content (Nadathur et al. 2019) and the lensing convergence
(see e.g. Davies et al. 2021) of voids; its value in the MICE sim-
ulation (�8 = 0.8) is quite close to the best-fit Planck 2018 value
(�8 = 0.811 ± 0.006). Consequently, the CMB  signal in MICE
is expected to be weaker than from a Planck cosmology, due to an
approximate C

g
` ⇠ ⌦0.78

m �8 scaling with the most relevant cos-
mological parameters of the basic ⇤CDM model, as determined by
Hang et al. (2021b) considering a similar redshift range (there is also
an estimated weaker A ⇠ h

0.24 scaling with the Hubble constant).
Furthermore, the linear galaxy bias parameter b also acts as an
overall re-scaling factor for the amplitude of the galaxy-CMB lens-
ing cross-correlation signal. Thus any imperfection in its modelling
may also lead to di�erences between simulations and observed data.

2.3 Void and supercluster finding

While numerous algorithms exist to define cosmic voids, we used
the so-called 2D void finding algorithm which was developed to deal
with photo-z data sets, where a full 3D information is inaccessible
due to smearing e�ects in the line-of-sight (Sánchez et al. 2017).
The 2D void definitions have shown great potential to extract void
lensing signals in N-body simulations (see e.g. Cautun et al. 2018),
with slightly better performance than using 3D methods including
empty spheres techniques (see e.g. Hawken et al. 2017; Zhao et al.
2016). However, Fang et al. (2019) verified that 3D void definitions,
such as the widely used ZOBOV method (Neyrinck 2008), can also

1 An HOD modeling approach developed for a DES galaxy sample opti-
mised for reconstructions of the baryonic acoustic oscillation (BAO) signal.
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Figure 4. Radial profiles measured from the stacked CMB  images are shown for voids (left) and superclusters (right). We detected a lower-than-expected
signal from the DES Y3 data in both cases. The disagreement compared to the WebSky simulation’s Planck cosmology is even greater than compared to MICE.

tails). In this exploratory analysis, we applied a simple halo mass cut
with M > 1013.5

h
�1

M� to define an LRG-like population which
models the DES Y3 redMaGiC sample. We also added Gaussian
photo-z errors with a �z/(1 + z) ⇡ 0.02 scatter to the simulated
WebSky spec-z coordinates to create realistic observational condi-
tions. As shown in Figure 4, the WebSky results feature a slightly
stronger void lensing profile than the MICE simulation, i.e. it is even
less consistent with the DES Y3 results. While field-to-field fluctu-
ations are non-negligible and there are di�erences in the simulated
analyses, the MICE-WebSky comparison suggests that a more com-
prehensive analysis with di�erent cosmological parameters might
help to better understand these moderate tensions, and determine
how exactly the void lensing signal depends on cosmology.

To measure the consistency between DES Y3 and MICE, we
constrained the best-fitting A = DES/MICE amplitude parameter
(and its error �A ) as a ratio of the observed and simulated CMB 
signals using the full radial profile. We again followed the DES Y1
analysis by Vielzeuf et al. (2021) and evaluated the statistic

�2 =
’
i j

�
DES
i � A · MICE

i

�
C
�1
i j

⇣
DES
j � A · MICE

j

⌘
(2)

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

We note that, while informative to better understand the data,
this e�ective 1-parameter A fit to the expected profile shape intro-
duces a form of model-dependence to our analysis. Even though we
can expect a good agreement between the simulations and the DES
Y3 observations based on the Y1 results by Vielzeuf et al. (2021),
more complicated deviations may emerge in the real-world data
which are hard to capture in detail with this statistic. We nonethe-
less expressed our constraints in this format to match the standards
of the field, making our DES Y3 findings more easily comparable
to results in the literature.

As detailed above, we estimated the covariance using 1000
randomly generated  maps with MICE-like power spectrum
and Planck-like noise. We also corrected our estimates with an

Table 1. We compare A constraints using all the voids and superclusters
to analyses using sub-sets of the catalogues. We found a trend for a lower-
than-expected signal coming mostly from deeper voids. We also observed
that the low-z half of the sample and larger voids with Rv > 35 h�1Mpc
show weaker signals that the other half.

Voids NDES
v A ± �A S/N Tension

all objects 3578 0.79 ± 0.12 6.6 1.8�
0.15 < z < 0.55 1600 0.55 ± 0.23 2.4 2.0�
0.55 < z < 0.8 1978 0.88 ± 0.13 6.8 0.9�
Rv < 35 h�1Mpc 1799 0.82 ± 0.16 5.1 1.1�
Rv > 35 h�1Mpc 1779 0.66 ± 0.15 4.4 2.3�

�c < �0.6 2031 0.56 ± 0.14 4.0 3.1�
�c > �0.6 1547 0.95 ± 0.20 4.8 0.3�

Superclusters NDES
sc A ± �A S/N Tension

all objects 4010 0.84 ± 0.10 8.4 1.6�
0.15 < z < 0.55 1942 0.70 ± 0.15 4.7 2.0�
0.55 < z < 0.8 2068 0.91 ± 0.13 7.0 0.7�

Rsc < 35 h�1Mpc 2103 0.91 ± 0.14 6.5 0.6�
Rsc > 35 h�1Mpc 1907 0.75 ± 0.14 5.4 1.8�

�c > 0.9 2102 0.89 ± 0.13 6.8 0.8�
�c < 0.9 1908 0.83 ± 0.15 5.5 1.1�

Combined 7588 0.82 ± 0.08 10.3 2.3�

Anderson-Hartlap factor ↵ = (Nrandoms �Nbins �2)/(Nrandoms �1),
providing a ⇡ 2% correction given our DES Y3 measurement setup
(Hartlap et al. 2007).

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

Given a MICE-like signal and the uncertainties from our DES
Y3 ⇥ Planck setup, we estimated that the A parameter can be
measured with approximately 10% precision compared to a fiducial
A

fid
 amplitude, both for voids and superclusters, which is equivalent

to a S/N ⇡ 10 detection: A/A
fid
 ⇡ 1.0 ± 0.12 for the voids, and
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Figure 4. Radial profiles measured from the stacked CMB  images are shown for voids (left) and superclusters (right). We detected a lower-than-expected
signal from the DES Y3 data in both cases. The disagreement compared to the WebSky simulation’s Planck cosmology is even greater than compared to MICE.

tails). In this exploratory analysis, we applied a simple halo mass cut
with M > 1013.5

h
�1

M� to define an LRG-like population which
models the DES Y3 redMaGiC sample. We also added Gaussian
photo-z errors with a �z/(1 + z) ⇡ 0.02 scatter to the simulated
WebSky spec-z coordinates to create realistic observational condi-
tions. As shown in Figure 4, the WebSky results feature a slightly
stronger void lensing profile than the MICE simulation, i.e. it is even
less consistent with the DES Y3 results. While field-to-field fluctu-
ations are non-negligible and there are di�erences in the simulated
analyses, the MICE-WebSky comparison suggests that a more com-
prehensive analysis with di�erent cosmological parameters might
help to better understand these moderate tensions, and determine
how exactly the void lensing signal depends on cosmology.

To measure the consistency between DES Y3 and MICE, we
constrained the best-fitting A = DES/MICE amplitude parameter
(and its error �A ) as a ratio of the observed and simulated CMB 
signals using the full radial profile. We again followed the DES Y1
analysis by Vielzeuf et al. (2021) and evaluated the statistic

�2 =
’
i j

�
DES
i � A · MICE

i

�
C
�1
i j

⇣
DES
j � A · MICE

j

⌘
(2)

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

We note that, while informative to better understand the data,
this e�ective 1-parameter A fit to the expected profile shape intro-
duces a form of model-dependence to our analysis. Even though we
can expect a good agreement between the simulations and the DES
Y3 observations based on the Y1 results by Vielzeuf et al. (2021),
more complicated deviations may emerge in the real-world data
which are hard to capture in detail with this statistic. We nonethe-
less expressed our constraints in this format to match the standards
of the field, making our DES Y3 findings more easily comparable
to results in the literature.

As detailed above, we estimated the covariance using 1000
randomly generated  maps with MICE-like power spectrum
and Planck-like noise. We also corrected our estimates with an

Table 1. We compare A constraints using all the voids and superclusters
to analyses using sub-sets of the catalogues. We found a trend for a lower-
than-expected signal coming mostly from deeper voids. We also observed
that the low-z half of the sample and larger voids with Rv > 35 h�1Mpc
show weaker signals that the other half.

Voids NDES
v A ± �A S/N Tension

all objects 3578 0.79 ± 0.12 6.6 1.8�
0.15 < z < 0.55 1600 0.55 ± 0.23 2.4 2.0�
0.55 < z < 0.8 1978 0.88 ± 0.13 6.8 0.9�
Rv < 35 h�1Mpc 1799 0.82 ± 0.16 5.1 1.1�
Rv > 35 h�1Mpc 1779 0.66 ± 0.15 4.4 2.3�

�c < �0.6 2031 0.56 ± 0.14 4.0 3.1�
�c > �0.6 1547 0.95 ± 0.20 4.8 0.3�

Superclusters NDES
sc A ± �A S/N Tension

all objects 4010 0.84 ± 0.10 8.4 1.6�
0.15 < z < 0.55 1942 0.70 ± 0.15 4.7 2.0�
0.55 < z < 0.8 2068 0.91 ± 0.13 7.0 0.7�

Rsc < 35 h�1Mpc 2103 0.91 ± 0.14 6.5 0.6�
Rsc > 35 h�1Mpc 1907 0.75 ± 0.14 5.4 1.8�

�c > 0.9 2102 0.89 ± 0.13 6.8 0.8�
�c < 0.9 1908 0.83 ± 0.15 5.5 1.1�

Combined 7588 0.82 ± 0.08 10.3 2.3�

Anderson-Hartlap factor ↵ = (Nrandoms �Nbins �2)/(Nrandoms �1),
providing a ⇡ 2% correction given our DES Y3 measurement setup
(Hartlap et al. 2007).

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

Given a MICE-like signal and the uncertainties from our DES
Y3 ⇥ Planck setup, we estimated that the A parameter can be
measured with approximately 10% precision compared to a fiducial
A

fid
 amplitude, both for voids and superclusters, which is equivalent

to a S/N ⇡ 10 detection: A/A
fid
 ⇡ 1.0 ± 0.12 for the voids, and
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The measure of the reduction in the lensing signal inside cosmic voids due to the presence of massive 
neutrinos is in particular interesting as it is consistent with the tensions in the same lensing signal with 
massless neutrinos and ΛCDM simulation  

We note that the presence of massive neutrinos in our simulation tends to decrease the void-CMB 
lensing signal, and this effect is more enhanced as one increases neutrino mass, and for larger 
smoothing scales in the void identification process. This suggest that more the neutrinos are massive, 
less empty will be the voids (lower de-lensing signal implying more matter inside the voids).  

Cosmic voids are promising tool for cosmology and massive neutrino cosmology, in particular using 
their correlation signal with CMB maps 

Data are coming lets develop voids  cosmology! 



2D void finder
identify voids in redshift slices, smoothing the density field of each slices with the 

smoothing scale as a free parameter


