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ABSTRACT

Context. Evidence shows that properties of dark matter haloes may vary with large-scale environment. Studying the halo occupa-
tion distribution in cosmic voids makes it possible to obtain useful information that can shed light on the subject. The history of
the formation of the haloes and galaxies residing in these regions is likely to differ from the global behaviour given their extreme
environment.

Aims. Our goal is to characterise the halo occupation distribution in the interior of cosmic voids and compare with the general results
to unveil the way galaxies populate haloes in simulated galaxy catalogues.

Methods. We used two publicly accessible simulated galaxy catalogues constructed with different methods: a semi-analytical model
and a hydrodynamic simulation. In both cases, we identified cosmic voids, and we measured the halo occupation distribution inside
these regions for different absolute magnitude thresholds. We compared these determinations with the overall results, and we studied
the dependence of different characteristics of the voids. We also analysed the stellar content and the formation time of the haloes
inside voids and confronted the general halo population results.

Results. Inside the voids, we find a significantly different halo occupation distribution with respect to the general results. This is
present in all absolute magnitude ranges explored. We obtain no signs of variation related to void characteristics, indicating that the
effects depend only on the density of the large-scale environment. Additionally, we find that the stellar-mass content also differs within
voids that host haloes with less massive central galaxies (~ 10%), as well as satellites with significantly lower stellar-mass content
(~ 30%). Finally, we find a slight difference between the formation times of the younger haloes in voids than the average population.
These characteristics indicate that haloes populating voids have had a different formation history, inducing significant changes on the
halo occupation distribution.

Key words. large-scale structure of Universe — Galaxies: halos — Galaxies: statistics — Methods: data analysis — Methods: statistics

1. Introduction

The current paradigm for structure formation in the Universe as-
sumes galaxies forming by baryon condensation within the po-
tential wells that define the collisionless collapse of dark matter
haloes (White & Rees||1978). However, the diversity of astro-
physical mechanisms involved in the process of galaxy forma-
tion and evolution does not allow us to unambiguously deter-
mine how galaxies occupy haloes. Thus, understanding the links
between galaxies and the dark matter haloes in which they reside
is one of the keys to comprehending the formation and evolution
of large structures.

Several works show that the halo occupation distribution
(HOD) is a powerful tool to connect galaxies and dark mat-
ter haloes. The HOD describes the probability distribution
P(N|Mhao) that a virialised halo of mass My, contains N galax-
ies with some specified characteristic (e.g. Jing et al.||1998; Ma
& Fry|2000; |[Peacock & Smithi2000; |Seljak 2000; |Scoccimarro
et al.[2001} Berlind & Weinberg|[2002} |Cooray & Sheth|[2002;
Berlind et al.|2003; [Zheng et al.|2005; |Yang et al.|[2007; |Ro-
driguez et al|2015). Moreover, many authors have proposed the
use of the HOD to constrain models of galaxy formation and
evolution (e.g. Benson et al.[2000; Berlind et al.[2003} [Kravtsov
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et al. [2004; Zentner et al.|[2005} [Zehavi et al.[2011) and cos-
mological models (e.g. Van Den Bosch et al.|[2003; Zheng &
‘Weinberg|2007).

Generally, the HOD approach assumes that the halo popu-
lation depends only on their mass, a first approximation that
has been amply analysed. Some examples of this include the
works of [Pujol & Gaztafiaga (2014)), who found that HOD can-
not reconstruct the galaxy bias for low-mass haloes in several
semi-analytic models, as well as the Pujol et al.| (2017) analysis
of the influence of local density in HOD -also in semi-analytic
models. In the latter, the authors highlight HOD as a better pre-
dictor of galaxy bias than halo mass, while on the other hand,
Berlind et al.|(2003) studied the environmental variations of the
HOD in hydrodynamical cosmological simulations, revealing no
significant dependence. However, [Zehavi et al| (2018)), |Artale
et al. (2018)), and |Bose et al.| (2019) explored the dependence of
halo occupation on the large-scale environment for some semi-
analytic and hydrodynamical simulations, finding some relevant
signs of correlation.

As it is well known, the cosmic web that forms the large-
scale structure of the Universe contains regions with large mass
density fluctuations concerning the mean background density,
with cosmic voids corresponding to the lowest density regions.
There are several precise definitions of cosmic voids, where the
differences of these definitions account for a diversity of derived
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void properties such as their topology or the inner mass content
(Colberg et al.|[2008; |Cautun et al.[2018)). Nevertheless, all the
definitions agree that these regions comprise most of the volume
of the Universe, but only contain a small fraction of the galaxy
populations (Pan et al.|2012).

The extremely low densities, plus the expansion of the void,
make gravitational interactions between galaxies less frequent, a
fact that affects the growth and fate of the structure. These char-
acteristics make cosmic voids ideal regions to study aspects of
the formation and evolution of galaxies unlikely to be observed
elsewhere. The influence of these extremely low-density envi-
ronments on their member galaxies may be reflected in differ-
ent dynamical and astrophysics properties compared to galaxies
populating higher density regions. Void galaxies tend to be blue,
faint, and of late-type morphologies (Rojas et al.|[2004; Hoyle
et al.|2005; |Patiri et al.|2006; (Ceccarelli et al.[2008; |Hoyle et al.
2012), generally exhibiting young stellar populations and intense
star formation activity (Rojas et al.|2005). Thus, void galaxies
are expected to have a significantly different dynamical and as-
trophysical evolution. In this context, the possible dependence
of HOD on the environment should be most clearly seen inside
cosmic voids.

In previous work, Ruiz et al.|(2019) found a significantly low
amplitude of the galaxy-galaxy correlation function for galaxy
samples inside cosmic voids. As analysed by |Cooray & Sheth
(2002), the galaxy power spectrum can be expressed in terms of
the HOD. Thus, given that the correlation function is straight-
forwardly associated with the power spectrum (Peebles||1980),
HOD is also expected to differ when measured inside the cos-
mic voids. In this work, we use the same cosmic void definition
as Ruiz et al.| (2019), which considers spherical regions where
the integrated density contrast does not exceed a given threshold
value Aj;,. In the literature, see for instance [Ruiz et al.| (2015b)
and references therein, this parameter varies between —0.8 and
—0.9, so that inside void boundaries, there is at most 20% to 10%
the mean density of the Universe.

This paper is organised as follows. In Sect.[2] we describe the
simulated galaxy catalogues obtained from both a semi-analytic
model and a hydrodynamical simulation. We also describe the
algorithms to identify cosmic voids and the void catalogues ob-
tained. In Sect. 3] we describe the methodology used to deter-
mine the HOD inside cosmic voids. In Sect. [l we present the
results of the HOD measurements inside the voids in both cat-
alogues. In this section, we also explore the dependence of the
results on void properties such as Ay, void size, and the sur-
rounding void environment. In Sect. [5] we study the halo stellar
mass distribution as a function of the total dark matter halo mass.
In Sect.[6] we compare the halo formation time inside voids with
the overall results. Finally, in Sect. [/} we present our summary
and conclusions.

2. Data

In this section, we present the simulated galaxy catalogues used
in this work. We also present a brief description of the void-
identification algorithm used and the final void catalogues ob-
tained.

2.1. Simulated galaxy catalogues

We use two simulated galaxy catalogues, one based on a semi-
analytic approach and one extracted from a hydrodynamic sim-
ulation.
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2.1.1. The MDPL2-SAG galaxy catalogue

The MDPLZ—SACﬂ catalogue is part of the MultiDark-Galaxies
catalogues (Knebe et al|2018)), publicly available at the Cos-
moSi and Skies & Universe databases. This catalogue was
constructed by applying the semi-analytic model of galaxy for-
mation and evolution SAG to the dark matter haloes of the
MDPL2 cosmological simulation.

The SAG model (Semi-Analytic Galaxies, (Cora et al.[[2018))
includes all the main physical processes involved in the forma-
tion and evolution of galaxies, such as star formation, supernova
feedback, radiative cooling of the hot gas, chemical enrichment
of gas and galaxies, growth of supermassive black holes, feed-
back by AGN, starbursts via disc instabilities, and galaxy merg-
ers. For readers interested in a complete description of the sev-
eral physical processes present in the SAG model and the de-
tails of its implementation, we refer them to |Cora (20006), Lagos
et al.|(2008)), [Tecce et al.|(2010), [Padilla et al.|(2014), Ruiz et al.
(2015a), \Gargiulo et al.| (2015), |Cora et al.[(2018)), |Collacchioni
et al.|(2018)), and |Cora et al.| (2019)).

The MDPL2 simulation (Riebe et al. 2013} Klypin et al.
2016), which is also available at the CosmoSim database,
counts with 38403 dark matter particles in a comoving box
of lOOOh‘lMpc on a side, which translates as a particle mass
resolution of 1.51 x 10°4~"Mg. The cosmological parameters
adopted correspond to a flat ACDM scenario consistent with
Planck results (Planck Collaboration et al.|2014): Q,, = 0.307,
Qp =0.048, 03 = 0.823, h = 0.678 and n = 0.96.

The haloes and sub-haloes used to populate the simulation
with galaxies were identified with the Rockstar Halo Finder
(Behroozi et al.|2013a), and the merger trees were constructed
with ConsistentTrees (Behroozi et al.[[2013b)).

From the complete MDPL2-SAG catalogue at z = 0, we
selected all galaxies with absolute magnitudes in the r-band
M, — 5log,o(h) < —16, stellar masses M, > 5 x 108" 'M,
and host haloes with masses Mag. > 5 % 1047 My, where
M. corresponds to the mass enclosed within over-density of
200 times the critical density of the Universe. The final catalogue
comprises 41986893 galaxies.

2.1.2. The TNG300 galaxy catalogue

The TNG300 simulation is part of the IllustrisTNCﬂ suite of hy-
drodynamical simulations of galaxy formation in cosmological
volumes (Marinacci et al.[2018; [Naiman et al.|2018; Nelson et al.
2018;; Pillepich et al.|[2018a} [Springel et al.[2018). Particularly,
the TNG300 counts with 2500° dark matter particles and 2500°
gas particles in a cubic comoving box of 2054~ 'Mpc on a side,
which results in a dark matter and baryonic mass resolutions of
3.98 x 10’h"'M,, and 7.44 x 10%h~'M,, respectively. The cos-
mological model adopted is a flat ACDM with parameters also
in agreement with Planck results (Planck Collaboration et al.
2016): Q, = 0.3089, Q, = 0.0486, o = 0.8159, h = 0.6774
and n = 0.9667. The simulation was evolved using the moving
mesh code AREPO (Springel/[2010) and includes not only all
the relevant processes of galaxy formation, but also a detailed
magneto-hydrodynamical implementation (see Weinberger et al.
(2017) and [Pillepich et al.|(2018b) for a complete description of
the physical processes implemented).

! doi: 10.17876/cosmosim/mdpl2/007
2 https://www.cosmosim.org

3 https://www.skiesanduniverses.org
4 http://www.tng-project.org/
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Fig. 1. Radii distribution of cosmic voids identified in MDPL2-SAG
(red) and TNG300 (green) catalogues using Ay, = —0.9.

We selected all galaxies from the snapshot at z = 0 with
M, — 5log,o(h) < —15 and host haloes with masses My >
10'97~'M,. There are 657040 galaxies in the final catalogue.

2.2. Void identification and void catalogues

In both MDPL2-SAG and TNG300 galaxy catalogues, cosmic
voids were identified using the algorithm presented in/Ruiz et al.
(2015b). Briefly, the identification starts estimating the density
field via a Voronoi tessellation of the galaxy catalogues, which
are used as tracers. For each Voronoi cell, we can compute a
density given by pcenn = 1/Veen, Veen being the volume of the cell,
and define a density contrast as dey; + 1 = peenr/p, Where p is the
mean density of tracers. All Voronoi cells that satisfy dcep < —0.5
are selected as a centre of an under-dense region, and for those
centres, we select all-spherical volumes with an integrated den-
sity contrast A(Rypia) < Ajim as void candidates, where Ryqiq 1S
the void radius, and Ay, is a density contrast threshold, usually
chosen as —0.8 or —0.9 (which means 20% or 10% of the mean
density of tracers, respectively). For each of those void candi-
dates, the computation of A is repeated several times in randomly
displaced centres near the previous ones, accepting a new cen-
tre only if the new void radius is larger than the older one. This
random walk procedure is performed in order to obtain void can-
didates centred as closely as possible in the true minimum of the
density field. The final step of the identification removes over-
lapping void candidates by keeping the largest voids that do not
superpose with any other candidate.

In both catalogues used in this work, we selected all galaxies
with M; — 5log,,(h) < —20 as tracers to identify voids, obtain-
ing 12791 voids for MDPL2-SAG and 301 voids for TNG300.
In Fig. [T} we show the radii distribution for both catalogues
(MDPL2-SAG in red and TNG300 in green) and in Table [T we
show the relevant numbers of the void catalogues obtained.

It can be seen that the TNG300 void radii are smaller than
those in MDPL2-SAG. This is due to the fact that the TNG300
catalogue has a larger number density of tracers in this lumi-
nosity range than the MDPL2-SAG catalogue (see Table [T). To
study the impact of the volume number density of galaxies and
voids, in the Appendix, we test our results using samples of voids
limited by size, in order to obtain the same void number densities
in both catalogues (Sect.[A.T)), and using void catalogues identi-

MDPL2-SAG | TNG300
7 [10733Mpc™] 4.6543 12.3177
Total number of voids 12791 301
Number of galaxies in voids 2756005 34351
R,oia < 10" ™Mpc 381 130
107~ "™Mpc < Ryoiq < 15 TMpc 8981 144
15h~"™Mpc < Ryoiq < 20h™Mpc 3121 24
20h‘1Mpc < Ryoid 308 3
Median R,,iq [# "Mpc] 13.74 11.06

Table 1. Properties of the comic voids identified in MDPL2-SAG and
TNG300 catalogues. n represent the mean number density of tracers
used to identify voids, i.e. the mean number density of galaxies with
M, — 5log,,(h) < =20.

fied with equal density-tracer numbers (Sect.[A.2). Furthermore,
the results found in this work (Sects. [ [5] and [f) remain un-
changed.

Taking into account that observational works usually con-
sider HOD as a function of a fixed absolute limiting magnitude,
M, and aiming for a future comparison with real data, here we
show the results obtained with a fixed luminosity threshold. To
complete the description of the void samples of each catalogue,
in Table [I] we present the number of voids in each sample and
sub-sample considered.

3. Analysis of HOD in voids

In this section, we describe the methodology adopted to measure
the HOD, and in particular, inside cosmic voids. We studied the
mean number of galaxies in haloes of a given mass, (N|Mha),
being My, = Mg, for both catalogues. In order to compute
this quantity, we used the available membership information of
galaxies to associate them with their host dark matter haloes. In
this case, the HOD is just obtained by binning in halo mass and
computing the average number of galaxies in each bin.

To compute HOD inside cosmic voids, we followed the pro-
cedure described above, but only took into account the haloes
that are completely enclosed within void boundaries. Therefore,
we removed all haloes that have galaxies beyond the void radius
from our samples.

We compared the overall HOD results with those computed
only using haloes inside voids. In all cases, to compute the vari-
ance obtained in HOD calculations, we used the jackknife tech-
nique. For this purpose, we separated the sample of haloes into
50 equal sub-samples, and we computed HOD variations when
we did not consider each one of these sub-samples in the mea-
surements. We also tested the results using 10, 100, 150, and
1000 sub-samples in the jackknife procedure, finding that, for
50 or more sub-samples, the variance values stabilise.

In order to explore possible HOD dependence on void pa-
rameters, we explored the results obtained as a function of Ay,
void radius and void-type classification according to their envi-
ronment (see Sect. ). We also compared the stellar mass content
of haloes residing inside voids with that derived for the total halo
sample. This comparison provides further information to under-
stand the environmental dependence of the relation between halo
total stellar mass and number of galaxies.

4. Results

In this section, we presented the results of the HOD measure-
ments inside the voids in both catalogues and explored their de-
pendence on void properties.
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4.1. Dependence on Ajip

Cosmic voids are defined as spherical regions where the inte-
grated over-density is below a certain threshold value Ay,. This
parameter is fundamental since it is the only free parameter in
our identification algorithm. We identify voids with integrated
density contrast Ay, = —0.5,-0.6,—-0.7, —0.8, and —0.9. Within
these structures, we measured the HOD in each void sample and
compared the results with the global HOD obtained for the total
haloes sample.

In Fig. @ we show the dependence of HOD with Ay, in both
MDPL2-SAG and TNG300 catalogues. The overall HOD is pre-
sented with black lines, while red lines correspond to the HOD
inside cosmic voids. As it can be seen, there is a clear depen-
dence of the mean number of galaxies on the over-density thresh-
old used to identify the voids. This dependence is stronger in the
case of MDPL2-SAG, however, TNG300 follows the same trend.
By using less restricted Ay, values, the HOD inside the voids
becomes similar to that obtained in the complete catalogue. This
dependence is in agreement with previous results presented by
Zehavi et al.| (2018)), |Artale et al.| (2018)), and [Bose et al.|(2019),
who found evidence of occupancy variation when considering
halo sub-samples taking into account their large-scale environ-
ment. However, it is worth mentioning some important differ-
ences between their approach and our analysis. These authors
characterize the environment using spherical volumes (Artale
et al.|2018}; Bose et al.|2019) or a Gaussian smoothing (Zehavi
et al.|2018)), both with a fixed scale of Sh‘lMpc, and determine
the local density for each dark matter halo. These criteria are
substantially different to our spherical void definition, which in-
volves large-scale under-densities with a fixed integrated-density
contrast, Ajn. A consequence of this definition is that, by con-
struction, our voids have a lack of high-mass haloes, so the inter-
nal void HOD is limited to a certain halo mass. This can be seen
in Fig. 2] where the maximum halo mass that is achieved de-
creases with Ay,. For these reasons, given that the methodology
and the halo mass ranges of HOD are different, a direct com-
parison between our results and those presented by Zehavi et al.
(2018)),|Artale et al.[(2018)), and|Bose et al.|(2019)) is not straight-
forward. As a final remark, in Fig. [2] it can be seen that beyond
halo masses of ~ 1024~ 'M,, the environmental differences be-
come significant, reaching factors as large as 2 for Ay, = —0.9.

Since this work aims to study the behaviour of HOD in very
low-density environments, we decided to use voids identified
with A, = —0.9. This selection is also justified by the fact
that values of A, = —0.8 and —0.9 (which represent 20% and
10% of the mean density of tracers, respectively) are widely used
in spherical void finder algorithms in the literature (e.g. [Padilla
et al.|[2005} |Ceccarelli et al.|2006} |Colberg et al.|2008)).

4.2. HOD inside voids

Once Ay, value was fixed as —0.9, we compared the overall
HOD with measurements inside voids for different r—band ab-
solute magnitude thresholds. This was done in order to analyse a
possible dependence of the variation in the number of satellites
in haloes inside voids with luminosity.

In Fig. 3] we compare the HOD inside voids and the overall
results obtained on each catalogue for different absolute magni-
tude limits. The HOD inside voids is shown in red dashed lines,
and the overall HOD in black solid lines. The ratio between both
is presented at the bottom of each panel. As it can be seen, for
all magnitude thresholds (M, —5log,,(h) = —17 to =20, from up
to bottom), HOD inside voids is systematically lower for halo
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masses higher than ~ 10'247'M, and it achieves differences up
to ~ 50%. It is important to note that, for small halo masses,
there are no significant differences in the HOD inside voids with
respect to the general behaviour. This can be interpreted by con-
sidering the formation of the first-ranked galaxy of haloes nearly
independently of the environment, but with the satellite popula-
tion differing due to their slower formation and accretion in the
extreme low-density environment of cosmic voids. This result is
in general agreement with Bose et al.|(2019), who explored the
HOD in a TNG300 simulation.

We further studied HOD as a function of number density cuts
instead of luminosity thresholds, avoiding possible differences
arising in the assignment of galaxy luminosities in the two simu-
lated datasets. The results are given in Sect.[A.2] where it can be
seen that the differences between void and global environment
remain the same as in Fig. [3|using luminosity thresholds.

We also checked for systematic effects associated with the
boundary, given that HOD is computed in spherical volumes.
This was accomplished by randomising void centre positions and
recalculating HOD in these new volumes. For these randomly
placed spherical volumes, we recovered the HOD behaviour of
the overall halo sample, providing confidence in our results.

4.3. Dependence on voids radius

So far, we have seen that there is a clear distinction between the
HOD inside cosmic voids as compared to the overall behaviour.
In this section, we explore a possible dependence on a funda-
mental parameter of our void sample, namely the void radius.

We divided our samples into several void radius bins and
computed the mean HOD in the different radius bins. We define
four void sub-samples: Ryqig < 10h‘1Mpc, th‘lMpc < Ryoid <
15h '"Mpc, 15h"'"Mpc < Ryia < 20h~'Mpc, and 20h~'Mpc
< Ryoig. In Fig. E} we show the results of this analysis. For sim-
plicity, we only present the results for two absolute magnitude
thresholds for each galaxy catalogue, MDPL2-SAG on left pan-
els and TNG300 on the right. The adopted absolute magnitude
cuts are labelled on each panel. We notice that the results are
consistent for all studied ranges of absolute magnitudes. In the
figure, each sub-sample is represented by a different colour, as
indicated in the key figure (upper-left panel).

As it can be clearly seen, within uncertainties, there is not
a significant dependence of the HOD behaviour on void radius
Ryoia- This is somewhat expected, because, given our void def-
inition, up to Ryg, all voids have the same integrated density
contrast independently of their size.

4.4. Dependence on the void’s large-scale environment

Another way to classify cosmic voids is to use their large-scale
environment. According to|Ceccarelli et al.|(2013), voids can be
classed as R-types and S-types, where the former are surrounded
by large-scale under-dense regions, and the others are embedded
into over-dense regions. This is expressed on void profiles, and
we use the maximum value of A between [2Ryoid, 3Rvoida] to clas-
sify them. A void is classified as S-type if the value of A is pos-
itive, while if A is negative, the void is labelled as R-type. Paz
et al.| (2013) showed that this classification implies that the re-
gion surrounding an R-type void is in expansion, and for S-type
voids, it is in contraction.

In this section, we analyse the possibility that these dynam-
ical differences can produce an imprint on the HOD behaviour
within the void region. In Fig. [5] we show the results of this
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Fig. 2. The HODs measured for galaxies with M, — Slog,,(h) < —17 in
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MDPL2-SAG (left) and TNG300 (right) catalogues. The upper panels

show the resulting HOD for the complete catalogues (black squares - solid lines) and for haloes inside cosmic voids (red triangles - dashed lines)
identified with different values of Ay, as indicated in the key. Bottom panels show the ratio between HOD inside voids and the HOD in the
complete catalogues. The error bars are computed using the standard jackknife procedure.

analysis. For simplicity, only HOD measurements for one abso-
lute magnitude threshold are given for each catalogue, however,
the results are similar for the whole range of limiting magni-
tudes studied. R-type voids are presented in yellow triangles and
S-types in green circles. As occurred with void sizes (Sec. [4.3),
we find no substantial difference in the HOD between both void
sub-samples.

From these results, we conclude that the effects that drive
the changes of the HOD shape inside the voids are present in
all cases, independently of void size or surrounding large-scale
environment. Here again, we highlight the consistency between
the semi-analytic model and the hydro-dynamical simulation re-
sults.

5. Stellar mass content

HOD results obtained in the previous sections indicate that, for
a dark matter halo with a given mass above ~ 10277 "M, the
number of galaxies decreases if the halo resides inside a cosmic
void. In this section, we aim to investigate if galaxies in cosmic
voids show a different stellar mass content than average. The
standard scheme is that the galaxy population can be divided into
a central halo galaxy and their satellites. We follow this approach
in our analysis.

In order to obtain comparable quantities to those obtained
before, we computed the mean stellar mass content for galaxies
in haloes of a given mass: (My|Mpao). This quantity was cal-
culated for both the central galaxy and the satellite population
considering all galaxies with M; — 5log,y(h) < —17.

Figure |§| shows the (M| My, ) results for MDPL2-SAG and
TNG300 catalogues on the right and left panels, respectively. As
can be seen in the upper panels, central galaxies in voids (red
triangles) have a similar stellar content to the general population
of central (dark squares) for both catalogues, meanwhile, satel-
lite galaxies inside voids (light red triangles) show significantly
lower values of M, concerning the general behaviour of satellite
galaxies (grey squares). These results can be clearly seen in the
bottom panels, where the ratio M, yoia/My an is around ~ 10%

for central galaxies (red dashed lines), and ~ 30% for satellite
galaxies (light red dotted lines).

It is important to note that HOD and stellar mass content
results are consistent for both galaxy catalogues, and to point
out that a halo inside a cosmic void has fewer galaxies, and also
each galaxy has a lower stellar mass content. These two main
results are schematised in Fig.[7]

6. Halo time-formation in voids

In order to explore possible causes of the differences in the
HOD inside cosmic voids, we studied, in both MDPL2-SAG and
TNG300 halo catalogues, the distribution of z¢o,, defined as the
redshift at which half of the maximum of the halo mass has been
accreted onto the halo for the first time. To this aim, we followed
the formation history of each halo to determine its maximum
mass and the redshift at which it reached half of this value. We
expect that the distribution of this parameter inside voids may
differ to that in the complete catalogue, and that this different
merging history of the haloes populating voids may be responsi-
ble for its distinct HOD.

Figure |§| shows the cumulative fraction of z¢,, for MDPL2-
SAG (solid lines) and TNG300 (dashed lines) haloes. In both
cases, the distributions of z¢, in voids differ from the global
behaviour in the same fashion, showing haloes inside voids (red
lines) reaching half of their maximum mass at slightly lower red-
shifts than elsewhere (black lines). For this analysis, we selected
Ztorm @S the interpolated redshift between the two closest snap-
shots where haloes achieve 50% of their maximum mass. These
results are consistent with those obtained in previous sections
and provide hints that haloes within cosmic voids have a partic-
ular formation history with respect to other environments.

7. Summary and conclusions

The HOD links the galaxies with their host dark matter halo.
In this work, we studied its behaviour in the extremely low-
density environments of cosmic voids. For this purpose, we used
two simulated galaxy catalogues derived from the MDPL2-SAG
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Fig. 3. The HOD in MDPL2-SAG and TNG300 catalogues for different luminosity thresholds. Left column shows the results for MDPL2-SAG
and right column for the TNG300 catalogue, for magnitude limits M, — 51log(h) ranging from -17 to -20, from top to bottom. Black solid lines
represent the overall HOD, meanwhile red dashed lines the HOD measured inside voids. For each magnitude bin and catalogue, the ratio between
both HODs are shown at the bottom of each panel. The uncertainties are calculated by the standard jackknife procedure.
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void radii. Left column shows the results for MDPL2-SAG and right

column for the TNG300 catalogue, for R,,iq < 10h~'Mpc (orange), 10h"'Mpc < Ryoiq < 1587 'Mpc (purple), 1577 'Mpc < Ryiq < 20h~'Mpc
(blue), and 20h"'Mpc < Ryoiq (green). Each panel corresponds to a different magnitude limit M, — 5log,,(h) ranging from -17 to -20. The

uncertainties are calculated following the standard jackknife procedure.
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Fig. 5. The HOD in TNG300 and MDPL2-SAG catalogues for dif-
ferent voids classification taking into account their large-scale envi-
ronment. The upper panel shows the results for TNG300 and lower
panel for the MDPL2-SAG catalogue, for R-type voids (yellow) and
S-type voids (green). We show as example only two magnitude limits:
M, — 5log,y(h) = —17 for TNG300 and M, — 5log,,(h) = —20 for
MDPL2-SAG. The uncertainties are calculated following the standard

jackknife procedure.

semi-analytic model and the TNG300 hydrodynamic simula-
tion. Although these catalogues have different galaxy luminosity
functions, void-density tracers, and are built from very different
tools, the results obtained for both catalogues are entirely con-
sistent with each other, meaning that the conclusions and discus-
sions addressed in this section apply suitably to the two datasets.

Following our definition of voids, we find a clear dependence
of HOD on the environment. The differences increase as the
value of the Ay, parameter lowers (more empty voids). However,
we found that haloes with masses lower than ~ 1024~ 'M, lack
variations in HOD, indicating that for these haloes, the formation
of the central galaxies is nearly independent of the large-scale
environment density. For larger masses, haloes in sub-dense re-
gions need more mass than average to increase their number of

satellite galaxies.

In this work, we used a threshold over-density parameter
Ajim = —0.9 to define voids, a usually adopted value that presents
the greater differences concerning the global HOD. Our void
measurements show that for different ranges of absolute mag-
nitudes, the HOD is always below the overall results. However,
the HOD in voids shows no dependence on void radius nor void
large-scale environment. By definition, the interior regions of
our voids always present the same integrated mass density, so
that the lack of HOD dependence on the other parameters sug-
gests that their primary dependence is on the large-scale density
where haloes and galaxies reside.
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Fig. 6. Stellar mass content in central and satellite galaxies for MDPL2-SAG (left) and TNG300 (right) catalogues. Upper panels show (M, |Mpa10)
as a function of the halo mass for galaxies inside voids (triangles) and all galaxies (squares). Bottom panels show the ratio between M, for galaxies
in voids and the overall population. Dashed lines correspond to central galaxies and dotted lines to the satellite population. Error bars are computed
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groups in voids

general groups

Fig. 7. Schematic representation of our main results. Haloes inside cos-
mic voids have a lower number of member galaxies, which also have a
lower stellar mass content (~ 10% for central galaxies and ~ 30% for
satellites), for a fixed halo mass and luminosity threshold.

The lower HOD values inside the voids correspond to a
smaller number of satellite galaxies per halo. The results of Sect.
also show that the average stellar mass per satellite is smaller
by ~ 30%. Central galaxies are more similar, although their stel-
lar mass is smaller by ~ 10%. We conclude that the extreme
low-density environment of voids affects the accretion of satel-
lite galaxies generating a population more severely, with fewer
satellites and with lower average stellar mass.

Finally, the results of Sect. |§|show that the haloes in voids ex-
hibit lower zg values, so void haloes are younger and may have
undergone fewer interactions and mergers with other haloes.
This fact could partially explain their difficulty in hosting satel-
lite galaxies.
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Appendix A: Impact of number density in HOD
determinations

As described in Sect. 2.2} by imposing the same absolute mag-
nitude cut in both galaxy catalogues, and given the differences
in the luminosity functions, we obtain galaxy samples with dif-
ferent number densities. As a consequence, HODs are measured
in galaxy populations with different number densities. Besides,
voids identified using these galaxy tracers also have different
number densities as a function of void sizes. In this appendix,
we explore the consequences in HOD measurements when we
impose the same number density in both simulations on void
and galaxy catalogues.

Appendix A.1: Equal number density of voids limiting by void
radius

Figure[A.T|shows the volume number density of voids as a func-
tion of radius for TNG300 (green) and MDPL2-SAG (red). In
the inset figure, we also present the radii distribution for both
void catalogues. As can be seen, the number densities of voids
in both catalogues are different. However, it is clear from the fig-
ure that if we take voids with Ryiq ~ 1347 'Mpc, both samples
are not only similar in density, but also complete in void sizes.

TNG300 MDPL2-SAG
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Fig. A.1. Volume number density of voids as a function of void sizes.
Green and red curves correspond to TNG300 and MDPL2-SAG cat-
alogues, respectively. The inset figures show the size distributions for
both catalogues.

To analyse both the effects of differences in galaxy num-
ber density, and the lack of completeness on our HOD mea-
surements, in Fig.[A.2]we give HOD measurements inside voids
for the complete sample (circles) and that obtained considering
only voids with Ryiq > 13h7'Mpc (triangles). We performed
this comparison for the TNG300 (right panels) and MDPL2-
SAG (left panels) catalogues for two absolute magnitude thresh-
olds, M; — 5log,,(h) = —18 and —20 shown in the upper and
lower panels, respectively. It can be seen, by restricting the num-
ber density of voids, cutting by void radius does not produce a
significant change in the HOD determination. We conclude that
both the lack of completeness of small voids, and the differences
in the number density of voids between the catalogues, do not
significantly affect the results of our work.

Appendix A.2: Equal number density of galaxies and voids

As mentioned above, we identified voids and calculated the
HOD using the same absolute magnitude thresholds. However,
we can perform this analysis with the same number density of
tracers to obtain a similar number density distribution of voids.

In Fig.[A3] we show the volume number density of voids as a
function of the radius when the void identification is restricted to
the same number density of tracers, ny = 6.37 x 107> h*Mpc ™2,
for both catalogues. The green curve corresponds to TNG300
and the red one to MDPL2-SAG. The inset in the figure shows
the radii distribution for both void samples. As can be seen, these
results differ from those presented in Fig.[A.T] As expected, both
void catalogues now show the same volume number density and
size distribution in the complete range of Ryig.

Article number, page 9 of 11



A&A proofs: manuscript no. output

MDPL2-SAG TNG300
M, - 5logo(h) < -18 M, - 5log,o(h) < -18
10" g10(/) 10! g10(f1)
AN e Ochainls Qj\ ﬂt
- & @6‘
E ‘C} ..'@-.‘,‘ P
. ey G
A 100 @ ey 100 @ ----- ot
z o
~ @&
All voids
- Ry > 131" Mpe
10 10
101 10" 108 104 10" 102 108 104
M, - 5log;o(h) < -20 M, - 5logo(h) < -20
10! g10(f1) 10" gi0(f1)
N
2
2
s Gt
.(-éo 10° ‘-@__ e @ 10° ‘"@._,...Q-j ------ (>
~ N Pt
oBesagy i
@
10 1
10" 10" 108 10" 10" 10" 108 10
-1 -1
Mhalo [h Mo] Mhalo [h Mo]

Fig. A.2. The HOD in MDPL2-SAG and TNG300 catalogues for the complete samples of voids (triangles) and voids with Ry,q > 13h7'Mpc
(circles). The left column shows the results for MDPL2-SAG and the right column for the TNG300. The top panels correspond to the limit
magnitude M, — 5log,,(h) = —18 and the bottom panels to the M, — 5log,,(h) = —20. The uncertainties are calculated following the standard

jackknife procedure.
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Fig. A.3. Same as Fig. but for voids identified using the same
number density of tracers. Again, green and red curves correspond
to TNG300 and MDPL2-SAG catalogues, respectively, and the inset
shows the size distributions of voids.

Using these new void catalogues, we used two cuts in num-
ber density of galaxies: ny = 31.42 x 10~#*Mpc™ and 6.37 x

10733 Mpc 3. This corresponds to the number density of galax-
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ies for M; = —18 and M; = -20, respectively, from the Sloan
Digital Sky Survey (Guo et al|2015).

Figure [A:4] shows the comparison between the HOD inside
voids (red dashed lines) with the overall results (black solid
lines) for the MDPL2-SAG (left panels) and TNG300 (right pan-
els) catalogues. Small bottom panels show the ratio between
HOD in voids and HOD in the complete sample. It is clear that
the results are completely consistent with those obtained in the
main part of this work, where we used fixed absolute magnitude
cuts. It is worth mentioning that the same behaviour is obtained
for other equal number density cuts. We believe that it is simpler
to use a luminosity threshold to compare the simulations and
observational data as well, so our main studies were performed
under this prescription.
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Fig. A.4. The HOD in MDPL2-SAG (left) and TNG300 (right) catalogues for two thresholds of number density of galaxies, n, = 31.42 x

1073 B*Mpc= (top panels) and ng = 6.37x 1073 h*Mpc™> (bottom panels). Black solid lines represent the overall HOD, meanwhile red dashed
lines represent the HOD measured inside the voids. For each number density and catalogue, the ratio between both HODs are shown at the bottom
of each panel. Quoted uncertainties were calculated through the standard jackknife procedure.

Article number, page 11 of 11



	Introduction
	Data
	Simulated galaxy catalogues
	The MDPL2-SAG galaxy catalogue
	The TNG300 galaxy catalogue

	Void identification and void catalogues

	Analysis of HOD in voids
	Results
	Dependence on lim
	HOD inside voids
	Dependence on voids radius
	Dependence on the void's large-scale environment

	Stellar mass content
	Halo time-formation in voids
	Summary and conclusions
	Impact of number density in HOD determinations
	Equal number density of voids limiting by void radius
	Equal number density of galaxies and voids


