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ABSTRACT

Context. Some indications suggest that the properties of galaxy populations in dark matter haloes may depend on their large-scale
environment. Recent works have pointed out that very low-density environments affect the halo occupation, but a similar analysis of
high-density environments is still lacking. We used a simulated set of future virialised superstructures (FVS) to analyse the occupation
of galaxies in haloes within these globally high-density regions.

Aims. Our main goal is to explore the different characteristics of the galaxies populating haloes in FVS compared to the characteristics
of galaxies in general.

Methods. We used a publicly available simulated galaxy set constructed with a semi-analytical model to identify FVS in the simula-
tion. Then, we computed the halo occupation distribution within these superstructures for different absolute magnitude thresholds and
performed several analyses, including the comparison to the global halo occupation results. We studied the dependence on the results
of FVS properties such as density and volume, and we considered the morphology of galaxies. We also analysed the properties of the
stellar content of galaxies and the formation time of the haloes inside an FVS and compared them to those of the general populations.
Results. We find a significant increase in the halo occupation distribution inside FVS. This result is present for all absolute magnitude
thresholds explored. The effect is larger in the densest regions of FVS, but does not depend on the volume of the superstructure. We
also find that the stellar-mass content of galaxies considerably differs inside the superstructures. Low mass haloes have their central
and satellite galaxies with a higher stellar mass content (~ 50%), and exhibit mean star ages (~ 20%) older than average. For massive
haloes in FVS we find that only the stellar mass of satellite galaxies varies considerably corresponding to a decrease of ~ 50%. We
find a significant statistical difference between the formation times of haloes in FVS and the average population. haloes residing in
superstructures formed earlier, a fact that leads to several changes in the HOD and their member galaxy properties.
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1. Introduction

Galaxy formation and evolution inside dark matter haloes in-
volves a great diversity of astrophysical mechanisms. These pro-
cesses make it difficult to unequivocally determine how galax-
ies populate haloes, which is a key process for understanding
the formation and evolution of the large-scale structure of the
Universe. Nevertheless, relating the properties of galaxies to the
large-scale environment could provide clues that might improve
our understanding of these processes.

In this context, a powerful tool for connecting galaxies and
dark matter haloes is the halo occupation distribution (HOD). It
describes the probability distribution P(N|My,y,) that a virialised
halo of mass My, contains N galaxies with a specified set of
characteristics. The HOD at first order assumes that the popula-
tion of galaxies in a halo only depends on its mass. This approx-
imation has been analysed in several works using simulations
and observations (e.g. Jing et al. 1998; Ma & Fry 2000; Peacock
& Smith 2000; Seljak 2000; Scoccimarro et al. 2001; Berlind &
Weinberg 2002; Cooray & Sheth 2002; Zheng et al. 2005; Yang
et al. 2007; Rodriguez et al. 2015; Rodriguez & Merchdn 2020).
In addition to this simple dependence, some authors have found
signs of a correlation between the HOD and the environmental
density in galaxy catalogues that were constructed using semi-
analytic models (Zehavi et al. 2018) as well as hydrodynamic
cosmological simulations (Artale et al. 2018).

* E-mail:german.alfaro@unc.edu.ar

Alfaro et al. (2020) recently showed that the HOD dif-
fers significantly inside cosmic voids. These results were con-
sistently obtained in two synthetic catalogues, one based on
a semi-analytic approach derived from the MDPL2-SAG cat-
alogue (Knebe et al. 2018), and the other extracted from the
hydrodynamic simulation Illustris TNG300-1 (Marinacci et al.
2018; Naiman et al. 2018; Nelson et al. 2018; Pillepich et al.
2018; Springel et al. 2018). Analysing both simulations, the au-
thors consistently found a significant decrease in the number of
galaxies residing in void haloes compared with the overall be-
haviour of the HOD in the simulations. These studies show evi-
dence that the large-scale environment affects the population of
galaxies in dark matter haloes in these extremely low-density re-
gions.

It is well known that the cosmic web that constitutes the
large-scale structure of the Universe is the result of the mass-
accretion process that are mainly dominated by gravity. In this
process, mass flows from low-density environments, that is,
voids, to high-density regions, namely filaments and walls. The
intersections of these last two structures can form nodes that be-
come the densest environments in the large-scale structure. Un-
der the current A-CDM cosmological model, some of these over-
dense regions will become bound and virialised structures in the
future (Luparello et al. 2011 and references therein), hence we
refer to them as future virialised structures (FVS). In order to
deepen our understanding of the effect of large-scale environ-

Article number, page 1 of 12



A&A proofs: manuscript no. output

ments on the galaxy population of dark matter haloes, we focus
on superstructures here, in particular on FVS.

On the observational side, it is also well known that galaxy
properties are strongly affected by their local environment. How-
ever, several studies have focused on the large-scale effect on
the formation and evolution of galaxies, groups, and clusters. As
stated by the assembly bias scenario (Lacerna & Padilla 2011),
the most massive groups and clusters are located in the highest-
density global environments (i.e. superstructures and superclus-
ters) (Einasto et al. 2003, 2005; Luparello et al. 2011; Croft et al.
2012). Furthermore, for a given group r-band luminosity (con-
sidered as a mass proxy), a group residing in a superstructure has
a higher stellar mass content and higher velocity dispersion than
a group of the same luminosity in a less dense environment. We
stress that groups in FVS may have formed earlier than groups
elsewhere (Luparello et al. 2013). The effects determining the in-
trinsic properties of galaxies within groups in different environ-
ments are therefore linked to the host halo mass as well as to its
assembly history. Luparello et al. (2015) reported that the large-
scale environment may only affect the most luminous galaxy in
groups; this effect is not very significant and strongly depends
on galaxy morphological type. Late-type brightest group galax-
ies show higher luminosities and stellar masses, redder (u — r)
colours, lower star formation activity, and a longer star formation
timescale when they are embedded in superstructures, regardless
of the local environment of the group. Moreover, the authors re-
ported that the effect on the properties of galaxies beyond rank
three in luminosity is completely negligible.

Similarly, a recent analysis has discussed the effect of large-
scale filaments on galaxy properties (Kuutma et al. 2020, and
references therein). Kuutma and collaborators reported slight de-
viations between the brightest group galaxy properties inside
and outside filaments in terms of stellar mass, colour, the 4000A
break, specific star formation rates, and morphology. However,
these effects are marginal and the differences are negligible com-
pared to the effects arising from the density of the local environ-
ment.

These previous works on galaxy properties and the large-
scale structure were mainly based on observational data. In this
paper, and with the aim of a reproducibility of the results in
observational data, we use the FVS identification method pre-
sented in Luparello et al. (2011) to identify FVS in the observa-
tional galaxy catalogue of the Sloan Digital Sky Survey Data
Release 7 (Stoughton et al. 2002; Abazajian et al. 2009). As
discussed, indications of the effect of superstructures on galaxy
groups have been reported. Nevertheless, the effects of the large-
scale structure on the intrinsic galaxy properties are not com-
pletely unveiled. In this context, the analysis of semi-analytic
galaxies from numerical simulations can therefreo be extremely
useful, allowing us to access information that is not yet available
in observational data. This will deepen our understanding of the
astrophysical processes involved.

This paper is organised as follows. In Sec. 2 we describe
the simulated galaxy catalogues that were obtained from a semi-
analytic model and detail the algorithms we used to identify the
FVS. In Sec. 3 we present the main properties of our FVS cat-
alogue. In Sec. 4 we describe the method we used to determine
the HOD inside the FVS and other definitions of high-density
regions. We present and compare the results of the HOD mea-
surements for these two different regions. In this section, we also
explore the dependence of the results on the FVS volume and the
properties of the galaxies, such as their magnitude and morphol-
ogy. In Sec. 5 we study the galaxy stellar mass distribution as
a function of the total dark matter halo mass and compare the
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mean age of the stellar population of the galaxies inside the FVS
with the general results. In Sec. 6 we compare the halo forma-
tion time inside the FVS with the overall results and with that of
other high-density regions. Finally, we present our summary and
conclusions in Sec. 7.

2. Data

In this section, we present the simulated galaxy catalogue we
used. We also briefly describe the FVS-identification algorithm.

2.1. MDPL2-SAG galaxy catalogue

We used the publicly available MDPL2-SAG' galaxy catalogue
(Knebe et al. 2018), which was constructed using the dark mat-
ter haloes of the MurtiDarRk PLaNK 2 cosmological simulation
(MDPL2, Riebe et al. 2013; Klypin et al. 2016) and the semi-
analytic model of galaxy formation SEMI-ANALYTIC GALAXIES
(SAG, Cora et al. 2018). The MDPL2 simulation follows the
evolution of 3840 dark matter particles in a cubic box with
a side length of Ly = lOOOh_lMpC and with a mass resolu-
tion per particle of 1.51 x 10°My/h. The adopted cosmology
corresponds to a flat ACDM model consistent with Plank re-
sults (Planck Collaboration et al. 2014, 2016), with cosmolog-
ical parameters given by Q,, = 0.307, Q, = 0.048, o = 0.823,
h = 0.678, and n = 0.96. Haloes and subhaloes in the simula-
tion were identified using Rockstar (Behroozi et al. 2013a), and
their corresponding merger trees were constructed with Consis-
TENTTREES (Behroozi et al. 2013b).

The SAG model uses the haloes and subhaloes as backbones
and uses their respective merger trees to populate the MDPL2
simulation with galaxies. This model includes all the relevant
processes relative to galaxy formation and evolution, such as
radiative cooling of hot gas (in central and satellite galaxies),
star formation triggered by galaxy mergers (quiescent mode) and
by disc instabilities (burst mode), feedback by supernovae ex-
plosions and stellar winds, mechanism of hot gas ejection and
reincorporation, feedback by AGN and growth of super-massive
black holes, ram pressure, tidal stripping, and a detailed treat-
ment of the chemical evolution in gas and stars. For each dark
matter system, the SAG model provides three types of galaxies:
the central galaxy of the main halo (type 0), galaxies inhabiting
subhaloes that are satellites of the main halo (type 1), and galax-
ies that have lost their subhalo (it can no longer be identified,;
type 2, also called orphan galaxies). In particular, the selection
of this model is based on its reliable treatment of orphan galax-
ies. This is relevant for the HOD determination in high-density
environments because these environments include a large frac-
tion of these galaxies. The SAG model analytically integrates the
orbits of orphan galaxies and takes dynamical friction and tidal
stripping effects into account. This implementation provides a
more realistic estimation of the satellite galaxies final positions
and therefore a high-precision determination whether an orphan
satellite galaxy belongs to a main dark matter halo. We con-
sidered satellite galaxies of types 1 and 2, without distinction.
For a detailed description of all the mechanisms that are mod-
elled and implemented in SAG, we refer to Cora (2006), Lagos
et al. (2008), Tecce et al. (2010), Padilla et al. (2014), Ruiz et al.
(2015), Gargiulo et al. (2015), Cora et al. (2018), Collacchioni
et al. (2018), Cora et al. (2019), and Delfino et al. (2021).

! doi:10.17876/cosmosim/mdpl2/007
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The MDPL2-SAG galaxy catalogue and MDPL2 (sub)halo
catalogue are both publicly available at the CosmoSmv database?.
From the complete MDPL2-SAG catalogue at z = 0, we se-
lected all galaxies with absolute magnitudes in the r band of
M, — 5log,y(h) < —16, stellar masses M, > 5 X 1087h~'M,, , and
host haloes with masses Magp. = 5 X 101947 'M,, where Mg,
corresponds to the mass enclosed within an overdensity of 200
times the critical density of the Universe. With this approach,
our smaller haloes are made of ~ 30 mass particles. The final
catalogue comprises 41986893 galaxies.

2.2. FVS identification

Observationally, galaxies are biased tracers of the matter distri-
bution. At large scales, the luminosity follows the matter density
field, although its trace effectiveness depends on the smoothing
kernel function that is used. Taking this into consideration, sev-
eral procedures for identifying superstructures have been pro-
posed. While different methods define these objects as regions
with a positive luminosity density contrast (Einasto et al. 2007;
Costa-Duarte et al. 2010; Liivamaigi et al. 2012), the identified
structures have a high degree of arbitrariness.

Particularly, the FVS identification procedure is based on the
construction of a luminosity density field (Einasto et al. 2007)
from which the highest-density regions can be selected by fix-
ing a minimum luminosity overdensity. This process associates
the FVS with the highest values of a smoothed luminosity den-
sity field constructed from the convolution between the spatial
distribution of galaxies with a kernel function weighted by the
galaxies luminosity. The luminosity threshold was calibrated in
Luparello et al. (2011) according to the theoretical criterion for
the mass density of a bound structure defined by Diinner et al.
(2006). The smoothed luminosity density field was obtained for
a cubic grid with a resolution of 14~ Mpc on a side. When a con-
stant mass-luminosity ratio is assumed and the minimum mass
overdensity necessary for a structure to remain bound in the fu-
ture is considered, the suitable and previously computed thresh-
old results in piym /Prum = 3.5, where pm, represents the luminos-
ity density of each cell, and py,, is the mean luminosity density
of the sample. By means of a percolation algorithm, the high-
est luminosity density groups of cells are then identified. Hence,
the FVS are defined as the densest regions in the Universe that
will remain bound and virialised in the future evolution of the
Universe. To avoid contamination of smaller systems, a lower
limit for the total luminosity of a structure is also applied at
Lrys > 10'2 h2Lg,. These criteria provide a suitable compro-
mise of high completeness and low contamination for the FVS
sample.

3. Properties of the FVS in MDPL2-SAG

In this section, we briefly describe the main properties of our
FVS catalogue, which help us to understand these extreme re-
gions. The properties analysed here are related with the popula-
tion of dark matter haloes and galaxies that inhabit the FVS in
the next section (Sec. 4).

The identification algorithm described in Sec. 2.2 was ap-
plied to the MDPL2-SAG catalogue. It found 3219 structures
composed of a total of 1422683 galaxies. The top panel of Fig. 1
shows the distribution of FVS volumes (solid line) and its cumu-
lative fraction Vgys/Vpox (dashed line), where Vgys is the vol-
ume occupied by FVS and Vgox = Lj = 10° h*Mpc? is the

2 https://www.cosmosim.org

complete MDPL?2 simulation volume. The FVS covers a wide
range of volumes from ~ 50 A~ Mpc? to ~ 2.3 x 10* h—3Mpc?,
although 99.5% are below 10* 7~>Mpc®. The integrated volume
of all FVSs in our catalogue is ~ 5.65 x 10° h~*Mpc®. However,
the dashed line shows that this represents a tiny part of the total
volume of the simulation box, just 0.56%.

In addition to the FVS volumes, we also study their lumi-
nosities. In the bottom panel of Fig. 1 we show the distribu-
tion of FVS luminosities and the cumulative fraction Lgys /Lo,
where Lpys is the luminosity of the FVS and Lt the total lu-
minosity of our FVS catalogue. Just like the volume behaviour,
the FVS luminosity covers a wide range from 10'> A72Lg to
~ 4.66 x 10" hLe, and 99.5% of the sample lie below
2x 101 h2Le.
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Fig. 1. FVS volume distribution (solid line, top panel) and the cumu-
lative fraction of the volume occupied by FVS with respect to the total
volume of the simulation (dashed line, top panel). FVS luminosity dis-
tribution (solid line, bottom panel) and the cumulative fraction of lumi-
nosity with respect to the total luminosity of the FVS catalogue (dashed
line, bottom panel).

Although the total volume occupied by the FVS covers a
small fraction of the simulation, we find that 898 of the 1000
galaxies with the highest stellar mass content reside in FVSs.
This is also evident from inspection of the stellar mass distri-
bution in the top panel of Fig. 2 for all the galaxies and FVS
galaxies. Galaxies in the FVS show a significant difference only
at the high stellar mass end.

We show in the bottom panel of Fig. 2 the distribution of the
halo mass M». in the dark matter content of the FVS structures
(dashed red line) compared to that corresponding to the full sim-
ulation (solid black line). The FVS presents an excess of high-
mass haloes Maop. > 101347 M., consistent with the excess of
high-luminosity galaxies.

This trend remains in general when we split the galaxy sam-
ple into central and satellite galaxies: 893 and 795 of the 1000
central and satellite galaxies, respectively, and galaxies with the
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Fig. 2. Normalised stellar mass distributions measured inside the FVS
(dashed red line, top panel) and in the complete galaxy catalogue (solid
dark line, top panel). Normalised distribution of halo masses for haloes
inside the FVS (dashed red line, bottom panel) and for the complete
halo catalogue (solid dark line).

highest stellar mass reside in the FVS. The top panel of Fig. 3
corresponds to the stellar mass distribution for satellite galaxies
inside the FVS and the complete catalogue. The bottom panel
shows the same quantities, but for central galaxies. For satellite
galaxies, we find an excess for all stellar mass ranges. This be-
haviour is consistent with the result of Dragomir et al. (2018) for
the stellar mass distribution of galaxies in different mass density
regions. In central galaxies, the excess for high stellar masses
is consistent with the large fraction of galaxies with the high-
est stellar mass content residing in the FVS. On the other hand,
central galaxies in the FVS with M, < 11 x 10'°%7'M; have a
lower stellar mass than average. We conclude that the FVSs are
superstructures in which a variety of HOD dependences on large-
scale high-density environments can be studied. Our results for
central galaxies in the FVS may be analysed in different galaxy
formation models and in observational data. This will further our
understanding of galaxy formation and evolution.

4. HOD analysis in high-density environments

To determine the HOD, it is necessary to compute the mean num-
ber of galaxies in haloes of a given mass, (Nga | Mhalo), Which
iS Mhao = Magoc. Because in the simulation, the membership of
galaxies in dark matter haloes is available, the HOD is computed
by binning the sample in halo mass and calculating the average
number of galaxies in each bin.

To study the HOD in the FVS, we followed this procedure,
but used only those haloes that were inside an FVS. The FVSs
were identified using the luminosity of galaxies as tracers of the
large-scale structure. Regardless of whether part of a halo is in-
side of an FVS, all of the halo galaxies are taking into account in
the HOD estimate. As the FVS volumes are larger than the halo
volumes by several orders of magnitude (see Sec. 3), this cri-
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Fig. 3. Normalised stellar mass distribution measured for satellite galax-
ies inside the FVS (dashed red lines, top panel) and in the complete
galaxy catalogue (solid dark lines, top panel). The bottom panel shows
the same as the top panel, but for central galaxies.

terion does not noticeably affect our FVS boundaries. We also
computed the HOD using all the galaxies in the catalogue in
order to compare the results obtained for FVS and the general
behaviour. To determine the variance in HOD estimates, we fol-
lowed the jackknife procedure (Efron 1982). We used 50 equal-
volume sub-samples and computed HOD differences when any
of these sub-samples were not taken into account. We tested the
results using 10, 50, 100, 150, and 1000 sub-samples, but we
found that the variance stabilised after 50 sub-samples.

To further study large-scale environment effects on the pop-
ulation of dark matter haloes, we used a different high-density
measure following the Dragomir et al. (2018) environment def-
inition. To do this, we constructed spheres with 84~'Mpc radii
around the position of each dark matter halo and counted the
number of galaxies with M, — 5log,,(h) < —20.1 within these
spheres to derive a local density given by the number of galaxies
divided by the volume of the sphere, that is,010c = Ngat/Vsphere-
Fig. 4 shows the distribution of pjo for the complete galaxy cat-
alogue and for the mean value pj,. = 0.00774.

We considered two density thresholds in the Dragomir et al.
(2018) prescription: a) haloes with dg > 0.7, and b) haloes with
0g > 4. In case a), about one in five of the high-density sphere
haloes resides in FVS, whereas ~ 90% of case b) are included in
the FVS. This shows that for the highest densities, the Dragomir
et al. (2018) definitions of a large-scale environment are compa-
rable to the FVS, whereas when this restriction to high density
is relaxed, it can substantially differ. These issues deserve con-
sideration when high-density environment definitions in HOD
studies are analysed.

For the haloes in the highest-density spheres (case b), the
results are indistinguishable from the FVS, showing that regard-
less of the definition of a high-density environment, the results
are unchanged regarding the HOD when a similar fraction of
high-density haloes is considered.
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Fig. 4. Distribution for the local density parameter defined by count-
ing galaxies in spheres with a radius of 84~'Mpc centred on dark mat-
ter haloes. The vertical dashed line corresponds to the mean value
of the distribution, p,. = 0.00774 [h’3Mpc3], and the dotted verti-
cal line shows the minimum density value of the S8+ sample, pjo. =
0.0119 [A*Mpc?]

As expected, a more relaxed restriction reflects a smaller dif-
ference in the global values. In order to show this, we consid-
ered the HOD of a sample of haloes (S8+) using the condition
0.7 < 3. The solid red line in Fig. 5 shows the ratio of the HOD
measured for the complete catalogue and the HOD inside the
FVS. The dashed red lines correspond to the ratio of the over-
all HOD and the HOD measured for the S8+ sample. We only
present the result for galaxies with M, —51log,,(h) < —17, but this
does not vary for other magnitude thresholds. With the two envi-
ronment definitions, haloes in the highest-density regions show
HODs with higher values than the average, although this effect
is stronger for the FVS.

We took these results in our analysis into account and con-
sidered the FVS as a suitable measure of high-density environ-
ments. This is entirely consistent with the highest-density thresh-
old in Dragomir et al. (2018).

I — FVS
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Fig. 5. Ratio of the HOD measured in the FVS (solid line) and in S8+
haloes (dashed line) with respect to the total simulation.

In order to explore the HOD dependence on FVS parameters,
we analysed possible variations in the luminosity density and
volume of these structures. We also analysed the HOD in the

FVS obtained for galaxies with different morphological types.
This comparison provides us with a more complete description
of the galaxies that populate the dark matter haloes and their
dependence on the large-structures environment.

4.1. Luminosity density dependence

The FVS are identified through the construction of a luminosity
density field. During this process (see Sec. 2.2), we assigned two
parameters to each galaxy that characterize the luminosity den-
sity of the surrounding environment: Lo, the local luminosity
density within a cube of 14~'Mpc a side, and 0Lyg10p, the global
luminosity density in a cube with 134~ Mpc a side, both centred
on the galaxy position. These parameters are expressed in terms
of the mean luminosity density of the MDPL2-SAG catalogue,
1.87x 108 hL,/Mpc?. By definition, all galaxies in the FVS have
a 0L, > 5.5, but their 6Lgo, can have lower or higher values,
depending on the FVS region in which the galaxy is located. A
galaxy with 0Lgop < 5.5 likely lies on the border of the FVS,
while a galaxy with 6Lgo, > 5.5 is generally located near the
nucleus.

In Fig. 6 we show the FVS HOD for different values of
6Lgiop (dashed red lines), the results for all FVS sample (solid
red line), and the complete catalogue HOD (black line). We
performed this analysis for four absolute magnitude thresholds:
M;-51og,y(h) = =17, 18, =19, and —20. Although in principle,
no significant differences are observed in the upper panels, when
we plot the ratio of the FVS HOD and the HOD of the com-
plete catalogue in the bottom panels, a clear tendency appears:
regions with a higher luminosity density present differences of
up to ~ 20% with respect to the general behaviour.

These results show that haloes in extremely dense environ-
ments are populated with more galaxies than the average. This
dependence is present for all magnitude limits and for haloes
with masses higher than ~ 10'342"'M,. For low halo masses,
the HOD inside the FVS shows no significant differences from
the general behaviour. On the other hand, it is reasonable that
there will be no differences for the highest masses (greater
2 x 101~ M) because these haloes will be preferentially in
regions of high density and less likely outside of the FVS.

We present in Fig. 7 the ratio of the HOD inside the FVS
and the HOD of the complete sample of haloes. There is no ap-
preciable difference between the different magnitude thresholds,
indicating that the increase in HOD inside the FVS is equal for
faint and bright galaxies. It is remarkable that there is no depen-
dence on luminosity. Although the most luminous galaxies may
have some relation with the definition of the environment, faints
objects do not affect the FVS identification, and the results are
still consistent in the entire range of magnitudes we studied.

4.2. Dependence on FVS volume

In the previous section we have shown that there are differences
between the HOD inside the FVS when compared with the gen-
eral behaviour, and moreover, we showed that these differences
depend on the luminosity density of the large-scale environment.
For this reason, we aim to explore a possible dependence of the
HOD on the size of the FVS.

We divided the FVS sample into three volume bins and com-
puted the HOD for each one. The FVS sub-samg)les were de-
fined as Veys < 2500 A-3Mpc?, 2500 h3Mpc® < Vpys <
5000 h—*Mpc? , and 5000 h>Mpc® < Vgys. We analysed the
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Fig. 6. HOD measured for different luminosity thresholds. The different panels show the results for magnitude limits M, — 5log(h) ranging from
-17 to -20. The solid black lines represent the overall HOD, and the solid red line shows the HOD measured inside the complete FVS catalogue.
The dashed red lines are the HOD in the FVS as a function of the global luminosity overdensity, Lgop. For each magnitude bin, the ratio of the
FVS HODs and the overall HOD (solid black line in the main panels) is shown at the bottom of each panel. The uncertainties are calculated by the
standard jackknife procedure.

behaviour of the HOD computed in each volume bin compared This is somewhat expected given that our FVS are regions
to the HOD measured in the complete FVS catalogue. with a great variety of volumes and luminosities (Sec. 3). For
the same volume, we can therefore have structures with several

For simplicity, we show in Fig. 8only the results for galaxies luminosity densities. The volume of the FVS does not seem to

with M, —5log,, (h) < —18, within uncertainties. We performed  be the parameter that defines the behaviour of the HOD. This is

this for the same absolute magnitude thresholds of the previous their luminosity density.

section, and we found that the behaviour is the same for all sam-

ples. The figure shows that the HOD behaviour and FVS volume

are not clearly correlated, in spite of the large-scale density de-

pendence.
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4.3. Dependence on galaxy morphology

As shown earlier in this section, for a dark matter halo in a cer-
tain mass range, the number of galaxies that inhabit it is greater
than average when the halo resides in an FVS. Now, we are in-
terested to determine if these galaxies excesses have a particular
feature. Luparello et al. (2015) analysed the different morpho-
logical types of group central galaxies inside FVS and reported
that most massive groups with a late-type central host a larger
number of satellites when they reside in an FVS. These central
galaxies are more luminous and have a higher stellar mass con-
tent. In addition, these objects are redder and show a lower star
formation activity and longer star formation timescale. These re-
sults motivate us to study the behaviour of the HOD for different
galaxy morphologies in the FVS.

We defined the morphological type of a galaxy using the ra-
tio of the stellar mass of the bulge, M:‘ﬂge, and the total stellar
mass of the galaxy, M@, Elliptical galaxies were defined as
those with M8 /M9 > (.85 and spiral galaxies as those with

0 < M /proml < 0.85. All galaxies with M2 = 0 were clas-

sified as irregulars. In Fig. 9 we show the resulting morpholog-
ical fractions as a function of the stellar mass for MDPL2-SAG
galaxies, compared with the observational results obtained by
Conselice (2006) for the Third Reference Catalogue of Bright
Galaxies (RC3, de Vaucouleurs et al. 1991). Elliptical galax-
ies are shown in red, spirals in blue, and irregulars in green.
The figure shows that the number of irregular galaxies for low
stellar masses is overestimated. Because the morphology is not
expected to be well defined in semi-analytic models, particu-
larly for low resolution, we decided to use only galaxies with
M, > 5 x 10°h"'M,, to address observational morphological
type fractions.

127 & Elliptical
. ® Spiral

® [rregular
1.0

¢ Conselice (2006)
— MDPL2-SAG

08

06

Fraction

04

02

0.0 -

108 10°

l012

1011

Stellar Mass [h_lM@]

Fig. 9. . Morphological fractions as a function of the stellar mass. Solid
lines show the results for the MDPL2-SAG catalogue, and dots with er-
ror bars present the observational results from Conselice (2006). Mor-
phological types are color-coded as indicates in the key: red for ellipti-
cals, blue for spirals, and green for irregulars. The vertical dashed line
marks the stellar mass cut we applied to our sample for the morpholog-
ical analysis of this section, M, > 5 x 10°h™ M.

After we defined the morphological samples, we computed
the HOD for the complete catalogue and for galaxies in an FVS.
The results for four different magnitude thresholds are shown in
Fig. 10, where red lines correspond to elliptical galaxies, blue
lines to spiral galaxies, and green lines to irregular galaxies. We
show the results for the complete sample of haloes with solid
lines and the FVS sample with dashed lines. The resulting HODs
are presented in the upper panels, and the bottom panels show
the ratios of the measurements of FVS galaxies and the complete
catalogue.

As expected, the upper panels of Fig. 10 show that when
fainter absolute magnitude thresholds are considered, haloes
have a larger population of spiral (late-type) than of elliptical
(early-type) galaxies. This tendency is reversed at the brightest
absolute magnitudes, however. The behaviour of irregular galax-
ies across the absolute magnitude thresholds is also expected
given the high M, threshold we considered, which only has a
significant population of the most massive haloes. The HODs of
irregular galaxies are particularly low for M, — 5log,,(h) < —19
and —20.
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The bottom panels of Fig. 10 show that all morphologi-
cal types follow similar behaviours for halo masses higher than
~ 1031~ 'M,, showing an excess of the HOD for galaxies inside
an FVS, which is consistent with the galaxies presented in Fig.
6, where no morphological cuts were performed. We also note a
systematic excess in the fraction of spiral versus elliptical galax-
ies depending on the absolute magnitude thresholds. However,
this is not statistically significant and is consistent with the re-
sults of Luparello et al. (2015), who found that late-type central
galaxies are more affected when they lie in an FVS. These results
require further analysis in observational data to properly address
the interplay of HOD, environment, and galaxy morphology.

5. Stellar content

The results presented in the previous sections indicate that for
a dark matter halo with a given mass above ~ 10834 "M, the
mean number of galaxies increases up to ~ 20% if the halo
resides inside an FVS. In this section, we investigate whether
galaxies inside these structures show a different stellar content
from average. For our analysis, we split our sample into central
galaxies and satellite galaxies, considering as satellite galaxies
both types 1 and 2, as mentioned in Sec. 2.1, and we explore the
mass and age of the stellar content in the two galaxy samples.

5.1. Stellar mass content

For the central galaxy and the satellite population, we computed
the mean stellar mass content for galaxies in haloes of a given
mass: (M, |Mp,,). This quantity was calculated for the central
and satellites using all galaxies with M, — 5log,,(h) < —17. Be-
cause we are interested in exploring the properties of central and
satellite galaxies as a function of the total dark matter halo mass,
we adopted the same My, value corresponding to Mg (we did
not use the subhalo mass for the satellites).

The upper panel of Fig. 11 shows the results from all cen-
tral galaxies (solid red line), the FVS central galaxies (dashed
red line), all satellite galaxies (solid blue line), and FVS satel-
lite galaxies (dashed blue line). The lower panel shows the ratio
of the results considering only FVS galaxies and the complete
sample. For the case of central galaxies, the results are consis-
tent with those of Behroozi et al. (2010). We found that within
dark matter haloes with a mass lower than ~ 10'24~'M,, , both
central and satellite galaxies have up to ~ 45% more stellar mass
when the halo is inside of an FVS. In haloes with a mass above
~ 10"3h~'M, , the central galaxies have approximately the mean
stellar mass, regardless of whether the halo lies in an FVS. On
the other hand, the stellar content of satellite galaxies in an FVS
is considerably lower than the average of the complete satellite
sample, decreasing up to ~ 50% . This difference in stellar con-
tent can be explained by the Galactic harassment that satellite
galaxies in high-density regions experience (Gunn & Gott III
1972; Larson et al. 1980; Van Gorkom 2004; Pasquali & Nach-
name 2015). We recall that environmental effects on satellite
galaxies are incorporated in the SAG model through a gradual
starvation of the hot gas halo driven by the combination of ram
pressure and tidal stripping effects (Cora et al. 2018).

5.2. Mean age of the stellar population

Another way to characterize the galaxy stellar population is
through the parameter T, provided by the semi-analytic model,
which corresponds to the mean age of the stellar population of
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each galaxy at a given redshift. To explore a possible differ-
ence in the galaxies inside the FVS with respect to the complete
galaxy sample, we computed the distribution of this parameter
for both samples. The results are shown in Fig. 12, which shows
that in general, galaxies in the FVS have older stars than the
global distribution.

With the aim to explore whether the differences in theT', dis-
tributions are produced by lower or higher mass haloes, we used
the galaxies with M; —51og,,(h) < —17 to compute the mean T,
in haloes of a given mass: (T|Mp,jo). For this analysis, we again
divided our galaxy sample into central and satellite galaxies.

Fig. 13 shows that for haloes with masses lower than ~
10"3h~'M,, both the FVS central (dashed red line) and the satel-
lite galaxies (dashed blue line), stellar populations are up to
~ 25% older than in the overall results (solid red and blue lines,
respectively). For haloes with masses greater than ~ 1034~ M,
the differences in the values of the mean T, for galaxies in the
FVS and elsewhere is not significant.

6. Halo formation time in the FVS

The dependence of the halo formation time on the environment
has previously been reported in several works (e.g., Sheth & Tor-
men 2004; Maulbetsch et al. 2007). Alfaro et al. (2020) showed
that for dark matter haloes residing in a cosmic void, the HOD is
lower than average. These haloes also presented slightly longer
formation times than the mean. Now we showed that the HOD
inside the FVS increases compared to the overall behaviour. To
explore the possible cause of the variation, in this section we
study the distribution of zfom, defined as the redshift in which a
halo accreted half of its maximum mass for the first time. In con-
trast to the behaviour in voids, we expect that the distribution of
this parameter is above average for the haloes inside the FVS.
Similarly, the high-density regions analysed in Sec. 4 should
present an earlier halo formation than the mean, but later than
in the FVS.

We used the formation redshift given by the MDPL2 data,
which corresponds to the redshift at which each halo reached
half of the peak mass over the accretion history. The top panel
of Fig. 14 shows the cumulative fraction of z¢,p, from the haloes
inside the FVS, from the S8+ sample and from the complete cat-
alogue. The results show that the haloes inside the FVS reach
half their maximum mass at higher redshifts than elsewhere.
Similar findings are obtained for S8+ haloes, but with smaller
differences with respect to the average. This result is consistent
with the results obtained in Alfaro et al. (2020) for haloes in-
side cosmic voids, indicating that the variation in HOD and the
particular formation history of the dark matter halo in extreme
environments are correlated. We further explored this issue by
analysing the mean number of galaxies for the halo mass range
10'* — 5 x 10'"*Myh~" as a function of their formation redshift.
The bottom panel of Fig. 14 shows that the number of galaxies
residing in an FVS and S8+ is significantly larger than the over-
all values, a difference there increases in recent formation times.

In order to test whether the differences in the zgom distri-
bution are due to an excess of high-mass haloes in the densest
regions, we also computed z¢or, for different My, bins. Fig. 15
shows the zgorm as a function of My,, for the complete halo cat-
alogue, the FVS haloes, and the S8+ haloes. We conclude that
in general, My,, < 10'3h~"M,, haloes residing in the densest re-
gions were formed before. This difference is larger for haloes in
the FVS than for those in the S8+ environments.
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Fig. 10. HOD measured for different luminosity thresholds and morphological samples for galaxies with M, > 5 x 10'%h7'M,,. The different
panels shows the results for magnitude limits M, — 5log(h) ranging from -17 to -20. Solid lines represent the overall HOD from elliptical (red
lines), spiral (blue lines), and irregular galaxies (green lines), and the dotted lines show the HOD measured inside the complete FVS catalogue. For
each magnitude bin, the ratio of the FVS HOD and the overall HOD of each galaxy type is shown at the bottom of each panel. The uncertainties

are calculated by the standard jackknife procedure.

7. Summary and conclusions

The HOD is a powerful tool to link galaxies to their host dark
matter halo. Throughout this work, we have studied its behaviour
in the FVSs, which are superstructures with the highest lumi-
nosity spatial densities in the Universe. For this purpose, we
used FVS identified in MDPL2-SAG simulated galaxy cata-
logue, where galaxies populate dark matter haloes of the MDPL2
cosmological simulation through the SAG semi-analytic model
of galaxy formation and evolution.

We find that supersutructures defined as an FVS host approx-
imately 90% of the 1000 first-ranked galaxies in stellar mass
content. This is a considerable effect when we consider that the
total volume of the FVS catalogue is only ~ 0.56% of the to-
tal simulated box. Furthermore, when we separated our galaxy
samples into central and satellite galaxies, this result persisted
for both populations.

We find a statistically significant difference in the HOD of
haloes residing in an FVS with respect to the average simula-
tion values. This difference increases in the central regions of the
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Fig. 11. Stellar mass content in central (red lines) and satellite galaxies
(blue lines). The upper panel shows (M, |Mp,,) as a function of the halo
mass for galaxies inside the FVS (dotted lines) and all galaxies (solid
lines). The bottom panel shows the ratio of M, for galaxies in the FVS
and the overall population. Error bars are computed using the standard
jackknife procedure. For the central and satellite galaxies, My, corre-
sponds to the M. of the main halo of the group.
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Fig. 12. Distributions of the mean age of stars, T, of galaxies in the
FVS (dashed red line) and of all galaxies of the catalogue (solid black
line).

FVS, where the value of the 6Ly, parameter increases towards
the densest regions. This indicates that the effect is directly re-
lated to the luminosity density of the large-scale environment.
We find that haloes with masses lower than ~ 10'34~'M,, do not
present significant variations in their HOD. This indicates that
for these haloes, the formation of the central galaxy is nearly
independent of the large-scale environment density. This fact is
consistent with the lack of dependence on the low-mass HOD in
voids found by Alfaro et al. (2020). For higher masses, haloes
in overdense regions require less mass than on average to host
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Fig. 13. Mean age of star contents in central (red lines) and satellite
galaxies (blue lines). The upper panel shows (T |My,10) as a function of
the halo mass for galaxies inside the FVS (dotted lines) and all galaxies
(solid lines). The bottom panel shows the ratio of T, for galaxies in the
FVS and in the overall population. Error bars are computed using the
standard jackknife procedure. As in Fig. 11, My, corresponds to the
M. of the main halo of the group for central and satellite galaxies.

a larger number of satellites. This effect does not depend on the
FVS volume or on galaxy luminosity.

With the aim of analysing the behaviour of the different mor-
phological types residing in haloes within an FVS, we used

the ratio M2"'% /M to separate the samples. By imposing a
minimum stellar mass threshold of 5 x 10°4~'M, we obtained
a distribution of the morphological fractions that is consistent
with the observational data. As shown in Sec. 4.3, the differ-
ences of the HOD inside FVSs with respect to the global be-
haviour are present for all morphological types. For haloes with
Myao 2 10347 'M, residing in an FVS, we find an excess of
galaxies of all morphological types that is higher for spiral and
irregular galaxies. For lower halo masses, the number of irregu-
lars is marginally lower, although this may be due to the stellar
mass cutoff. We argue that the reproduction of this analysis in
observational data may be important because previous results
(Luparello et al. 2015) show differences in galaxy properties
when their different morphological types inside the FVS were
considered.

The results of Sec. 5 show that in the FVS, the lower mass
haloes (lower than ~ 10'*A~'M;) have a higher mean stellar
mass per galaxies than average. For FVS haloes with masses
higher than ~ 1034~ "My, satellite galaxies show a mean stel-
lar mass content that is considerably lower than average. On the
other hand, in the most massive haloes, the mean stellar mass of
central galaxies does not vary significantly. The distribution of
the T, parameter of galaxies in massive haloes residing in FVS
is more extended than on average. For lower-mass haloes, both
central and satellite galaxies show stars with a mean age that is
up to ~ 20% higher than average. This difference decreases con-
siderably for the most massive haloes.
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red line to the S8+ haloes, and the solid red line to haloes inside an
FVS.

The results of Sec. 6 show for the formation times that FVS
haloes have higher zsorm values. Except for a representative mass
range, we find that at a given formation time, haloes residing
in FVS are more densely populated by galaxies then elsewhere.
If different definitions of a high-density environment are used,
we find remarkably similar HOD and halo properties, with the

restriction that these different characterisations correspond to a
similar fraction of objects at high density.

We conclude that the differences we found in the population
of haloes residing in FVS is relevant for further studies of the
galaxy—halo connection. Our results suggest that an assembly
bias would have a significant effect on the HOD, in particular
when we take the large-scale density environment into account.
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