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ABSTRACT

We explore the properties of central galaxies living in voids using the EAGLE cosmological hydrodynamic simulations. Based
on the minimum void-centric distance, we define four galaxy samples: inner void, outer void, wall, and skeleton. We find that
inner void galaxies with host halo masses < 10'*M¢, have lower stellar mass and stellar mass fractions than those in denser
environments, and the fraction of galaxies with star formation (SF) activity and atomic hydrogen (HI) gas decreases with
increasing void-centric distance, in agreement with observations. To mitigate the influence of stellar (halo) mass, we compare
inner void galaxies to subsamples of fixed stellar (halo) mass. Compared to denser environments, inner void galaxies with
M, = 10199-935IM¢, have comparable SF activity and HI gas fractions, but the lowest quenched galaxy fraction. Inner void
galaxies with M, = 10[5-1951M 5 have the lowest HI gas fraction, the highest quenched fraction and the lowest gas metallicities.
On the other hand, inner void galaxies with M, > 10'%>M¢, have comparable SF activity and HI gas fractions to their analogues
in denser environments. They retain the highest metallicity gas that might be linked to physical processes that act with lower
efficiency in underdense regions such as AGN feedback. Furthermore, inner void galaxies have the lowest fraction of positive
gas-phase metallicity gradients, which are typically associated with external processes or feedback events, suggesting they have
more quiet merger histories than galaxies in denser environments. Our findings shed light on how galaxies are influenced by
their large-scale environment.
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1 INTRODUCTION Cosmic voids are especially important because they could be used
as ideal settings to investigate the influence of the large-scale envi-
ronment on the formation and evolution of galaxies since they are
expected to be less evolved and retain the memory of a more prim-
itive Universe (see review by van de Weygaert & Platen 2011). The
formation and evolution of galaxies entail incredibly intricate, in-
terconnected, and multiscale processes such as galaxy mergers and
tidal effects, are included. It is anticipated that galaxies inhabiting
cosmic voids are primarily assembled by internal processes, and that
their features will differ from those inhabiting other environments.
Indeed, many observational studies employing galaxy surveys have
identified differences in some properties between void galaxies and
those residing in denser regions (e.g. Szomoru et al. 1996b; Rojas et
al. 2004; Hoyle, Vogeley, & Pan 2012; Kreckel et al. 2012; Florez
et al. 2021). Generally, void galaxies contain less stellar mass (e.g.
Croton et al. 2005; Moorman et al. 2015), are bluer (e.g. Grogin &
Geller 2000; Rojas et al. 2004; Padilla, Lambas, & Gonzdlez 2010;
Hoyle, Vogeley, & Pan 2012) and with later-type morphology (e.g.

From large galaxy surveys, it is well known that the large-scale
structure can be described as a 3D cosmic web with thin filaments
connected by galaxy clusters and sheets that surround underdense re-
gions (Bond, Kofman, & Pogosyan 1996). The current cosmological
paradigm, A-CDM, explains the cosmic web origin as the product
of the formation and evolution of primordial density perturbations
superposed on a homogeneous and isotropic background. The under-
dense regions, known as cosmic voids, account for more than half
of the entire volume of the Universe (da Costa et al. 1988; Pan et
al. 2012) with sizes (diameters) that lie between ~ 1 to ~ 100 Mpc
h~!. Due to their sensitivity to some cosmological constraints, such
as dark energy (e.g. Li 2011; Cai, Padilla, & Li 2015; Pisani et al.
2015), cosmic voids have recently been exploited for cosmological
tests (Paillas et al. 2021).
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Rojas et al. 2004; Croton et al. 2005). There is no consensus regarding
the differences between some properties of void galaxies and those
in denser environments with comparable stellar mass. For instance,
using a huge sample of galaxies from SDSS-DR7, Ricciardelli et al.
(2014), classifying voids as large spherical regions devoid of galax-
ies (2 10Mpch™!) and shell galaxies as those galaxies located at a
distance > 30 Mpc h~! from the centre of a void, have found that
void galaxies had higher star formation activity than those lying in
the shell of the void or a control galaxy sample. In contrast, when
only star forming galaxies were considered, they exhibit the same SF
activity as shell void galaxies and a control sample with the same
stellar mass distributions. Moorman et al. (2016), utilizing an opti-
cal large galaxy sample from SDSS DRS8 (Blanton et al. 2011) in
conjunction with HI detections from the ALFALFA survey (Haynes
2011), found that void galaxies have similar star formation activity
to wall galaxies with similar stellar mass. The authors employed a
spherical void catalogue and considered wall galaxies to be those
outside of the voids. Similarly, Beygu et al. (2016) using the Void
Galaxy Survey (VGS), which uses a combination of the Delaunay
Tessellation Field Estimator and a Watershed Void Finder to iden-
tify a void, found similar results when comparing void galaxies with
galaxies in the field that are everywhere except in void interiors.
Recently, Dominguez-Gémez et al. (2022) found comparable mean
values of the specific star formation rates (sSFRs) for void and field
galaxies when the sample is limited to star-forming galaxies using
20 cosmic voids that are part of the VGS. Furthermore, the authors
found that the molecular and atomic gas masses in void galaxies are
comparable to those in galaxies in wall and filaments. These results
are in contradiction with Florez et al. (2021) who found that that void
galaxies had higher atomic gas masses than galaxies in filaments and
walls, using the RESOLVE survey and ECO catalogue and defined
as void galaxies the 10% of galaxies having the lowest local density.

Using spectroscopic and SSDS data from 40 dwarf galaxies in the
Lynx-Cancer Void, Pustilnik, Tepliakova, & Kniazev (2011) showed
that these galaxies have lower gas-phase metallicities than those in
denser settings in the Local Volume. In contrast, Kreckel et al. (2015)
studied dwarf galaxies carefully selected from the inner parts of seven
cosmic voids and compared them to isolated dwarf galaxies from
existing samples. The authors found that the gas-phase metallicity
of both samples were similar, indicating that external gas accretion
could play a minor role in the chemical evolution of these systems.
However, we stress that these findings are based on small samples of
galaxies. Consequently, much remains to be understood.

Gas-phase metallicity and gas fractions in galaxies could also hold
information about the assembly history of void galaxies that could be
connected to the properties of their host halo. In principle, because
gas properties are dependent on the gravitational potential well, the
ratio of stellar-to-dark matter halo mass in a galaxy should alter
them. Increased depth of potential wells prevents a greater fraction
of gas from escaping the galaxy due to supernova-driven winds, tidal
stripping, and other mechanisms. Douglass, Smith, & Demina (2019)
estimated the stellar-to-dark matter halo mass relation for galaxies in
the void and non-void regions by calculating the relative velocity of
H, emission line across the galaxy surface to measure the rotation
curve of each galaxy in the MaNGa survey and identifying voids
with the spherical VoidFinder of Hoyle & Vogeley (2002). Those
galaxies than are not in the void are referred to wall galaxies. The
authors found no significant difference in the stellar mass-to-dark
matter halo mass ratios between void galaxies and wall galaxies.

Despite the fact that significant progress has been made, all the
previously described inconsistencies may be attributable to either the
variances in the method used to identify a cosmic void (e.g. Colberg
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etal. 2008; Cauntun et al. 2018; Paillas et al. 2019), the potential bias
of the tracers utilised (e.g. Paillas et al. 2017; Florez et al. 2021), or
statistical errors associated with the size of the tracer samples. Future
observational surveys, such as the CAVITY project!, will provide a
survey of massive void galaxies that will assist in identifying the
origin of these disparities.

From a theoretical point of view, whereas cosmological N-body
simulations have been widely used to characterise cosmic voids, it
was not until relatively recently that cosmological hydrodynamic
simulations have provided a theoretical framework for the formation
and evolution of galaxies (Dubois, Volonteri, & Silk 2014; Schaye
et al. 2015; Nelson et al. 2018). In particular, large-volume cosmo-
logical hydrodynamic simulations are well suited for studying the
formation and evolution of galaxies in voids. Paillas et al. (2017)
used the largest simulation of EAGLE (Schaye et al. 2015) to identify
and characterise voids, as well as, the impact of baryons on their
distribution and properties (e.g., void size and void density profiles).
The authors concluded that, overall, baryons have no discernible
effect on void statistics. Alfaro et al. (2020) shows that the halo occu-
pation distribution in cosmic voids cound be different than in other
large-scale structures using the TNG300 simulation (Nelson et al.
2018) and identifying voids via Voronoi tessellation of the galaxy
catalogues (Ruiz et al. 2015). Habouzit et al. (2020) study the galaxy
properties and their black hole properties in voids identified in the
Hori1zoNAGN simulation (Dubois, Volonteri, & Silk 2014). The au-
thors use two distinct methods to identify void structures and find that
low-stellar mass galaxies with intense star-forming activity are more
frequent in the inner regions of voids, whereas their black holes and
their host galaxy grow together in voids in a similar way to denser
environment, even though the growth channels of BHs and their
host galaxies in cosmic voids are different from denser environments
(Ceccarelli et al. 2022).

In this paper, we aim to conduct a systematic investigation of the
properties of central galaxies as a function of their location on the
cosmic web using the largest simulation of the EAGLE project. This
simulation, although it is relatively small compared to the largest
voids observed in the Universe, allows us to have a representative
number of galaxies in diverse regions. This analysis is a step for-
ward to the next generation of cosmological simulations, which will
be focused on larger volumes. The EAGLE simulations reproduce the
low-redshift properties of a galaxy population in agreement with ob-
servations (Schaye et al. 2015; Crain et al. 2015; McAlpine et al.
2016). Lagos et al. (2015) find a remarkable agreement between the
H, properties of EAGLE galaxies and those that are observed. Tissera
etal. (2019) demonstrated that the EAGLE simulation is able to repro-
duce observed the large diversity of gas-phase metallicity gradients.
Investigating the highest resolution EAGLE simulation, Tissera et al.
(2022) analysed the evolution of the gas-phase metallicity gradients,
highlighting the importance of mergers in driving the diversity of
metallicity gradients observed today.

We use the void catalogue developed by Paillas et al. (2017),
which is based on a spherical underdensity finder that characterises
the voids by their centre position and size. We construct four galaxy
samples based on the void-centric distance, which is defined as the
distance to the centre of the nearest void for a given galaxy, and conse-
quently investigate the properties of galaxies regarding the large-scale
environment. To clearly distinguish mass dependence from environ-
mental dependency (i.e., the effects driven by the overabundance of
low-stellar mass galaxies in voids), we additionally investigate sub-
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samples of galaxies with identical stellar mass distributions. It is
important to note that our goal is not to do a direct and fair com-
parison with each observational dataset, since we would need to
account for all of the many systematic elements that may possibly
bias our comparison with a particular observational data. However,
in order to guide the reader, we cite global tendencies identified via
observations.

The outline of the paper is organised as follows. We describe the
EAGLE simulations, the void finder, and the definitions of the parent
galaxy samples according to the void-centric distance in section 2. In
Section 3, we investigate the main properties of galaxies as a function
of their distance to the nearest void. In Section 4, we investigate the
galaxy properties for galaxy subsamples with identical stellar mass
distribution as galaxies located in the internal parts of the voids.
We then explore the evolution and assembly of galaxies using the
subsamples in section 5. Finally, we discuss and summarise our
findings in Sections 6 & 7 respectively.

2 METHODOLOGY

2.1 Simulations

We use the largest simulation of the EAGLE project? (Schaye et al.
2015; Crain et al. 2015), which consists of a suite of cosmological
simulations with varying galaxy formation subgrid models, numer-
ical resolutions and volumes. The simulations were performed with
a modified version of the SPH code P-Gadget 3 that is an improved
version of Gadget 2 (Springel 2005b). This code includes galaxy for-
mation subgrid models to capture unresolved physics including cool-
ing, metal enrichment and energy input from star formation (Schaye
& Dalla Vecchia 2008) and black hole growth (Rosas-Guevara et al.
2015). A full description of the EAGLE project is found in Schaye
et al. (2015) & Crain et al. (2015). The largest simulation of EAGLE
has a comoving volume of (100 cMpc)3 with a mass resolution of
9.7 % 10° Mg for dark matter (and 1.81 x 106M® for baryonic) par-
ticles and a softening length of 2.66 ckpc 3 limited to a maximum
physical size of 0.70 pkpc. The simulation adopts the A-CDM cos-
mology from Planck collaboration et al. (2013) with cosmological
parameters: Qp = 0.693, Qn, = 0.307, Q, = 0.04825, g = 0.8288,
h=0.6777,ns =0.9611 and Y = 0.248 (see Table 1 from Schaye et
al. 2015 for details).

The simulation outputs were analysed using the SUBFIND pro-
gramme to identify bound control structures (Springel et al. 2001;
Dolag et al 2009) within each Friends of Friends (FOF) dark mat-
ter halo. These substructures are identified as galaxies and measure
stellar masses within a radius of 30 pkpc (McAlpine et al. 2016).
FOF dark matter halo masses, Mo, are defined as all matter within
the radius rpgyp where the mean internal density is 200 times the
critical density. We consider the ‘central’ galaxy as the galaxy clos-
est to the centre (minimum of the potential) for each FOF structure.
The remaining galaxies within the FOF haloes are classified as its
satellites.

2 http://eaglesim.org

http://eagle.strw.leidenuniv.nl

3 Throughout the paper, we refer comoving distances by preceding a ¢’ in
kpc and physical lengths by a "p’ as pkpc.
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2.2 Void Catalogue

We employ the void catalogue presented in Paillas et al. (2017) at
z = 0. Here, we provide only a brief description of the catalogues; an
extensive description of the void identification and associated void
statistics in EAGLE are found in Paillas et al. (2017). A spherical
underdensity finder based on the algorithm described in Padilla et al.
(2005) is used to locate cosmic voids. The algorithm begins by build-
ing a rectangular spatial grid and counting the number of galaxies
within each grid cell. The centres of empty cells are considered can-
didates for void centres. Around each candidate, spheres are grown
until the integrated galaxy number density in the sphere surpasses 20
per cent of the mean galaxy number density. The void radius, ryg;q,
is defined as the radius of the largest sphere satisfying this criterion
surrounding a given centre. If two adjacent voids have centres that are
closer to a set percentage of the sum of their radii, the smallest of two
is discarded from the catalogue. To validate ryqiq for the remaining
voids, the void centre is moved in various directions, and if the new
radius is larger than ry,;q4, the position of the void centre is updated.
Paillas et al. (2017) employed several tracers to identified voids and
as well as varying degrees of overlap to examine the implications
on voids statistics. In this study, we use the void catalogue in which
galaxies with a stellar mass > IOSM@ are tracers and there is 40 per-
cent overlap in the extent of the voids. The cumulative distribution
of void sizes are depicted in Fig. 6 and Table 1 of Paillas et al. (2017)
for different tracers. Particularly, for the catalogue used in this work,
there are 709 voids whose sizes range from 4.9 to 24.3 with an mean
of 7.0 pMpc. Approximately 10 per cent of the voids are larger than
10 pMpc and 1 per cent of the voids are larger than 15 pMpc.

2.3 Morphology and gas-phase oxygen abundances gradients

The method described in Tissera et al. (2012) is used to determine
the morphological classification of galaxies. Galaxies are first rotated
so that the z-axis is located in the direction of the total angular
momentum of the stellar component. Then, using the circularity
parameter € = J;/J; max(E), they are divided into a stellar disc and
a bulge component, where J, denotes the angular momentum and
Jz,max(E) is the maximum J, over all stellar particles at a given
binding energy E. The disc component is defined as those stellar
particles with, € > 0.5 while the bulge components comprise those
with smaller € and are more gravitationally bounded than E evaluated
at 0.5Ry,, (being Ry, the half mass radius). The disc-to-total (D /T)
ratio is defined by the ratio of the mass of the disc to the total stellar
mass, where the total mass is defined as the sum of the disc and
bulge masses such as B/T + D /T = 1. We select, as disc-dominated
galaxies, those with D/T > 0.5.

The radial gradients of gas-phase oxygen abundances were taken
from Tissera et al. (2019), for star-forming galaxies having a disc
component containing more than 1000 baryonic particles and more
than 100 star-forming gas particles®. This condition ensures to cap-
ture the metal distribution from the star-forming gas phase.The se-
lected galaxies have a variety of morphologies. The radial metallicity
profiles are estimated by weighting the oxygen abundances of the star-
forming gas particles by their star formation rate. This improved the
comparability of the simulated gradients to observations. Finally, the

4 These number have been selected to diminish numerical noise due to low
number of particles in the determination of the metallicity profiles. This im-
plies that the catalogue at z = 0 includes galaxies with M, > 109M® which
have star formation rates within the range [0.5 — 20]M /yr, approximately
Tissera et al. (2019).
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Figure 1. A slice of 100 x 100 x 25 cMpc of galaxies in the EAGLE largest simulation at z = 0. With the same galaxy number density, blue and green circles
correspond to inner void and outer void galaxies, respectively. Orange and magenta circles represent wall and skeleton galaxies, respectively.

metallicity gradients are estimated using a linear regression fit inside
the radial range [0.5, 2] Ry

2.4 Parent-galaxy samples

Our study is limited to galaxies with a stellar mass higher than
109M@within a-30-pkpc spherical aperture®. We determine the dis-

5 1t should be noted that this is a higher stellar mass cut than the one used
to identify voids. The reason for higher stellar mass cut in this study is to
ensure that the properties and evolution of the galaxies are well captured. As
a consequence, the number of galaxies are the same order of magnitude as
the number of voids.
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tance between the centre of each galaxy, defined as the position of the
minimum potential well, and the centre of all voids provided by the
void catalogue. Each galaxy is then paired with the void whose centre
is the closest to the centre of the galaxy. This ensures that each galaxy
is paired a unique void. This distance will henceforth be referred to
as the void-centric distance. To determine the environmental effects
of the large-scale structure on the galaxies, we consider the shape of
the void density profiles, as shown in Fig. 7 of Paillas et al. (2017).
The density of the voids in their inner regions is nearly constant and
much smaller than the mean galaxy number density. As we approach
to the void boundaries, the density rises steeply, peaking at the void
radius and converging to the mean on larger scales. Taking this into



account, we split the selected galaxies into four samples based on
their void-centric distance and in terms of the void radius:

o Inner void: galaxies are defined as those whose minimum void-
centric distance is between 0 and 0.8ry,;4, Where r,;q is the radius
of the closest void.

e Outer void: galaxies whose minimum void-centric distance is
between 0.87yiq and ryeig-

o Wall: galaxies are those located between rygiq and 1.47y4iq.

e Skeleton: galaxies are those located beyond 1.4 ry;q.

In total, we identified 513 inner void galaxies, 588 outer void
galaxies, 7723 wall and 4376 skeleton galaxies, of which 492, 528,
4597 and 1783 are centrals, respectively. This results in 7400 central
galaxies in total. Notably, each sample contains a different fraction of
satellite galaxies, with the skeleton sample having a satellite fraction
of 0.63 whereas 0.05 of the void galaxies are satellites. Because of
this significant variation in the fraction of satellites, hereafter, we
focus exclusively on the central galaxies in each sample. In sections
4 and 5, we select smaller samples by requesting to match the same
stellar mass distribution of outer, wall and skeleton galaxies to the
one of the central galaxies in the inner voids. Hence, the resulting
subsamples comprise 492 for inner voids, 461 for outer voids, 3082
for walls, and 1208 for skeleton galaxies.

To visually inspect our classification, Fig. 1 depicts the dark matter
density map of a slice of 100x100x25 cMpc from the EAGLE simula-
tion. Circles represent our selected galaxies, and colours correspond
to different samples. As seen in the figure and by construction, inner
void galaxies (blue circles) are found in the less dense regions of the
simulation, whereas skeleton galaxies (magenta circles) are found in
the highest-density regions. In intermediate density zones, outer void
(green circles) and wall galaxies (orange circles) are located.

3 GALAXY PROPERTIES AS A FUNCTION OF THE
VOID-CENTRIC DISTANCE

In this section, we explore the stellar mass and halo mass distribu-
tions, as well as their relation to our four parent samples, defined by
the void-centric distance described in the previous section. Addition-
ally, we show the abundance of star-forming galaxies with a non-zero
gas fraction as a function of the void-centric distance.

In the top panel of Fig. 2, the stellar mass distribution of each
parent galaxy sample is depicted. We observe a systematic bias to-
ward smaller stellar masses in the stellar mass distributions of in-
ner and outer void galaxies (green and blue solid lines). We find
that the median stellar mass grows with increasing distance from
the void centres. It is worth noting that the median stellar mass of

the entire simulation (logjo(M«[Mg]) = 9.6;8:2) is comparable to

that of the skeleton (log1o(M«[Mgp]) = 9.6;8_?) and wall galaxies

(log1o(M«[Mg]) = 9.6;8:2) as they are the more populated regions.
To determine whether these differences are statistically significant
or not, we perform a Kolmogorov-Smirnov (KS) test between in-
ner void galaxies and the rest of the galaxies, obtaining p-values
of < 0.08 or less. This means that galaxies in the outer, wall and
skeleton parent samples are not drawn from the same population as
the inner void galaxies. These differences are consistent with pre-
vious numerical and observational works (e.g. Croton et al. 2005;
Moorman et al. 2015; Habouzit et al. 2020; Rodriguez Medrano et
al. 2022). In particular, Ricciardelli et al. (2014) used cosmic voids
identified in the SDSS DR?7 as larger spherical regions devoid of
galaxies (2 10Mpch™!) and shell galaxies defined as those located
at a void-centric distance larger than three times the size of the void.
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Figure 2. Top and middle panels: The stellar mass and halo mass distributions
for each parent galaxy sample and the EAGLE simulation, as specified in
the legend. Vertical lines represent the median of each distribution. Inner
void galaxies are biased towards low stellar mass galaxies in comparison to
other regions. Bottom panel: The median halo mass-stellar mass relation.
The diffused density map and contours represent the distribution of all the
central galaxies in the simulation. The error bars represent the 20™ and 80
percentiles of each sample. The ratio between the stellar mass of each parent
sample to the inner void sample for a given halo mass is in the bottom plot
with errorbars corresponding to jackknife errors. Haloes in the inner void
regions tend to host galaxies with lower stellar mass than their halo analogues
from other regions for a given halo mass of 10[t1-12.2] Mgp.
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Figure 3. Left panel: The fraction of star-forming galaxies from the parent samples as a function of the void-centric distance and for various stellar
mass bins as the legend specified. Star-forming galaxies are considered to have sSFR > 10~!!-9yr~!  The fraction of star-forming galaxies decreases with
increasing the void-centric distance. Right panel: Fraction of galaxies with Hydrogen gas fraction, fyom > 0, as a function of the void-centric distance, where
Jatom = 1.35Mu1/ (M. +1.35(Mu; + My, )). The fraction of galaxies with HI gas also decreases with increasing the void-centric distance. Solid errorbars to

jackknife errors using 10 subsamples.

Even though the authors used only large cosmic voids in comparison
with our void catalogue, they found low dense regions are biased
towards low-stellar mass galaxies. Interestingly, when we examine
the halo mass distributions (middle panel of Fig. 2), we see a modest
difference in halo mass as we increase the distance to the centre of

the void from logjo(Mpao[Me]) = 11.470-% (the 25 — 75 per-
-0.2 :

centiles) in inner void haloes to logio(Mnao[Mel) = 11.5; in
skeleton haloes which is closed to the median halo mass of the entire
central galaxy population (logjo(Mhao [Me]) = 11.5;8:2).

The stellar mass as a function of halo mass is one of the key
properties to investigate. This might provide us with information
about the relation between the assembly of stellar mass and the
potential well. The median halo-mass stellar mass relation for the
four parent galaxy samples and all central galaxies in the EAGLE
simulation is displayed in the bottom panel of Fig. 2. It is clear
from the figure that galaxies in voids show lower stellar mass than
galaxies in denser environments for a given halo mass in the range
1011M@ and 1012M@, although the differences are well within the
scatter of the relation in each subpopulation. This is confirmed in the
bottom plot of the bottom panel of Fig. 2 that shows the ratio between
the median stellar mass of each parent sample and the median stellar
mass of the void galaxies for a given halo mass including the jackknife
errors. The plot shows higher stellar mass at fixed halo mass for all
the parent samples of denser environments for haloes with a mass
< IOIZM@. Additionally, for more massive haloes (> 1012M@),
the stellar mass seems to modestly increase in comparison to other
environments, although we have small statistics of such massive
haloes in inner void regions that is reflected in the large jackknife
errorbars. As depicted in the bottom panel of Fig. 2, the medians
of the skeleton (magenta) and wall galaxies (orange) extend to more
massive haloes and can be seen as a tail of more massive haloes of
central galaxies in the halo mass distribution of skeleton (magenta)
and wall galaxies (orange) in the middle panel.

Compared to previous numerical works, our findings are in agree-
ment with the study of Alfaro et al. (2020) who found that haloes
in void regions present less stellar mass content than haloes in other
regions, using TNG300 simulation (Springel et al. 2018). Habouzit et
al. (2020) using HorizoNAGN simulation (Dubois, Volonteri, & Silk
2014) have shown that the inner void galaxies in relatively low-mass
haloes with My, < IOHM@ were, overall, less massive than other
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galaxies of the simulation enclosed within haloes of same mass. We
remark that it is not our intention to conduct an apple-to-apple com-
parison between previous numerical efforts and our parent samples,
as each study uses different void identification, bias selection, and
even sub-grid physics of galaxy formation. We just intend to guide
the reader on the global trends.

The fact that galaxies in voids have a lower stellar mass content
than galaxies in other environments at a given My, suggests that
star-formation activity is regulated differently in galaxies in voids
than in galaxies in other large-scale environments. Indeed, it is be-
lieved that galaxies in cosmic voids evolve slowly in comparison to
the overall galaxy population, remaining in the star-forming sequence
in the Local Universe (Ricciardelli et al. 2014). Fig. 3 shows the frac-
tion of star-forming galaxies (left panel) and galaxies with hydrogen
gas (right panel) as a function of void-centric distance and for various
stellar mass bins. The error bars correspond to jackknife errors. We
define star-forming galaxies as galaxies with a sSFR> 10~ 11-3yr~1,
where sSFR= SFR/M. is the specific star-formation rate in an aper-
ture of 30 pkpc. We refer to the fraction of atomic gas (Obreschkow
et al. 2016) as fatom = 1.35Myr/ (M, + 1.35(Myr + Myp)) where
My and My are the atomic and molecular hydrogen masses, re-
spectively. The factor 1.35 accounts for the universal ~ 26% helium
fraction in the local Universe. The mass of hydrogen gas in atomic
and molecular phase were calculated by Lagos et al. (2015) for each
gas particle and galaxies for the EAGLE simulation. The authors cal-
culate the neutral hydrogen fraction based on the results of Rahmati
et al. (2013) who study the column densities of neutral gas in cosmo-
logical simulations combined with a radiative transfer calculation.
The Hj fraction is estimated by using the prescription of Krumholz
(2013) where the transition between HI and H, depends on the total
column density of neutral gas, the gas metallicity, and the interstel-
lar radiation field. As illustrated in Fig. 3, star-forming galaxies are
slightly more frequent in void galaxies (> 90%) than in exterior re-
gions (80%). Similarly, galaxies with a gas fraction faom > O are less
frequent with increasing void-centric distance, with a galaxy fraction
varying from 98 per cent in the inner parts of the void to about 80
per cent in the exterior regions. When the fraction are estimated
for various stellar mass bins, we observe that the decreasing frac-
tions of star-forming galaxies and galaxies with gas as a function of
void-centric distance are maintained. Nevertheless, the fractions fall



at different rates. For instance the fraction of star-forming galaxies
with M. > 101Mg, falls swiftly from 0.92 at 0.4r/ryiq to 0.8 for
r/ryoid > 1, while low and intermediate galaxies (M, < 1010M®)
decrease more gradually from 0.96 at 0.4r/ryeiq to less than 0.8 for
r/ryoid > 1.8. In the case of the fraction of galaxies with f3om > O,
we found that the downward trend is preserved regardless of stellar
mass, with the exception of massive galaxies, for which the fraction
remains nearly constant at 0.92 for r/ry.q > 1. Our findings are
consistent with the results of Ricciardelli et al. (2014)(see their Fig.
8) which show that SF galaxies decreases with the void-centric dis-
tance and for two stellar mass bins (M, > 10°>Mg and lower than
this mass). The fraction of high mass galaxies in their sample also
presents a steeper decreasing trend shown in our massive galaxies.
The authors suggested that galaxies in voids seem to be more efficient
in forming stars than galaxies in other regions and highlighting that
galaxy evolution in voids is slower with respect to the evolution of the
general population. From the theoretical side, Habouzit et al. (2020)
have shown similar results to our findings with ZOBOV (Neyrinck
2008) and VIDE (Sutter et al. 2015) that are void finders relying on a
Voronoi Tessellation of the tracer distribution in the HorizoNAGN.
This simulation has different subgrid physics of galaxy formation as
EAGLE.

The higher frequency of star-forming galaxies and galaxies con-
taining hydrogen gas in voids could simply be explained by the bias
towards low masses in underdense regions. We will investigate this
in the following sections using galaxy subsamples from various en-
vironments with the same stellar mass distribution as the inner void
sample.

4 GALAXY PROPERTIES COMPARISON BETWEEN
SUBSAMPLES WITH EQUAL STELLAR MASS
DISTRIBUTION

This section examines the effects of stellar mass and environment
on galaxy properties. To accomplish so, we define galaxy subsam-
ples from the galaxy parent samples corresponding to different envi-
ronments, as analysed in the previous section (see Subsection 2.4).
These subsamples have the same stellar mass distribution as the par-
ent galaxy sample in the inner void regions. We control by stellar
mass rather than halo mass since stellar mass is easier to infer from
observations. Using subsamples selected by requiring host haloes to
match halo mass distribution does not appreciably modify the major
conclusions in appendix A.

4.1 Galaxy properties as a function of stellar mass

The left panel of Fig. 4 shows the sSFR-stellar mass plane for each
subsample. The lines with circles and error bars represent the mean
distribution and the jackknife errors in the mean estimations of each
subsample, respectively. Grey contours denote all the central galaxies
in the EAGLE simulation with a stellar-mass larger than 109M@ and
sSFR= 10[‘10’_“'5]yr_1‘ The figure shows that galaxies follow the
same sequence regardless of their cosmic web location: low stellar
mass galaxies are active (M, < IOIOM@) near the main sequence
of star-forming galaxies, whereas massive galaxies have less star-
formation activity, with the exception of massive outer void galaxies
My > IOIOMQ) that appear to have higher star-formation activity.
For low mass galaxies (M, = 109_9'75M@) inner void and outer void
galaxies are more active than their wall and skeleton counterparts.
For intermediate mass galaxies (M, = 109'75_10'25MO), we find
opposite behaviour depending if they inhabit the inner/outer void
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regions or the other regions: inner and outer void galaxies are slightly
less SF active than skeleton and wall galaxies. For massive galaxies
M, > 1010'25M@), there is no discernible variation in the star
formation activity with the exception of the outer void galaxies, which
have a higher star-formation activity. Note that these differences are
modest as depicted in the bottom plot of the left panel of Fig. 4, which
shows the ratio between the sSFR of each subsample and the inner
void sample as a function of the stellar mass and their corresponding
jackknife errors. For low stellar mass galaxies, this ratio in SF activity
is small (by up to 1 per cent) whereas for intermediate galaxies are
up to 10 per cent. For the most massive galaxies, the difference in
the SF activity becomes significant for the outer void galaxies in
comparison with the other environments. This difference in the outer
void regions seems to be related to the fact that a high fraction of the
outer void galaxies reside in small voids (ryoiqg < 10 pMpc) as we
will discuss in Section 6, these voids could be more affected by hot,
metal-rich gas due to feedback process.

This is in agreement with Ricciardelli et al. (2014), who using cos-
mic voids identified in SSDS DR7, found no significant differences
in galaxies in voids and the field that lie in the star-forming main
sequence with the same stellar mass (see their Figure 7). However,
the authors found discrepancies in the proportion of star-forming
and quenched galaxies, suggesting that galaxies in dense regions
have undergone fast quenching mechanisms as a result of environ-
mental effects such as galaxy mergers, which rapidly enhance their
star-formation efficiency.

Indeed, as illustrated in Fig. 5, the fraction of quenched galaxies
(sSFR< 10~11-3yr~1y varies for each subsample. The figure clearly
shows that the fraction of quenched galaxies in inner void regions
is lower than the fraction of quenched galaxies in subsamples of
denser environments for the majority of the stellar mass bins, with
the exception of galaxies with M, = IOIOM@. For example, a frac-
tion of quenched galaxies of 0.17 is observed in low-stellar mass
galaxies (M, = 109'3M@) in the skeleton regions, whereas only a
fraction of 0.04 of low-stellar mass galaxies in the inner and outer
void regions are quenched. It is worth noting that for stellar masses
M, > 1010'25M®, while the inner void galaxy sample contains
fewer quenched galaxies than the rest of the subsamples, the differ-
ence between galaxies in voids and those in denser environments is
more modest. Besides, the fraction of quenched galaxies increases
with stellar mass in denser environments, possibly due to quenching
mechanisms affecting mostly massive galaxies, such as major merg-
ers and AGN (Active Galaxy Nuclei) feedback. In the case of the wall
and particularly, the skeleton regions, there is also a clear turnover
with an increasing fraction of quenched galaxies for low-stellar mass
galaxies. This could also be due to the action of ram-pressure strip-
ping due to the large-scale gas, which deprives small galaxies of gas
(Benitez-Llambay et al. 2013; Marasco et al. 2016). It is interesting
to note that the small peak of quenched galaxy fraction seen at in-
termediate stellar masses (M, = 109'75_10'25M@) in inner and outer
voids may be a result of the AGN feedback that becomes effective
at this M, range. Paillas et al. (2017) demonstrate that feedback pro-
cesses contaminated voids with hot, metal rich gas, specially voids
with ryig < 10 pMpc, This is compatible with our findings where
above 70 per cent of quenched galaxies at intermediate stellar masses
in inner voids are located in small voids (rygiq < 10 pMpc). Also,
this is consistent with the low SF activity seen in inner voids at this
stellar mass range.

Overall, we found that the fraction of quenched galaxies increases
as the void-centric distance increases from 0.04 in the inner void
regions to 0.12 in the skeleton regions.These trends might be caused
by the availability of gas supply to feed star formation, as well as
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Figure 4. Properties of star-forming galaxies in the subsamples, as the legend indicates. Grey contours represent all the central galaxies in the simulation.
Coloured markers and solid lines represent the mean distribution, and error bars represent jackknife errors using 10 subsamples. Left panel: The mean
specific star formation rate (sSFR) as a function of stellar mass. Right panel: The mean Hydrogen gas fraction (fyom) as a function of stellar mass, where
Jatom = 1.35Mu1/ (M. + 1.35(Mpy; + My, )). The bottom figures show the ratio between the mean sSFR (left panel) and the mean gas atomic fraction (right

panel) for each subsample and inner void galaxies.
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Figure 5. The fraction of galaxies that are quenched (sSFR< 10~11-5yr=1)
as a function of stellar mass for the inner void galaxies and subsamples of
denser regions as in the legend is specified. The solid black line represents
the quenched galaxy fraction in the EAGLE simulation. Errorbars correspond
to jackknife errors using 10 subsamples. In general, the fraction of quenched
galaxies is higher in skeleton and wall galaxies than the inner and outer void
galaxies.

environmental effects. For instance, galaxies living on the outskirts
of a void have intermediate local densities, such that the effects of the
environment that can quench galaxies are expected to be less impor-
tant than those located in the skeleton and walls. Galaxies living in
the inner parts of a cosmic void, however, might have a more steady
evolution dominated by secular evolution with lower star-formation
efficiency. The right panel of Fig. 4 shows the average atomic gas
fraction, fatom, for each subsample and inner void galaxies. To em-
phasise the differences in the HI gas fraction between each subsample
and the inner void galaxies, the bottom panel compares the HI gas
fractions of each region to the HI gas fractions of inner void galax-
ies. As can be seen, inner void galaxies with M, > 109‘9'75M@
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Figure 6. The mean relation between stellar mass and the star-forming gas-
phase oxygen abundance. Shaded regions represent the jackknife errors using
10 subsamples and the black solid lines and with circles represent the mean
relation with entire simulation. Grey dotted line and shaded region are ob-
servational estimations from Tremonti et al. (2004). Inner outer void galaxies
present lower metallicities than skeleton and wall galaxies. The difference is
more pronounced at higher mass galaxies.

have slightly lower HI gas fractions on average than those in denser
regions, although the statistical uncertainties are large. For inter-
mediate stellar masses (M, = 109'75_10'25M@), it is evident that
inner void galaxies have the smallest fractions of HI gas, whereas
wall galaxies have the largest fractions compared to other places.
Notably, when compared to observations, this is compatible with a
recent study by Dominguez-Gomez et al. (2022) that compared the
molecular and atomic gas of control samples of galaxies in filaments
and voids using the Void Galaxy Survey (VGS; Beygu et al. 2016)
and HI data from Kreckel et al. (2012) combined with measurements
of CO emission lines. The authors found no significant differences
across the samples. However, for these intermediate stellar masses,
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Figure 7. The fraction of galaxies that have a dominant stellar disc as a
function of stellar mass for the different subsamples. Errorbars correspond to
jackknife errors using 10 subsamples. Inner voids present the highest fraction
of discs in galaxies with M, > 10'93Mg.

the atomic gas mass fraction is lower in void galaxies than those in
filaments.

It is worth mentioning that the highest HI gas fractions seem to
be in wall galaxies with M, = 109'75’10'25M@ in our sample. This
is qualitatively consistent with the results of Janowiecki et al. (2017)
who, using deep HI observations from the extended GALEX Arecibo
SDSS survey (xGASS), found that galaxies with M, = 1010'2M@
residing in groups have higher HI gas fractions than those in isolation.

An important property that characterises a galaxy is its average
gas metallicity since it encapsulates the assembly history of a galaxy.
In particular, it constrains how the gas has been reprocessed by
stars and by different types of exchanges with their surroundings.
Fig. 6 shows the mean relation between the star-forming gas-phase
oxygen abundance and the stellar mass for the star-forming galax-
ies for the subsamples and inner void galaxies. This is the well-
known mass-gas phase metallicity relation (MZR). For small galax-
ies within M, = 10[9'0’9'5]M@, inner void galaxies tend to have
higher gas-phase metallicities than those residing in denser regions.
This might be consistent with the higher gas accretion rate expected
for galaxies in denser regions and the fact that gas accretion tends to
bring lower metallicity gas (Collacchioni et al. 2020; Wright et al.
2021). Although, this tendency is weak. For inner void galaxies with
M, ~ 10[9'5’10]M®, they have lower gas-phase metallicities than
those galaxies residing in denser regions. In particular, the high-
est difference appears when inner voids are compared with skeleton
galaxies. This is in agreement with the differences found by Pustilnik,
Tepliakova, & Kniazev (2011) in dwarf galaxies in the Lynx-Cancer
Void using spectroscopic and SDSS data. The authors showed that
these galaxies have lower gas-phase metallicities than dwarf galaxies
in denser environments. At higher stellar masses (M, > IOIOM@),
in contrast, the gas-phase metallicity for the inner/outer void galaxies
is higher and increases with stellar mass. The gas-phase metallicity
for skeleton and wall galaxies flattens with a stellar mass similar to
the relation found for the entire central galaxy population.

To understand the shape of the MZR, De Rossi et al. (2017) have
studied the evolution of the MZR in EAGLE for different efficiency of
AGN feedback and found that the flattening of the MZR in higher
stellar mass is due to the action of strong AGN feedback, which pos-
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sibly generates metal-rich mass-loaded winds. Comparing the MZR
from the simulation to the observational relation from Tremonti et
al. (2004), shown by the dashed grey band, we do not find an agree-
ment with observational data. This is a well-known fact and is driven
by numerical resolution (Schaye et al. 2015). However, the highest
resolution simulation (but smaller volume) from the EAGLE suite has
a good agreement with the data (see De Rossi et al. 2017). We in-
clude the median relation of EAGLE galaxies (solid black line with
error bars) as a reference to assess the different levels of enrichment
reached by galaxies at different locations.

Finally, we explore the morphology of our subsamples. The frac-
tion of disc galaxies as a function of the stellar mass is shown in Fig. 7.
Disc galaxies are defined as those with D/T > 0.5 where D/T de-
notes the fractional stellar mass in the disc component, as described
in section 2.3. The figure reveals that the fraction of disc galax-
ies increases with stellar masses for inner and outer voids, whereas
the fraction of disc galaxies for skeleton and wall galaxies, peaks
at M, > IOIOM@, following the trend of all centrals in the EAGLE
simulation (the grey line). For low-mass galaxies (M, < 109-75M@),
the proportion of disc galaxies does not vary much between sub-
samples. However, for galaxies with an intermediate stellar mass
(M, = 109-75‘10'25M@), the difference in the disc galaxy fraction
is higher, with inner voids presenting the lowest fraction of discs. In
contrast, massive galaxies (M, > IOIO'ZSMQ), in inner and outer
voids exhibit an overabundance of discs compared to those in other
locations, with disc fractions exceeding 60 per cent. The highest
fraction of massive disc-dominated galaxies are in agreement with
the observational results of Rojas et al. (2004) who report a higher
frequency of disc-like galaxies in voids using SDSS. If void galaxies
were also isolated in the past, the disc-like morphology would be
expected in voids. By examining the merger histories of galaxies,
it may be feasible to comprehend the origin of the smallest pro-
portion of disc galaxies with lower stellar mass (Lagos et al. 2018;
Rosito et al. 2019; Lagos et al. 2022). In Section 5, we analyse the
merger histories of the subsamples, where no significant differences
are detected across regions. To understand the lowest disc fraction,
however, it would be necessary to study how the mergers experienced
by galaxies shape the morphology across time, which is out of the
scope of this paper. Overall, however, there is no large disparity in
the fractions of disc galaxies between the inner void regions (29 per
cent are disc galaxies) and subsamples from denser regions (30 per
cent are disc galaxies), but the dependence of the frequency of disc
galaxies at a given stellar mass is clearly different. Our findings of
massive galaxies are in agreement with the observational results of
Rojas et al. (2004) who report a higher frequency of disc-like galaxies
in voids using SDSS.

4.2 The halo mass-stellar mass relation in subsamples

To understand the differences found in the average metallicities and
fraction of hydrogen gas, we explore the halo mass-stellar mass re-
lation. The halo mass distribution in the upper panel of Fig. 9 shows
that inner voids haloes are more massive than those in other environ-
ments. For instance, skeleton galaxies and wall galaxies have wider
halo mass distributions with a slightly smaller median halo mass
(log1(Mpaio[Mp]) = 11.3 £0.2 and 11.4%0-} with the 25 — 75
percentiles respectively), whereas inner and outer voids present
slightly more massive haloes (logjo(Mpa0[Me]) = 11.4 £ 0.2 and
1 1.4‘:%'21 respectively). A KS test between the halo mass distributions
of each subsample and the one of inner void galaxies yields p-values
smaller than 0.15. This suggests that controlling stellar mass creates
various halo populations in different environments. We note that by
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Figure 8. Left panel: The cumulative distribution of metallicities gradients taking as a proxy of metallicity, star forming gas-phase oxygen abundance (S(O/H))
for galaxies with stellar masses > lOlOM@ and in the inset plot for those in stellar masses < 1010M@ for the different subsamples as indicated in the legend.
Right panel: The cumulative distribution of the age of the youngest 30 per cent of the stellar population (73(). Galaxies in inner void galaxies have a higher

fraction of negative metallicities gradients than those in other regions.

enforcing the same stellar mass distribution, we are missing massive
haloes that are present in the EAGLE simulation (see the grey solid
histogram in the middle panel), where the halo mass distribution
peaks at 10! 1'5M@ for the entire halo population. Note, however,
that similar halo masses do not necessarily imply equal formation
histories as it has been shown that inside voids, galaxies (and haloes)
are significantly more biased with respect to the mass than in the
field (Pollina et al. 2019).

The bottom panel of Fig. 9 shows the halo mass-stellar mass re-
lation. The panel shows that the trend found in the parent galaxy
samples is preserved (see Fig.2): haloes within voids have a lower
stellar mass content than their analogues in denser environments at
a fixed halo mass between 10! Mg and 10'>Mg. This is demon-
strated in the bottom subpanel of Fig. 9, which compares the median
stellar mass of the galaxy subsamples to the median stellar mass in
void galaxies (blue line) for a given halo mass. The plot indicates that
ratios > 1 appear, with the largest ratio approaching 1.3 in haloes
of Mpao = 10”'25M@ hosting skeleton galaxies. We observe the
opposite trend for the most massive haloes (M1, > 1012M@), al-
though there are a few of these haloes in voids. We observed that this
flip in the halo mass-stellar mass relation has been observed before
in some galaxy formation models (see Artale et al. 2018 for EAGLE
& Zhang, Yang, & Guo 2021) and not found in others (Zehavi et al.
2018 for SAMs and Artale et al. 2018 for the original Illustris), hence
it is a question that remains open.

In general, void galaxies with Mp,, < 1012M@ have a slightly
lower stellar mass than galaxies located in denser environments.
Something worth noting is that the subsamples of wall and skeleton
galaxies have more low mass haloes as seen in the halo mass distribu-
tions in the upper panel of Fig. 9 and this is caused by the fact that the
halo sample is only complete for galaxies with a stellar mass larger
than 10°Mg. For that reason, we only show the median halo-stellar
mass relation in haloes with masses larger than 10! Mg, for all the
subsamples. Our findings are consistent with the assembly bias pre-
dictions (Zehavi et al. 2018; Artale et al. 2018), which indicate that
massive haloes in less dense environments contain less stellar mass.
Furthermore, it is compatible with the findings of Alfaro et al. (2020)
who, using the TNG300 simulation (Springel et al. 2018), found that
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haloes in inner voids have less stellar mass content than haloes of
the same mass living in denser environments. Note that these works
study a wider range of halo masses, whereas our subsamples contain
haloes with M} 1, < IOIZ'SMO.

4.3 Gas-phase metallicity gradients and young stellar
population

Chemical elements are spread in-homogeneously throughout galax-
ies, according to studies of metallicity gradients in galaxies. Metal-
licity gradients in galaxies are shaped by the mechanisms responsible
for gas redistribution, such as torques caused by bars or inflows and
outflows induced by SN and AGN feedback (Tissera et al. 2016; Ma
et al. 2017; Hemler et al. 2021). Mergers and interactions can also
aid in this process by altering gas properties, mixing chemical ele-
ments, and triggering intense star-formation activity (Rupke, Kewley,
& Chien 2010; Sillero et al. 2017).

In this section, we concentrate on the oxygen abundance gradients
of the star-forming gas in the galaxy subsamples with the same stellar
mass distribution. The metallicity profiles of galaxies with more than
100 star-forming gas particles in their disc components are estimated.
This last condition reduces the number of galaxies with measured
gradients to 63 in the inner void sample, whereas the outer void,
wall and skeleton subsamples include 50, 438 and 156 galaxies,
respectively. Tisseraetal. (2019, 2022) study the metallicity gradients
in the EAGLE simulations. The authors find a large diversity of gas-
phase oxygen gradients as seen in observations, with ~ 40 per cent
of them being positive. Positive gradients in galaxies could be driven
by external and internal processes. Interactions with neighbouring
galaxies have been identified as an external process, as well as, stellar
bars and inflows from AGN and SN feedback which are examples
of secular processes that could redistribute the gas in galaxies. In
particular, Tissera et al. (2019) find that galaxies in EAGLE exhibit a
weaker relation between gas-phase oxygen abundances gradients and
stellar masses for galaxies that have experienced mergers or strong
SN feedback that regulates the star-formation activity than those
with quiet merger histories (see also Tissera et al. 2022). Tissera et
al. (2019) also investigates the possible effect of the environment
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Figure 9. The halo mass (upper panel) distributions and the halo mass and
stellar mass relation (bottom panel) for the subsamples with the same stellar
distribution as the one in the inner void sample. Vertical lines represent the
median of each distribution. Grey colour and the diffused density map and
contours represent the distribution of all central galaxies in the simulation.
Error bars represent the 20™ and 80™ percentiles of each sample. The ratio
between the stellar mass of each subsample and the median distribution of
inner void galaxies for a given halo mass are shown in the bottom figure with
errorbars corresponding to jackknife errors using 10 subsamples. Inner void
haloes hosting lower stellar mass galaxies in haloes with My, 1ol11-12.0] Mg
are preserved in the subsamples.

on the gas-phase metallicity gradients, using the neighbour density
(within 500 kpc) as a proxy for the environment and finding no clear
trend.

In this analysis, the classification of the environment is defined
differently in terms of the distance to the nearest cosmic void, al-
lowing us to investigate its impact in more depth. The left panel
of Fig. 8 shows the cumulative distribution of the oxygen abun-
dance gradients of star-forming gas (S(O/H)) for the subsamples,
which are divided into two stellar mass bins M, > lOloM@ and
M, < 1010M® (inset panel). Inner void galaxies appear to have
more negative gas-phase metallicity gradients (S(O/H) < 0), with
84 (80) per cent of galaxies in the highest (lowest) stellar mass bins.
In contrast, galaxy subsamples in denser environments have lower
fractions of negative metallicity gradients with 0.51 (0.71 for the
lowest stellar mass bin), 0.58 (0.72), 0.61 (0.80) for skeleton, wall,
outer void galaxies, respectively, regardless of the stellar mass bin.

The right panel of Fig. 8 depicts the cumulative T3 that is de-
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fined as the lookback time when the last 30 per cent of the stellar
population was formed in the disc, after the last merger. The sub-
samples have been divided into two stellar mass bins:> 10'°M, and
< 1010M® (inset panel). This parameter may be associated with the
input of chemical elements and/or the triggering of outflows, which
may have influenced the chemical abundance profiles on the discs
in the recent past (Tissera et al. 2019). The figure indicates that the
youngest stellar populations in massive inner void galaxies (median
T30 = 3.0t?“;5 Gyr) are slightly older than in denser environments
(median T3g = 2.25 + 0.5 Gyr for the rest of the subsamples). This
is compatible with the scenario where secular mechanisms regu-
late the evolution of massive galaxies in voids. However, as we will
see in the next section, not only the youngest population but the
entire stellar population is older in inner voids than in massive galax-
ies (M, > IOIOM@) in denser environments. In low-stellar mass
galaxies, there is no significant difference in the age of the youngest
stellar population between inner void galaxies (with a median and
the 251 — 75t percentiles of T3 = 1.25:1)’2 Gyr) and the rest of the
galaxy subsamples (T30 = 1.75 = 0.5 Gyr for outer void and skeleton
galaxies and wall galaxies 739 = 1.25 £ 0.5 Gyr). Our findings may
be the outcome of the assembly history of galaxies, which we will
study in the next section.

5 THE ASSEMBLY HISTORY OF GALAXIES
5.1 Merger histories

In this section, we compare the merger histories of the subsamples of
the outer, wall and skeleton galaxies to those of the inner void galaxies
with the same stellar mass distributions. Mergers are classified as
major when the stellar mass ratio of the secondary galaxy to the
primary galaxy, u, exceeds 0.25, whereas for minor mergers u takes
values between 0.1 and 0.25. To measure u, we take the ratio of
the stellar masses of the galaxies in the last snapshot in which both
galaxies are identified as individual structures by SUBFIND.

We explore the cumulative number of major and minor mergers
that galaxies have experienced from z = 1.74 (10 Gyrs ago) to
z = 0 as a function of stellar mass in the different subsamples shown
in Fig. 10, finding that, the number of major and minor mergers
increases with increasing stellar mass regardless of the environment.
This is consistent with the findings of Lagos et al. (2018) who used
EAGLE to determine that the fraction of galaxies that experienced
at least one major/minor merger increases with stellar mass. We
confirm a similar increasing trend with increasing stellar mass, as
shown in the insets of Fig. 10. Due to the huge spread, there is
no noticeable difference between the number of major and minor
mergers in different environments. This is expected, given that the
subsamples of the different regions match the stellar mass distribution
seen in inner void regions. This constrains the merger histories of
galaxies in denser regions. In addition, we only consider central
galaxies, whereas taking into account satellite galaxies will reveal
differences in the merger histories, as the fraction of satellite galaxies
living, for instance, in skeleton galaxies exceeds 50 percent, whereas
the fraction of inner void satellite galaxies reaches 4 percent of inner
void galaxies. We note, however, that there are some small differences
between the mean number of major/minor mergers of galaxies with
M, = 109'5_10'5M@ in different large-scale environments, although
the error are large. We find no substantial variation in the number
of major/minor mergers with regard to the environment for galaxies
with M, < 109'5M®, partially because they all have a small number
of mergers, as expected.
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Figure 10. The mean number of major (left panel) and minor mergers (right panel) as a function of stellar mass for the different environments. Errorbars
correspond to jack knife errors using 10 subsamples. The insets show the fraction of galaxies that experienced at least one major/minor merger as a function of

stellar mass.

1.0

N/Ntot

O.q

!

logio

logio(

L[M]) = [9.0,9.5)
e

= [9.5,10.0)

outer void A -

inner void A

10Ig1()l I\/ll* [1\/{@})

> 10.0
il il T T
L :
i _

tlastl\/lm [Gyr]

1.0

N/Ntot

O.q

5)
tlastmm [Gyl"]

010

tlastmm [Gyr]

010

tlastmm [GYI‘]

Figure 11. The cumulative distribution of the lookback time when a galaxy underwent its last major (top panels)/minor merger (bottom panels) for the different
subsamples and three stellar mass bins, as the figure specifies. The fraction of galaxies that experienced a major (minor) merger oscillates between ~ 10 (20)
and ~ 50 (25) per cent for a given stellar mass (see Fig. 10). Dashed lines represent the median of each distribution. Massive galaxies experienced their last
major/minor merger later in inner voids than massive galaxies in denser environments. Low massive galaxies in inner voids experienced their last major merger
earlier than galaxies in other environments, but their last minor merger occurred later than galaxies in denser environments
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Table 1. Median lookback time of the latest major merger, f\m[Gyr], and
minor merger, tmm[Gyr], events for galaxies divided in three different stel-
lar mass intervals in each defined environment. The supra index and under
index values represent the difference between the median and 25™ and 75%
percentiles respectively.

1000959Mg  100-510Mg > 101°Mg
tvm Gyr  inner void 7.9.09 6.7.57 4228
. —2.7 -2.5 -1.5
outer void 7'9i(2)'% 7-6t12_% S'Ztlrxs
wall 7'4ﬂ'§ 7-41_5'% 6'75:%
skeleton 6.7 14775 6.7.57
tmm Gyr  inner void 4.2,04 42:%_’; 4-2%):%)
outer void 6.0:11:2 2.3;3:8 23;(}:8
wall 6.0, 5.2;11'% 5.2;%'i
pis g - -T.
skeleton 7.4+1.5 7 4+1 S 7'4+1 S

Although the cumulative number of mergers does not vary strongly
in galaxies of different environments, the lookback time of the ma-
jor/minor mergers does. The top panels of Fig. 11 show the cumula-
tive lookback time distribution of the last major mergers in the last
10 Gyrs for each subsample. We classified galaxies into three stellar-
mass bins: 1099 Mg, 1019510 Mg and > 10'°M,. Table 1 also
shows the median lookback time of the last major mergers and the
25t and 75" percentiles of the distributions. Inner void galaxies
with M, > 10% Mg have experienced their last major merger later
than galaxies in denser environments. However, the trend is reversed
for galaxies with M, < 109'5M®: inner void galaxies have experi-
enced their last major merger earlier than the rest of the galaxies.
We should also point out that the distribution of #yyy, for massive
galaxies(M, > IOIOM@) overall has lower values than galaxies with
lower stellar mass regardless of the environment (see the median in
Table 1), consistent with hierarchical growth (De Lucia & Blaizot
2007). In particular, massive galaxies in inner voids experienced
their last major merger later than massive galaxies living in denser
environments.

Variations in the lookback time distributions of minor mergers are
also seen as a function of the environment. The bottom panels of
Fig. 11 illustrate the cumulative lookback time distribution for the
last minor merger. We see that the median lookback time of the last
minor merger in inner and outer voids galaxies occurred later than in
skeleton and wall galaxies (see Table 1). When we combine all of our
findings, we discover differences in the merger histories of galaxies
in different environments.

5.2 Evolution of galaxy properties

In this section, we explore the evolution of galaxies and their host
haloes using the same subsamples that have a similar stellar mass
distribution as inner void galaxies and divide them into three stellar
mass intervals.

To do this we define tform, «, the galaxy formation time, as the look-
back time at which the main progenitor has assembled 50 per cent of
its final stellar mass (z = 0)°. Figure 12 illustrates the growth in stel-
lar mass relative to the final stellar mass at z = 0. Low mass galaxies

(M, = 10[9’9'5)M@) seem to form earlier (median fg « = 7.6‘:11%

6 We caution the reader that this computation is conducted with the public
EAGLE database and has just 29 outputs in time. Although we interpolate the
formation time, this might be noisy.
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Gyr, vertical dashed blued lines) than their analogues in denser en-
vironments (median and 25% — 75" percentiles fgorm .« = 7.23'3
Gyr for wall galaxies, vertical magenta dashed lines). Although the
scatter is similar to the difference in time between two consecu-
tive outputs. This disparity is more obvious (M, > IOIOM@), with
inner void galaxies forming at form » = 8.3tg'2 Gyr and skeleton
galaxies forming at fgo » = 7.6 + 1 Gyr exhibiting the largest differ-
ence. There is no discernible difference in the assembly of galaxies
with intermediate stellar masses (M, = 10[9'5’10)M@) that have
torm,+ = 7.2’:11'2 for inner void galaxies and fform .« = 7.3J:11'1l Gyr
for skeleton galaxies.

The top panel of Fig 13 displays the fraction of the stellar mass
formed at a given time for galaxies in the different subsamples and
stellar mass bins. The median age of the stellar population is repre-
sented by the vertical dashed lines. The stellar population of inner
void galaxies with M, > IOIOM@ is found to be older than that of
galaxies living in other environments. However, we find no substan-
tial difference in the stellar population age in galaxies with interme-
diate stellar masses as a function of the environment (10[9'5’10>M®)
and only a weak tendency for the lowest stellar mass galaxies. This is
also evident in the bottom panel of Fig 13 for massive galaxies, where
the star formation rate (SFR) is shown as a function of lookback time.
Massive galaxies in inner voids are more star formation active at early
times than massive galaxies in other environments, with the peak of
star formation activity occurring at the same time as the peak of the
distribution of the stellar population age, as expected. At later times,
the star formation rates in void galaxies decline slightly faster than in
other environments. In comparison, when the environment changes,
we find no significant difference in the star formation histories of
intermediate and low stellar mass galaxies.

To conclude this section, we look at the evolution of the stellar mass
fractions in Fig. 14 for three halo mass bins: M, = 10[11’11'5)M@,
Mo = 10011512M and My, = 10021351Mg and for the
subsamples with a similar stellar mass distribution as the one of
inner void galaxies. The figure shows that the stellar mass fractions
increase rapidly at earlier times and then flatten out later after the
halo has already formed. This behaviour occurs for all halo mass bins.
However, haloes with My, < 1012M@ in inner voids present lower
stellar mass fractions (0.85 X 1072 £ 1.5x 10™* and 1.33 x 1072 =
3.8 x 107 respectively at z = 0) than haloes in other environments
(1.13%x1072£1.8x10™*and 1.59%x 102 £ 9.1 x 104, respectively,
for skeleton galaxies). This difference has been slightly increasing
over the last 7 Gyrs of evolution. This difference begins after the
formation of inner void haloes, with the halo formation time (¢form,h)
defined as the interpolated lookback time at which a halo assembles
50 per cent of its final mass. Haloes with Mp,j, < 1012M@) in inner
voids (form,h = 9.9f?'8 &9.1f11'31 Gyrs, respectively) seem to form
later than those in other environments (fform h = 10.25‘:?'71 & 9.2t11'g
Gyrs, respectively for skeleton haloes). Our findings are compatible
with the results of Alfaro et al. (2020) using the TNG300 simulation
(Nelson et al. 2018) and identifying voids via Voronoi tessellation
of the galaxy catalogues (Ruiz et al. 2015) although the halo masses
that they explored are higher than this study.

In contrast, massive haloes in voids (inner regions) have slightly
higher stellar mass fractions (2.3% 1072£14.4x10™%) than those from
haloes in the other subsamples (1.7x 1072 +17.1 x 10~* for skeleton
haloes). However, the jackknife errors are high. Calculating the halo
formation time for these haloes, we find that the halo formation time
of the inner void massive haloes (fform nh = 9.4t?'2 Gyrs) is larger
than their massive counterparts in denser regions (fform,h = 8.9’:2'%
Gyrs). Although this difference is small, it might suggest that haloes
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Figure 12. The stellar mass relative to the final stellar mass at z = 0 as a function of the lookback time. Dashed lines represent the formation time of the galaxy,
defined as the lookback time when 50 per cent of the stellar mass at z = 0 was assembled. The assembly history of lowest and highest mass galaxies seems to

form earlier in inner void galaxies than in denser environments, apart from galaxies of intermediate stellar mass in which there is no significant difference.
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Figure 13. The median mass-weighted age distributions of the stellar population (top panels) and the star formation rates (SFRs) as a function of lookback time
(bottom panels) for galaxies in the subsamples from different regions and inner galaxies and divided into three stellar mass bins. The shaded region represents
the 25™ and 75™ percentiles. The vertical dashed lines represent the median of the stellar population age (top panels) and the galaxy formation time (bottom

panels) for each subsample.

in a denser environment continue growing, while haloes in inner 6 DISCUSSION
voids regions, hardly accrete more matter at later times.

In this section, we bring together all our results to discuss what we can
conclude about the effects of the large-scale environment on central
galaxies by controlling the stellar mass. The section concludes with

an outlook on planned future work.
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Figure 14. The median evolution of the stellar mass fraction in haloes divided into three halo mass bins and for the different subsamples with the same stellar
mass distribution. Dashed lines represent the median formation time for each sample, defined as the lookback time at which the halo assembles 50 per cent of
its final mass. There is a significant difference in the stellar mass fraction in haloes with Mp,, < 1012MO that has been slightly increasing over the last 7 Gyrs.

6.1 What are the effects of the large-scale environment on
massive central galaxies (M, > 10'92M)?

In section 4, we found that massive galaxies in inner voids exhibit
considerable variance in their gas-phase metallicities and metallicity
distributions. Both properties are connected with the galaxies assem-
bly history and have close relationships to the environment. Higher
metallicities and negative metallicity gradients in massive galaxies
are consistent with the fact that inner void galaxies are more iso-
lated than those in denser settings. From Fig 12 & Fig. 13, we can
observe that inner void galaxies were more star-forming active and
contributed more gas to the cosmic web in early epochs compared to
later epochs. In the right panel of Fig. 8, the age of the youngest pop-
ulation of inner void galaxies are often older than those residing in
denser environments confirming this. Once massive inner void galax-
ies formed, they possibly ceased accreting gas from the cosmic web,
resulting in a decrease in star formation activity as seen in Fig. 13.
Additionally, they have fewer mergers and interactions at later epoch
(25 per cent of massive galaxies have at least one interaction), which
might enrich the gas and contribute to enhance SF activity and mix
chemical elements, flattening the metallicity gradients. We could not
identify any significant differences in the SF activity and hydrogen
gas fraction in inner void galaxies and their counterparts other en-
vironments, with the exception of outer void galaxies, which seem
to be more SF active. Upon investigating the SF activity in massive
outer void galaxies, we found that a significant fraction (above of 90
percent) of them reside in voids with sizes smaller than 10 pMpc.
Paillas et al. (2017) found that AGN feedback pollutes small voids
with hot, metal-rich gas in EAGLE. This is consistent with the fact
that massive galaxies in outer void regions have greater metallici-
ties than in denser surroundings. De Rossi et al. (2017) studied the
impact of AGN feedback on the metallicity-stellar mass relation and
found that AGN feedback were effective in expelling metal-rich gas
in haloes with My, > 10119 Mg (M, = 1010M@). In contrast, we
found a lower fraction of quenched massive galaxies in inner voids
than those in other subsamples, which is compatible with their past
star formation activity. But because we did not find differences in
the SF activity and hydrogen fractions, it is possible that the mech-
anism is related to the merger histories as suggested by Ricciardelli
et al. (2014) which noticed that the SF activity was not so different
between galaxies in inner voids and galaxies in other environments

when considering only star-forming galaxies. Indeed, we did observe
that galaxies that experienced at least one merger (~ 50/25 per cent
for major/minor mergers in inset plots from Fig. 10) had later mergers
(Fig. 11) although there was not significant difference in the merger
histories. This may suggest that AGN feedback is the primary factor
driving the disparities between massive galaxies. The lower efficiency
of AGN feedback in inner voids could be related to the fact that the
mass of the BHs in the haloes is less massive than the rest of the sub-
samples in this stellar mass range (not shown here, Rosas-Guevara
et al. in preparation). This may be in disagreement with Habouzit et
al. (2020), who observed no difference in the BH mass-stellar mass
relation at z = 0 between BHs residing in underdense areas and the
total population of BHs in the HorizoNAGN simulation. The authors
also used void galaxies and compared them to the rest of the simula-
tion over two stellar mass bins (M, = 10°71%Mg and > 10'°M),
however, with satellites. Note that the BH mass-stellar mass relation
is also different in both simulations (Habouzit et al. 2021).

6.2 What are the effects of the large-scale environment on
low-mass galaxies (M. < 107 Mg)?

In section 4, we found that low-mass galaxies in inner voids show
lower gas-phase metallicities on average (Fig. 6), with a higher frac-
tion of negative metallicities than the rest of the subsamples, albeit
with a smaller difference (Fig. 8). In addition, low-mass galaxies
in inner void regions have a slightly higher sSFR than the rest of
the subsamples, but with an equivalent hydrogen gas fraction. These
findings are compatible with the scenario where low-mass galaxies
evolve slightly more slowly over time. This is also seen in Habouzit et
al. (2020) using HorizoNAGN with different void finders. However,
based on Fig 12 & Fig. 13, we cannot distinguish between inner void
galaxies and those in other cosmic web environments in terms of
their star formation histories. There is a minor trend for inner void
galaxies to form (tform » = 7.6 Gyr) earlier than those in other en-
vironments (¢form,« = 7.2 Gyrs) but with a large scatter (more than
1 Gyr). To understand the low-metallicity gas in galaxies with the
same stellar mass as in denser environments, it is necessary to see
the merger histories. In this respect, we did not see a significant dif-
ference in the merger histories except for a small fraction of galaxies
that experienced a major merger (~ 20 per cent, see inset plots of
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Fig. 10) where experienced a major merger earlier in time than their
counterparts living in a denser environment.

Another possible explanation for the low metallicity of inner void
galaxies with low stellar mass, is that the nature of the infalling gas
into the host halo at earlier times could be different between inner
void regions and denser regions, and this is consistent with the host
haloes of inner void galaxies formed later in comparison with host
haloes in other regions (see Fig. 14).

6.3 What are the effects of the large-scale environment on
intermediate central galaxies (M, = 109-75.10.25 Mp)?

In the case of intermediate central galaxies, we found that this stellar
mass range is crucial due to the changing patterns in galaxy proper-
ties. Within this stellar mass range, galaxies in inner voids present
lower hydrogen fractions. This has been reported by Dominguez-
Gomez et al. (2022) who used observed CO emission lines for these
galaxies and compared molecular and atomic gas between galaxies in
voids and filaments. The authors find that inner void galaxies present
less hydrogen gas than their counterparts in denser environments. In
addition, intermediate stellar mass galaxies present higher gas-phase
metallicities, lower SF activity, and a higher fraction of quenched
galaxies. As previously mentioned, AGN feedback becomes effective
at haloes above My, = 10! 1'5M@ corresponding to M. = IOIOM@
(De Rossi et al. 2017; Habouzit et al. 2021). In addition, we also
found that the BHs in this stellar mass range, become more massive
in inner voids ( mean Mgy = 106'5M@) than those in other dense
environments (mean Mgy = 106'2M@ in skeleton galaxies) (Rosas-
Guevara et al. in preparation). In addition, the fact that 70 per cent
of quenched galaxies reside in voids smaller than 10 pMpc suggests
that the size of the voids is a crucial factor in determining these dis-
parities. This is consistent with the findings of Paillas et al. (2017)
that showed that galaxy feedback processes can contaminate voids
with hot, metal-rich gas, specially voids with ry4q < 10 pMpc.

6.4 Outlook

One caveat in our analysis is that the galaxy subsamples with identi-
cal stellar mass distribution have a distinct population of host haloes,
which might indicate that all of the variances in the galaxy properties
could be driven by the distinct populations of haloes in the distinct
environments. When we employ galaxy subsamples with the same
halo distribution as the one found in inner void galaxies, the differ-
ences seen in the key galaxy properties remain, indicating that the
differences are not only caused by different populations of haloes.
The drawback of this approach is that our subsamples will have differ-
ent stellar mass distributions along with environments. To examine
the impact of a large-scale environment, the halo and stellar mass
distributions of the distinct environments should be matched. How-
ever, imposing this condition reduces our samples to smaller sizes
and mass ranges, both of which are already limited. In future investi-
gations, it may be possible to investigate this in larger cosmological
hydrodynamical simulations with at least the same resolution as the
current one, but with a broader spectrum of cosmic voids, including
those that are larger than the ones observed in SDSS.

Our findings suggest that the void dimensions have an impact on
the properties of the galaxies that inhabit them. For example, the mod-
est excess of quenched galaxies in inner voids compared to skeleton
galaxies can be associated with galaxies inhabiting voids with lim-
ited dimensions. This hints that the history of smaller voids would be
different. Indeed, the population of voids can be subdivided based on
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the environment dynamics. Sheth & van de Weygaert (2004), split
voids into two categories: void-in-void and void-in-cloud. The first
kind of voids relates to those that are embedded in an underdense
environment with expanding walls, whereas the second type corre-
sponds to those that are immersed in an overdense environment with
contracting walls. This duality was initially identified by Ceccarelli
(2013), who classified voids as R-type or S-type based on their inte-
grated density contrast profile. Small voids are often surrounded by
overdense walls, but big voids frequently have underdense surrounds
and continuously increasing integrated density profiles. As void size
grows, the fraction of S-type voids decreases. Ruiz et al. (2015) found
that the nonlinear dynamics of haloes in the inner regions of voids
depends on their kind. Rodriguez Medrano et al. (2022) investigate
how this disparity in void qualities influence the formation, evolution
of the haloes and their hosted galaxies using zoom-in cosmological
hydrodynamical simulations. However, this should be studied using
the next generation of cosmological hydrodynamical simulations of
galaxy formation.

One aspect of our analysis that remains unresolved is to disentangle
the processes that are fostered in different environments that drive
the variations in the galaxy properties found at z = 0, such as gas-
phase metallicities and their gradients. These properties are thought
to encapsulate information from the recent interactions and the nature
of the infalling gas into the haloes. Indeed, we do find hints that the
merger history of galaxies may play a role (Tissera et al. 2022), but
the study the properties of the infalling gas into the haloes in diverse
environments is beyond the scope of this paper.

Another mechanism that have not been explored in this paper is
the impact of AGN feedback. It is believed that black holes could
grow by secular evolution in underdense regions and then affect the
star-forming activity in the galaxy differently than the environment
(see Habouzit et al. 2020). Indeed, the influence of the large-scale
environment on the feeding and fuelling of BHs and their effects on
their host galaxies needs to be understood. In a forthcoming paper,
we will investigate this by exploring the BH properties in cosmic
voids.

7 SUMMARY

We analyse the properties of galaxies as a function of the void-centric
distance using the largest ACDM cosmological hydrodynamical sim-
ulation from the EAGLE project (Schaye et al. 2015; Crain et al. 2015;
Furlong et al. 2015a). Our research focuses on central galaxies with
a stellar-mass larger than 109M@, yielding, 7400 central galaxies.
To identify voids in the simulation, we use the void catalogue con-
structed in Paillas et al. (2017) with a spherical under-density finder
(Padilla et al. 2005). Based on the void-centric distance, we defined
four parent samples of galaxies: Inner void, outer void, wall and
skeleton galaxies.
Our findings are as follows:

o We find that the stellar mass distribution of galaxies in inner and
outer voids are biased towards low-stellar mass galaxies (see Fig. 2),
consistent with observations and cosmological N-body simulations
(Croton et al. 2005; Moorman et al. 2016; Ricciardelli et al. 2014).

e We also study the halo mass-stellar mass relation, finding that
galaxies in voids have smaller stellar-mass fractions than galaxies in
denser regions for halo masses of My, = IOII’IZM@ (see Fig. 2).
This is in agreement with other cosmological hydrodynamical sim-
ulations (e.g. Alfaro et al. 2020; Habouzit et al. 2020).

e The fraction of star-forming galaxies and galaxies with no null
hydrogen gas fraction decreases with increasing void-centric distance



(see Fig. 3), which is in agreement with observations from SDSS DR4
(e.g. Ricciardelli et al. 2014).

To study the consequences of the large-scale environment on galax-
ies, we concentrated on galaxy subsamples of different environments
with the same stellar mass distribution as the galaxies located in the
inner void region, and in appendix A, we show these properties with
subsamples with the same halo mass distributions. Our findings are
as follows:

e For the galaxy subsamples, we explore the halo mass-stellar
mass relations. The lower stellar mass content seen in inner void
galaxies compared with galaxies in other environments is preserved
for a given halo mass with My, = 10(11’12)M@ (see Fig. 9), but
the reverse trend is shown for the most massive haloes (My,, =
101°Mg).

e We find that galaxies in inner voids with M, = 10799 M
tend to have slightly higher star-formation activity and similar HI gas
fractions than their counterparts in denser environments (see Fig. 4).
For the most massive galaxies, there is no significant difference in
SF activity and HI gas fractions with the environment, except for
the outer void galaxies, which have the highest SF activity and HI
gas fractions. However, the jackknife errors associated with these
differences are large.

e We examine the fraction of quenched galaxies (sSFR<
10113 yr‘l). Overall, this fraction rises with increasing void-centric
distance from 0.04 in the inner void regions to 0.13 in the skeleton
regions (see Fig. 5). This suggests that quenching mechanisms that
are more efficient in denser regions, such as ram pressure, take place
when the void-centric distance is increased. In addition, the level of
current star-formation activity in inner voids seems to be modulated
by other mechanisms, such as the lack of replenishing gas and/or
mergers and interactions.

e We explore the stellar mass-gas phase metallicity relation, using
oxygen abundances of the star-forming gas as a proxy (see Fig. 6).
Galaxies with M, = 101%-3-191M have a flat relation, with inner
void galaxies having the lowest gas-phase metallicities. The stellar
mass-gas phase metallicity relation increases with stellar mass for
galaxies in inner voids with M, > IOIOM@ compared to galaxies in
denser environments where the relation becomes flatter.

o In terms of morphology, the fraction of galaxies with a dominant
disc component increases with stellar mass regardless of the large-
scale environment, except for skeleton galaxies (see Fig. 7) with
29 per cent of galaxies in inner voids and 30 per cent in skeleton
galaxies having a dominant disc. However, there is a higher fraction
of massive disc galaxies (68% for M, > 1010'2M®) in inner void
regions than in other regions (56% and 58% in skeleton and wall
galaxies).

e We analyse the gas-phase metallicity gradients and the young
stellar populations (see Fig. 8) of galaxies with resolved discs, and di-
vide them into two stellar mass bins: > 10'°Mg and < 10'°Mg. We
find that galaxies are more likely to have negative metallicity gradi-
ents in inner voids (80 per cent of the galaxies with negative gradients
and a median of —0.009 with jackknife errors of 0.008 dex kpc™!)
than in denser environments (70 per cent of skeleton galaxies have
negative gradients and a median of —0.004 with jackknife errors of
0.001 dex kpc™!). This difference is observed for both stellar mass
bins, with a stronger signal for the highest stellar mass bins. We also
find that the youngest stellar population in inner voids are older than
in the other regions overall.

To gain better understanding of the differences found between inner
void galaxies and those denser environments, we track the evolution
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of galaxies in inner voids and compare them with subsamples from
other environments that have the same stellar mass distribution and
are divided into three stellar mass bins: 10999 Mg, 1019-510 M4
and > IOIOM@. The following are our findings:

e We find a modest difference in the merger histories of galaxies
as a function of their location in the cosmic web (see Fig. 10). We
find that the number of major mergers increases with stellar mass and
galaxies with M, = 10°-5-10-3 Mg in inner voids present the lowest
number of major mergers and the higher minor mergers. Whereas,
galaxies in the skeleton with larger stellar masses present the highest
number of minor mergers. For the lowest stellar mass galaxies, there
is no significant difference.

e We also investigate the lookback time distribution of the last
major/minor mergers (see Fig. 11). For low-stellar mass galaxies
1019-9-%) Mg, the last major merger seems to happen earlier in voids,
whereas their last minor merger occurred later than galaxies living
in the other environments. For intermediate and massive galaxies
(10[9'5*]0)M@ and > IOIOMO), their last major merger happens
later in inner voids than those in denser environments with more
diversity in the major merger histories. A similar trend is found
in minor mergers: void galaxies undergo their last minor mergers
later than galaxies in denser environments, except for galaxies with
M, = 1009510M.

e Lower stellar mass fractions (0.85 x 1072 + 1.5 x 10™* and
1.33 x 1072 + 3.8 x 10_4) in low and intermediate halo masses
(M0 = 1ol1L115Me gng 10“1'5’12)M®, respectively) in inner
voids than those in the other environments (1.13x 1072 + 1.8 x 104
and 1.59%x 1072 +9.1x 10_4) are detected. This difference has started
since 7 Gyrs ago. In contrast, massive haloes (10“2’ 13'5)M®) in inner
void environments have similar stellar mass fractions (2.3 x 1072 +
14.4 % 10_4) to those living in other environments (1.7 X 1072 +
17.1 x 104 for skeleton haloes) since early times.

We find that the key properties of galaxies in a denser, large-
scale environment with the same stellar mass distribution as those
galaxies in inner voids differ from those galaxies in the inner part
of voids. While these disparities are small, they become enhanced
when the stellar mass is not controlled, as shown in observations (i.e.
Ricciardelli et al. 2014) and simulations (i.e. Croton et al. 2005).

Overall, our results show how large-scale environments could have
an effect on the evolution of central galaxies and that this could have
imprinted the properties of the galaxies.
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APPENDIX A: GALAXY PROPERTIES WITH THE SAME
HALO DISTRIBUTION

In this section, we present the main galaxy properties that have been
shown in section 4 but using subsamples with the same halo mass
distribution as the inner void samples instead of the same stellar
mass distribution. The subsamples with the identical stellar mass
distribution have a distinct population of haloes, as we found in
section 4. haloes in inner voids are more massive than those in denser
environments (see Fig. 9). This might indicate that all of the variances
in the galaxy properties could be driven by distinct populations of
haloes.

To investigate this, we should ideally take distributions of galaxies
in various regions that have the same stellar mass and halo mass
ratio distributions. Imposing this condition on our samples, on the
other hand, drastically reduces the sample sizes. However, we explore
subsamples of the different environments that have the same halo
distributions. The halo mass distribution, stellar mass distribution,
and stellar mass as a function of halo mass are shown in Fig Al
for these subsamples. We can observe that the differences found are
preserved. Inner void galaxies have a stellar mass distribution biased
to lower stellar masses, and they have a lower stellar mass content
for a fixed halo mass in Mo 10l 1_IZ'ZJM@

The sSFRs, quenched galaxy fractions, and gas-phase metallicities
as a function of halo masses are depicted in Fig A2. With the excep-
tion of the sSSFR-halo mass diagram, we detect discrepancies between
inner void galaxies and those galaxies in denser environments, as in
Figs. 4, 5. 6 and 8, respectively. We find that inner void galaxies
with lower halo mass (Mpgo < 10! l‘4M@) have lower quenched
galaxy fractions, lower gas-phase metallicity, and higher fractions
of negative gas-phase metallicity gradients (1) than their analogues
(0.71 for skeleton galaxies) in denser environments. The differences,
however, are not as pronounced as they were in the subsamples with
the same stellar mass distribution.

We find that galaxies in massive haloes (Mpy, > 10”'4M®)
contain more gas-phase metallicity, with a slightly higher quenched
fraction of massive galaxies than their halo counterparts in denser
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Figure Al. As in Fig 9 but using subsamples with the same halo mass
distribution. The stellar mass (top panel) and halo mass (middle panel) distri-
butions and the halo mass and stellar mass relation (bottom panel). Vertical
lines represent the median of each distribution. Grey colour and the diffused
density map and contours represent the distribution of all galaxies in the sim-
ulation. Error bars represent the 20™ and 80 percentiles of each sample. The
ratio between the stellar mass of each subsample and the median distribution
of inner void galaxies for a given halo mass are shown in the bottom figure.
Errorbars in the ratio corresponds to jackknife errors with 10 subsamples. As
for subsamples with the same stellar mass, inner void haloes host lower stellar
mass galaxies in haloes with Mipa10100! l_12‘21M@.
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Figure A2. Properties of galaxies in the subsamples with the same halo mass distribution, as the legend indicates. Errorbars and shaded regions correspond
to jack knife errors using 10 subsamples. Top left panel: The mean specific star formation rate (sSFR) as a function of halo mass. Coloured markers and solid
lines represent the mean distributions. Top right panel: The mean relation between halo mass and the star-forming gas-phase oxygen abundance. The black
solid lines and with circles represent the mean relation with entire simulation. Bottom left panel: The fraction of galaxy that are quenched (sSFR< 10~11-5yr=1)
as a function of halo mass. Bottom right panel: The cumulative gas-phase oxygen abundance distribution in star-forming galaxies including with halo masses
> 10'1#*M as is indicated in the legend and for stellar masses < 10'1“M¢ in the inset plot.

environments, with the exception of the highest halo mass bin, which
has a similar fraction but with higher jackknife errors. In addition,
we find that inner void haloes have a higher fraction of negative
gas-phase metallicity gradients (0.83) than their analogues in denser
environments (0.63 for skeleton galaxies).It is worth noting that we
observe comparable differences when we use the halo population of
the subsamples with the same stellar mass distribution. The findings
shown here may indicate that the differences seen are not entirely
driven by the halo population in each environment.
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