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ABSTRACT

Context. Among the largest structures in which matter is distributed in the Universe, we find cosmic voids, which are large, under-
dense regions almost devoid of galaxies. The study of these structures and the galaxies that inhabit them, the void galaxies, provides
key information for understanding galaxy evolution.

Aims. In this work we investigate the effects of the environment on the evolution of void galaxies. In particular, we study their
morphology and explore its dependence on the location within the void where the galaxies reside, as well as on the properties of the
void, such as its size and the galaxy number density.

Methods. The sample of void galaxies that we use in this study is based on the catalogue of cosmic voids and void galaxies in the
Sloan Digital Sky Survey Data Release 7 (SDSS-DR7). As we are interested in studying the morphology of void galaxies, we select
galaxies in the redshift range of 0.005 < z < 0.080, and use the public galaxy morphologies of the SDSS sample together with
deep learning algorithms to divide the sample into early- and late-type void galaxies. We analyse the fractions of galaxies of each
morphological type as a function of the void-centric distance, the size of the voids, and the density of galaxies in each void.

Results. There is a higher abundance of late-type galaxies with respect to early-type galaxies within voids, which remains nearly
constant from the inner to the outer part of the voids. We do not find any dependence of the fraction of early- and late-type galaxies
on void size or on the number-density of galaxies in the voids.

Conclusions. Galaxies in voids follow the morphology—density relation, in the sense that the majority of the galaxies in voids (the
most under-dense large-scale environments) are late-type galaxies. However, we find no difference between voids with lower or
higher volume number-density of galaxies: the fractions of early- and late-type galaxies do not depend on the density of the voids.
The physical processes responsible for the evolution from late towards earlier types (such as external environmental quenching) are
not sufficiently effective in voids or are so slow (internal secular quenching) that their contributions do not appear in the morphology—

density relation.
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1. Introduction

Cosmic voids are large under-dense regions present in the
hierarchical large-scale structure of the Universe. Surrounded
by dense structure (filaments, walls, and clusters), voids are
an essential component of the cosmic web (Bond et al. 1996;
van de Weygaert & Platen 2011; Mao et al. 2017; Jaber et al.
2024), representing about 80% of the volume of the Universe.
Cosmic voids have been recognised as interesting cosmologi-
cal laboratories for investigating galaxy evolution, structure for-
mation, and cosmology (Hahn et al. 2007; Tikhonov & Klypin
2009; Lares et al. 2017; Ceccarelli et al. 2013; Li et al. 2024).
In particular, there is increased interest in galaxies residing
in voids, the so-called void galaxies (Grogin & Geller 1999;
Pustilnik et al. 2002; Benson et al. 2003; Rojas et al. 2004). Void
galaxies are considered as the loneliest galaxies in the Uni-
verse, since they are in general further away from each other
than galaxies that are located in clusters, filaments, and walls
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(Habouzit et al. 2020). The pristine low-density environment
of voids provides an ideal place to examine the influence of
environment on the formation and evolution of galaxies. There
are therefore many works that study the void galaxies and
compare their properties with galaxies found in high-density
regions in the Universe (e.g. Szomoru et al. 1996; Kuhn et al.
1997; Popescu et al. 1997; Hoyle et al. 2005; Patiri et al. 2006;
Kreckel et al. 2015; Beyguetal. 2017; Rosas-Guevara et al.
2022; Rodriguez-Medrano et al. 2023), and these studies are
raising exciting questions and are providing some answers.
Generally, void galaxies contain less stellar mass, are bluer,
have slightly lower stellar metallicities, and show later-type mor-
phology than galaxies in denser environments (Grogin & Geller
2000; Rojasetal. 2004; Crotonetal. 2005; Padilla et al.
2010; Hoyle et al. 2012; Florez et al. 2021; Porter et al. 2023;
Dominguez-G6émez et al. 2023a). These differences are not easy
to understand considering that, even though the fraction of star-
forming galaxies in voids is higher than in filaments and walls
(Ceccarelli et al. 2008; Liuetal. 2015), no significant differ-
ences are found in terms of luminosity, stellar population, and
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specific star formation rate (Das et al. 2015; Beygu et al. 2016;
Moorman et al. 2016; Dominguez-Gémez et al. 2022). Contra-
dictory results are found with respect to the gas content and gas-
phase metallicities of void galaxies with respect to denser large-
scale environments (Pustilnik et al. 2011; Kreckel et al. 2015).
The discrepancies related to gas content and metallicities might
be related to different star formation histories (SFHs), where
void galaxies have, on average, slower SFHs than galaxies in
filaments, walls, and clusters (Dominguez-Gémez et al. 2023b).
Moreover, these differences in SFH could also be related to the
different properties of the voids, or to the location of the galaxies
within voids. Using numerical simulations, Jaber et al. (2024)
show that cosmic voids possess an intricate internal network of
substructures, making them a complex environment for galaxy
formation and evolution. Therefore, the internal matter distribu-
tion within the void (i.e. void environment) might have an impact
on the properties and evolution of void galaxies. To understand
the impact of the void environment on galaxy evolution, it is
important to have a well-defined sample of void galaxies for a
large and diverse sample of cosmic voids, covering the widest
possible range of void properties.

A few works have studied the properties of void galaxies, and
their morphology in particular, considering the properties of the
voids in which these galaxies reside. Ricciardelli et al. (2017)
explored the morphology of galaxies located in the proximity of
630 cosmic voids selected from the catalogue of voids identified
by Varela et al. (2012) based on the seventh data release of the
Sloan Digital Sky Survey (SDSS-DR7, Abazajian et al. 2009).
The galaxies identified by Ricciardelli et al. (2017) within their
sample of voids have a redshift range of 0.01 < z < 0.12,
and reside within voids ranging from 10/4~! Mpc to 18 ~~! Mpc
in size. These galaxies are situated in the outskirts of the voids
(the void external region with 0.8 < r/R,,;q < 2.5, where r
is the comoving distance from the centre of a void and Ryiq
is the void radius). Ricciardelli et al. (2017) found a significant
correlation between galaxy morphology and the distance from
the centre of the void, where the fraction of early-type galaxies
increases, and the fraction of late-type galaxies decreases, when
moving from the centre to the edges of the voids. These authors
also found that early-type galaxies tend to be found in the vicin-
ity of relatively large voids, and therefore the predominant type
or morphology of void galaxies is also influenced by the size
of the void. However, it is important to note that the study of
Ricciardelli et al. (2017) focuses on galaxies located in the sur-
roundings of voids (0.8 < r/Ryeg < 2.5), and does not take into
account the galaxies located in their inner regions. Recently,
Rodriguez-Medrano et al. (2023) analysed whether the proper-
ties of void galaxies are sensitive to the type of voids they inhabit
and to the local environment within the void using information
from the Sloan Digital Sky Survey Data Release 16 (SDSS-
DR16; Ahumada et al. 2020). They classified voids according to
their integrated contrast density profile, separating S-type from
R-type voids!, which is qualitatively consistent with the sep-
aration into small and large sizes in Ricciardelli et al. (2017).
Rodriguez-Medrano et al. (2023) found that, regardless of the
void region (including the inner regions of the voids), galaxies in
S-type voids are redder, more passive, and are more concentrated
than galaxies in R-type voids. Their results support the idea that
the differences in the colour and morphology of galaxies in the
void outskirts might be related to their environment. The mor-

' R-type voids are those in expansion at all scales, while S-type voids
are those expanding at their inner regions but collapsing at larger scales;
see Ceccarelli et al. (2013) for further details.
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phology classification used in Rodriguez-Medrano et al. (2023)
is based on concentration rqp/rsg (Where ¢ and rs5o are the radii
containing 90% and 50% of the total flux of the galaxy, respec-
tively), which is only a proxy for galaxy morphology.

In the present work, we aim to better understand the effect
of void environment on the morphology of void galaxies, from
the inner regions of the voids to their edges. This work comple-
ments previous studies by characterising galaxies within voids
using a well-defined sample of void galaxies in the local Uni-
verse. We use the Pan et al. (2012) catalogue of cosmic voids
and void galaxies to study how the galaxies are distributed inside
voids according to their morphology, and how this distribution
depends on the size of the voids. To account for the morphol-
ogy of the galaxies, we use the morphology classification by
Dominguez Sanchez et al. (2018) for galaxies in the SDSS; these
authors combined accurate existing visual classification cata-
logues with machine learning techniques, providing the largest
and most accurate morphological catalogue to date.

This work is organised as follows. In Sect. 2.1 we describe
the sample of voids and void galaxies used in this work. In
Sect. 2.2 we describe the morphology classification method that
we used for our sample. In Sect. 3 we show the main results
regarding the morphology of the void galaxies, and discuss these
results in Sect. 4, comparing them with results obtained by
Ricciardelli et al. (2017) and Rodriguez-Medrano et al. (2023).
Finally, in Sect. 5 we present the main conclusions of this work.
Throughout the paper, we use a cosmology with Qg = 0.7,
Qo = 0.3, and Hy = 70km s~ Mpc~!.

2. Data and the sample
2.1. Void galaxy sample

The sample of void galaxies that we use in this study is based
on the catalogues of cosmic voids and void galaxies compiled
by Pan et al. (2012) using photometric and spectroscopic data
from the SDSS-DR7 (Abazajian et al. 2009). Pan et al. (2012)
studied the distribution of cosmic voids and void galaxies using
the three-dimensional distribution of galaxies in the SDSS-DR7.
Pan et al. (2012) used the VoidFinder algorithm as described
by Hoyle & Vogeley (2002) based on the original method by
El-Ad et al. (1997). This is a galaxy-based void-finding algo-
rithm that uses redshift data to objectively find voids using a
nearest-neighbour algorithm on a volume-limited galaxy cata-
logue. From this catalogue, galaxies are initially classified as
wall or void galaxies?. If the distance to the third nearest neigh-
bour is lower than 7 Mpc, a galaxy is considered as a wall galaxy,
and is considered as a potential void galaxy if the distance is
larger (Pan et al. 2012). Potential void galaxies are then removed
from the initial sample, using the remaining galaxies (wall galax-
ies) to identify the voids. The VoidFinder algorithm (EI-Ad et al.
1997; Hoyle & Vogeley 2002) grows empty cells as spheres in
the distribution of wall galaxies, merging the spheres when there
is more than 50% overlap. Note that the centre of the maximal
sphere is not confined to the initial cell, but when the sphere
is bound by four wall galaxies. The centre of the void is there-
fore defined by the algorithm, with a cut-off of 104! Mpc for
the minimum radius of a void region (Pan et al. 2012). Finally,
potential void galaxies are put back to identify the ones falling
within voids as void galaxies. In this context, the SDSS main
galaxy sample (with redshift completeness for galaxies with Pet-

2 A void galaxy is a galaxy that resides in a void region, whereas wall
galaxies reside in filaments and clusters.
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rosian r-band magnitude r < 17.77) is ideal for identifying a
statistically significant sample of cosmic voids.

Pan et al. (2012) used the Korea Institute for Advanced
Study Value-Added Galaxy Catalogue (KIAS-VAGC; Choi et al.
2010), the main source of which is the New York Univer-
sity Value-Added Galaxy Catalogue large-scale structure sample
(NYU-VAGC; Blanton et al. 2005), which is, itself, also based
on SDSS-DR7. This resulted in a primary sample of 120606
galaxies, in a magnitude range with high completeness in the
range of 10.0< r <17.6, in a volume-limited sample with a
redshift of z < 0.107 and an absolute magnitude in the r-band
of M, < —20.09. Using this sample, Pan et al. (2012) identi-
fied 1054 statistically significant voids in the North Galactic Cap
greater than 10 4~' Mpc in radius, covering 62% of the volume of
the Universe up to that redshift range. These voids are populated
by 8046 galaxies brighter than an absolute magnitude limit of
M, < —=20.09 (the volume-limited galaxy sample) and 79 947
void galaxies with » < 17.6 and z < 0.088 (the magnitude-
limited galaxy sample).

For the purpose of the present study, we use the magnitude-
limited sample in order to have a statistically robust sample size,
and applied a volume-limited sample selection to check and cor-
rect any observation bias in the results. Hereafter, we refer to
this magnitude-limited galaxy sample as the Pan+12 sample. As
we are interested in studying the morphology of void galaxies,
we select galaxies in the redshift range of 0.005 < z < 0.080 to
reduce uncertainties in the visual morphological classification,
especially for fainter and/or smaller galaxies, which arise due
to poor spatial resolution in SDSS images. This leaves us with
26 864 void galaxies in 174 voids (11 624 void galaxies in the
volume-limited sample with M, < —20.09 up to z = 0.08). Here-
after, we refer to this as the Voids174 sample. Figure 1 shows the
spatial distribution of the voids in the Voids174 sample, where
the void region is well delimited by denser large-scale structures,
such as filaments and walls, with clusters found in the intersec-
tion of these.

The sizes of the voids (Ryeiq) are measured using the effective
radius (7.g), which represents the radius of voids when they are
spherical or, in the case where the void is not spherical, the radius
of the sphere that has the same volume as the non-spherical
void. The voids have a median effective radius of 17.83 k™! Mpc,
with values ranging from 104~ Mpc to 304~ Mpc. We use
the median value of the effective radius in the Pan+12 sample
(17.83 h~! Mpc) to separate our sample into small (61 voids, con-
taining 6285 void galaxies) and large voids (113 voids, contain-
ing 20579 void galaxies). This value is also in agreement with
Hoyle & Vogeley (2002), who claim that voids have an aver-
age effective diameter of 29.5 4! Mpc (~14.8 h~! Mpc effective
radius), and Rodriguez-Medrano et al. (2023), who identified
large voids when their effective radius is larger than 18 2! Mpc.
The left and right panels of Fig. 2 show the distributions of void
effective radius and redshift for the void and void galaxies in the
Voids174 sample, respectively. The same distributions for the
Pan+12 sample are shown in green for comparison. The num-
ber of voids increases at higher redshift because the comoving
volume spanned by the survey is larger.

In order to be able to compare the properties of the galax-
ies with respect to their position within the voids, we use the
normalised distance from the void centre, which is calculated by
dividing the void-centric distance by the size of the void r/Rjg-
Voids are in general spherical, but some of them may present
a different shape (e.g. elliptical, ovoid, and elongated); there-
fore, the value r/Ryqq can be greater than one for the galaxies
located outside the sphere with radius ., as shown in Fig. 3. We

note that the parameter r/Ryqq can potentially mix void galax-
ies that may belong to different internal void substructures (ten-
drils, groups, slight local overdensities) and/or may be closer to
or farther from the surrounding wall, filament, or cluster. Nev-
ertheless, the void-galaxy number density is constant and does
not depend on r/R,uq within the void environment; therefore
the results of the present work are independent of void shape.
The catalogue of voids in the Pan+12 sample does not contain
information about the morphology of the void galaxies, and so
we complete this information from the literature as described in
Sect. 2.2.

2.2. Galaxy morphology

As the Pan+12 sample is based on SDSS data, we use the
morphology classification set out by Dominguez Sanchez et al.
(2018) (hereafter DS18), who provide the largest and most accu-
rate morphological catalogue of SDSS galaxies to date. In par-
ticular, these authors provide a deep-learning-based morpholog-
ical classification for approximately 670 000 galaxies in SDSS-
DR?7. The models used in Dominguez Sdnchez et al. (2018) were
trained and tested using accurate existing visual classification
catalogues from the Galaxy Zoo project?, in particular from the
Galaxy Zoo 2 (GZ2, Willett et al. 2013) catalogue and the mor-
phological classification by Nair & Abraham (2010).

The morphology of the galaxies in the DS18 catalogue is
given through the numerical parameter “T-Type’, which ranges
from —3 to 10, where T-Type < O corresponds to early-type
galaxies (i.e. E and S0), and positive values to late-type galaxies
(i.e. Sa, Sb, Sc, Sd, and Sm), with T-Type = 10 denoting irreg-
ular galaxies*. The T-Type is a continuous morphology param-
eter related to the Hubble sequence (Hubble T), and the GZ2
classification, following the de Vaucouleurs (1963) morphology
classification scheme. These correlations facilitate comparisons
with different morphological classifications, and with previous
studies, as presented below.

The DS18 catalogue contains morphological classification
for 72118 void galaxies in the Pan+12 catalogue (90% of the
sample’), while the GZ2 catalogue only contains information
for 41% of the Pan+12 catalogue. When we restrict our analysis
to galaxies within our sample of 174 voids, there is morphol-
ogy classification for 25 174 void galaxies out of 26 864 (94% of
the sample). As shown in Fig. 4, the distribution of the T-Type
parameter is similar between the Pan+12 and Voids174 samples,
following a bimodal distribution for early- and late-type galax-
ies; however the Voids174 sample contains slightly more late-
type galaxies, which is expected as the number of observable
late-type galaxies decreases with redshift in magnitude-limited
samples (the redshift completeness of the SDSS main spectro-
scopic sample is 71, pegrosian < 17.77 mag; Strauss et al. 2002).

3. Results

In this work, we investigate the effect of the large-scale environ-
ment of the Universe on the evolution of galaxies by analysing

3 www.galaxyzoo.org

4 We note that it is not trivial to relate the T-Type parameter, as defined
in DS18, with the historical Hubble type morphological definition for
spiral galaxies (Sa, Sb, Sc, Sd, and Sm), considering than less than 1%
of galaxies in DS18 have T-Type > 6.

> We note that the DS18 catalogue does not contain morphological
classification for all the galaxies in the SDSS but for a large fraction of
the SDSS spectroscopic main galaxy sample.
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Fig. 1. Spatial distribution of voids in the Voids174 sample using an updated version of the LSSGalPy interactive 3D visualisation tools
(Argudo-Ferndndez et al. 2017, Alcdzar-Laynez et al. in prep.) publicly available at https://gitlab.com/astrogal. Only the voids within
the redshift range 0.030 < z < 0.035 (left-hand panel) and within 20.05deg < Dec < 25.05 deg (right-hand panel) are shown. Individual voids
are represented in different colours. Galaxies in the large-scale structure in the same redshift and declination (Dec) range are represented by black
points. To guide the eye, the red stripe in the left panel shows the selected Dec range in the wedge diagram, and the selected redshift range in the
right ascension(RA)-Dec projection corresponding to the right panel.
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Fig. 2. Void size and redshift distributions for voids in the Pan+12 and the Voids174 samples. Left panel: Relative number of voids as a function
of void size (Ryqq), determined using the effective radius, in units of #~! Mpc. The green histogram represents the size distribution of voids in the
Pan+12 sample (1055 voids) and the cyan histogram represents the size distribution of voids in the Voids174 sample (174 voids). The dashed red
vertical line indicates the median value of the effective radius for the Pan+12 sample (17.83 #~! Mpc). Right panel: Distribution of void galaxies
as a function of redshift. The green histogram represents the distribution of void galaxies in the Pan+12 sample (79 947 galaxies) and the cyan

histogram represents the distribution of void galaxies in the Voids174 sample (26 864 galaxies).

the morphology of galaxies inhabiting cosmic voids. In particu-
lar, we study the morphology of galaxies as a function of their
void-centric distance and the size of the void in which they
reside. In this section, we present our results. In Sect. 3.1, we
analyse the morphological classification of void galaxies, and
compare with other classifications available in the literature. In
Sects. 3.2 and 3.3, we study the distribution of different galaxy-
morphology types as a function of the distance from the centre
of the void and the size of the void, respectively.

3.1. Morphology of void galaxies

As previously introduced, the DS18 catalogue provides mor-
phology information for 25174 of its 26864 void galaxies
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(~94% of the galaxies in the Voids174 sample). Of these, all the
galaxies can be classified into early- or late-type galaxies using
the T-Type parameter (as shown in Fig. 4). We find that 6335
void galaxies (25.2%) are classified as early-type (T-Type <0),
while 18 839 void galaxies (74.8%) are classified as late-type
(T-Type > 0). The fractions of early- and late-type galaxies
(fEarty-type and frae-type, respectively) are calculated consider-
ing the number of early- and late-type galaxies (as explained
in Sect. 2.2) with respect to the total number of void galaxies
with morphological classification (N7). Uncertainties are given
A=

N
Table 1 shows comparison numbers using other galaxy mor-
phology classifications, such as the morphological information

considering a binomial distribution as ey =
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Fig. 3. Comparison between the normalised distance and the effec-
tive radius of each void (r/R,.a) for void galaxies in Pan et al. (2012)
(79 947 galaxies, green histogram) and for the subsample of void galax-
ies considered in the present study (26 864 galaxies, cyan histogram).
The dashed red vertical line represents the maximum size of the voids
if they were spherical.

from the GZ2 catalogue, which contains detailed morphology
information for SDSS galaxies, as well as its first version,
Galaxy Zoo 1 (GZ1 Lintott et al. 2008), which is the catalogue
used by Ricciardelli et al. (2017). In addition, we computed the
concentration index (CI =rgp/r50 in the r-band, using photomet-
ric information for void galaxies from public SDSS data) for
the void galaxies in the Voids174 sample in order to compare
our results with those of Rodriguez-Medrano et al. (2023). The
CI parameter correlates with galaxy morphology, where galaxies
that are classified as early-type (E, SO, and Sa) by visual classifi-
cation methods usually have values of CI > 2.6, and the late-type
galaxies have lower values (Strateva et al. 2001). This parameter
can be estimated for a large number of galaxies, except for some
galaxies with flags in their o9 and/or rsy values (130 galaxies);
however it is only a proxy for galaxy morphology and may lead
to biases in the interpretation of the results. Indeed, the frac-
tion of galaxies classified as early type using the CI parameter
is higher than when using the DS18 catalogue (~7% higher),
which might be related to the fact that early-type galaxies using
the CI value also include disk galaxies (Sa), while the DS18
classification only includes E and SO galaxies in this category.
To evaluate the consistency with different morphology classifi-
cation when interpreting our results, we estimated the percentage
of galaxies with the same morphology as in the DS18 catalogue
(presented in the last column of Table 1). Even if the number of
galaxies with a GZ1 classification is the lowest, the classifica-
tion into early- and late-type galaxies is the most consistent with
the DS18 classification. As expected, the percentage of galaxies
classified as early type using the CI parameter and also classified
as early type in the DS18 catalogue is the lowest (about 51%).

3.2. Morphology of void galaxies as a function of void-centric
distance

In this subsection, we study how galaxies are distributed accord-
ing to their morphology in low-density environments, that is, in
cosmic voids. In Fig. 5, we present the distribution of galaxies in
the inner region of the voids as a function of their morphology
according to the DS18 classification. We study this behaviour
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Fig. 4. Comparison between the T-Type morphological parameter in
the DS18 catalogue for void galaxies in Pan et al. (2012) (72 118 galax-
ies, green histogram) and the subsample of void galaxies in this study
(26 864 galaxies, cyan histogram). Negative values (T-type < 0) corre-
spond to early-type galaxies, while positive values (T-type > 0) corre-
spond to late-type galaxies.

for the galaxies in the Voids174 sample, separating the sample
into early- and late-type galaxies. In the left-hand panel of the
figure, we show the distribution of early- and late-type galax-
ies as a function of distance from the void centre normalised to
the void effective radius. In the right-hand panel, we show the
fraction of early-type (fEarly-type) and late-type (fLate—type) galax-
ies, as defined in Sect. 3.1, following the same colour scheme.
We see that, in general, the f{ ye—type is higher than the fgany—type,
and both fractions are nearly constant, with no significant differ-
ences, independently of the location of the galaxies within the
voids. We discuss these results in Sect. 4.2.

3.3. Morphology of void galaxies as a function of void size

The last result of our work comes from the study of how galax-
ies of different morphology types are distributed in large and
small voids. We divided the Voids174 sample into two subsam-
ples of small and large voids. We used the median value of the
void size for the Pan+12 sample (17.83 4~ Mpc) as the threshold
size separating large from small voids. The number of voids, and
the total number of galaxies contained in small and large voids,
are summarised in Table 2, including the number of early- and
late-type galaxies according to their classification in the DS18
catalogue.

Additionally, Fig. 6 shows the fraction of early-type galax-
ies (fEarty-type> Upper panel) and the fraction of late-type galax-
ies (fLae—type. lower panel) in each void as a function of its
void size. Void size ranges from 9.85 4~! Mpc to 33.92 4! Mpc.
The dashed-red vertical line separates the small voids from the
large ones. Thus, we can use this information to explore the
abundances of early- and late-galaxies in both types of voids
and compare them. In general, we do not observe any trend
with void size, but there is a large scatter, which has a depen-
dence on the redshift of the void. At a given void size, the
fEarly—type increases with redshift, which is expected consider-
ing the magnitude-dependent Malmquist bias (Butkevich et al.
2005) that is implicit in the SDSS galaxy sample, which is lim-
ited to 7, peyrosian < 17.77 mag; this leads to the preferential detec-
tion of intrinsically bright, early-type galaxies. We checked that
the fractions of early- and late-type galaxies are still almost
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Table 1. Void galaxies with morphology information.

(1) () 3) 4) (5)

Source Classified (%) Early-type (%) Late-type (%) In DS18

DS18 25174 (93.7) 6335(25.2+0.3) 18839 (74.8+0.3) -

GZ1 9612 (35.8) 815 (8.5+0.3) 8797 (91.5+0.3) 93.9+0.8194.3+0.2
GZ72 13487 (50.2) 4014 (29.7+0.4) 9473(70.2+04) 66.8+0.7|84.9+0.4
CI 26734 (99.5) 8726 (32.6+0.3) 18008 (67.4+0.3) 51.4+0.5|84.9+0.3

Notes. Number of void galaxies in the Voids174 sample with morphological classification using different catalogues: DS18 catalogue, Galaxy
Zoo 1 (GZ1), Galaxy Zoo 2 (GZ2), and using the concentration index (CI) computed from photometric SDSS data. The columns correspond to:
(1) catalogue or method used to classify galaxy morphology; (2) number of void galaxies with morphological classification and the corresponding
percentage of the total number of void galaxies in the Voids174 sample (26 864 galaxies); (3) number of galaxies classified as early-type in
the corresponding catalogue and percentage of galaxies with respect to column (2), i.e. fraction of early-type galaxies (fgary—iype); (4) same as
(3) but for late-type galaxies, with the corresponding fraction of late-type galaxies (fae-type). Uncertainties are given considering a binomial
fa-p

Nr °
(2); and (5) fraction of galaxies with early/late-type morphology in common with the DS18 morphology classification, respectively. In this case,
uncertainties are estimated considering Ny as the total number of galaxies with early/late-type morphology in each catalogue shown in columns
(3) and (4), respectively.

distribution as e; = where f is the relative fraction for the total number of Ny galaxies classified in each sample shown in column
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Fig. 5. Morphology of void galaxies as a function of void-centric distance. The dashed red vertical line represents the maximum size of the voids
if they were spherical. Left: Relative number of early- (6225 galaxies, orange histogram) and late-type (18 839 galaxies, blue histogram) void
galaxies. Right: Fraction of early- and late-type galaxies, with their corresponding errors. Early-type galaxies are shown in orange and late-type
galaxies in blue. Orange and blue dotted horizontal lines indicate the mean fraction of early- and late-type galaxies, 25.2% and 74.8%, respectively,
as presented in Table 1. We use bins of 0.10 r/Ryq. The fraction of early-type galaxies has been shifted by 0.01 r/R,q so that the error bars do

not overlap.

constant and are independent of void size at different redshift
bins and also considering an absolute magnitude volume-limited
sample. We note that the void effective radius in Pan et al. (2012)
is defined as the radius of a sphere with the equivalent vol-
ume of the void. Therefore, the results of the present study do
not depend on the shape of the void. We discuss our results in
Sect. 4.3.

4. Discussion
4.1. Morphology of void galaxies

As expected, the distribution of the morphology T-Type param-
eter shows a bimodal distribution (as shown in Fig. 4). Most of
the galaxies in voids are late-type (Sa, Sb, Sc, Sd), with T-Type
positive values (~75%), and a smaller fraction are early-type (E
and S0) galaxies, with T-Type < 0 (~25%). We obtain consistent
results when using other morphology classifications (GZ2 and
concentration index; see Table 1). The four morphological clas-
sifications show that there are more spiral galaxies than ellipti-
cal galaxies within voids. We note that the fraction of early-type
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galaxies using the GZ1 catalogue is much lower than the frac-
tion of late-type galaxies, which might be due to the low com-
pleteness of the sample (a morphological classification is avail-
able for less than 36% of the sample). Therefore, in agreement
with previous studies, late type is the predominant morphology
in voids (Rojas et al. 2004; Ricciardelli et al. 2017; Florez et al.
2021; Conrado et al. 2024). We note that due to Malmquist bias,
the fraction of late-type galaxies decreases with redshift, because
only the brightest galaxies are observed. When considering the
volume-limited sample of void galaxies, we find that the frac-
tion of late-type galaxies (~64%) is also larger than the fraction
of early-type galaxies (~36%), and therefore the results are not
affected by this observing bias.

The morphology of galaxies in the Universe depends on the
density of the environment: the low-density regions, known as
voids, present a higher abundance of late-type galaxies than
the high-density areas, such as clusters and filaments. More
precisely, within the same redshift range as the galaxies in
the Voids174 sample, and when removing all void galaxies,
~62% of the galaxies in the DS18 sample are late-type galax-
ies, whereas ~75% of the galaxies in voids in that sample
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Table 2. Numbers of small and large voids and void galaxies.

) @) 3) “)
Sample  Subsample Small Large
Voids Voids
Voids - 61 113
all 6285 20579
DS18 5846 19328
Void Early-type 1431 4904
Galaxies (245+0.6) (25.4+0.3)
Late-type 4415 14424
(75.5+0.6) (74.6+0.3)

Notes. Number of small and large voids in the Voids174 sample (upper
row) and number of void galaxies in each void size (lower rows). For
void galaxies with a morphological classification in the DS18 catalogue,
we also present the number (and fraction in percentage) of galaxies clas-
sified as early and late type for each void size. Fractions and uncertain-
ties are estimated as indicated in Table 1.

are late-types; conversely, ~38% of the non-void galaxies are
early-type galaxies, whereas ~25% of those in voids are early
type. Therefore, there is a higher fraction of late-type galax-
ies in voids than in denser environments (filaments, walls, and
clusters). This result is consistent with the morphology—density
relation (Oemler 1974; Dressler 1980, 2011; Postman & Geller
1984; Goto et al. 2003; van der Wel et al. 2010; Houghton 2015;
Pfeffer et al. 2023).

4.2. Morphology of void galaxies as a function of void-centric
distance

Although late-type galaxies outnumber early-type galaxies, their
distribution as a function of the normalised void-centric distance
is similar. As shown in the left panel of Fig. 5, the total number of
galaxies increases from the inner region of the voids up to a dis-
tance of r/Ryeiq = 0.75, from where the number of void galaxies
decreases down to zero in the outer regions of the voids. Despite
this general trend, the fraction of early- and late-type galaxies
is nearly constant up to a normalised distance of r/Ryiq < 1.3,
with a median f1 ye_type = 75% and a median fgu1y—ype = 25%
(as shown in the right panel of Fig. 5). There is a large disper-
sion with large error bars in the very inner and outer regions
of the voids. This is due to the geometric effect that occurs in
the centre of voids, where we find few galaxies because of the
small volume of the void that we consider (normalised distance
of ~0.1), and the geometric effect at the edge of the voids due to
the non-spherical shape (e.g. elliptical, ovoid, and elongated) of
some voids (normalised distance >1.2).

When looking at galaxies surrounding  voids,
Ricciardelli et al. (2017) found that the fraction of early-
type galaxies increases from r/Ryqq = 0.8 to the outer region of
the void (up to r/Ryeig = 2.5), which includes galaxies that may
be outside of the voids, that is, galaxies belonging to filaments
and walls (especially for the most spherical voids). According
to the morphology—density relation, the number of early-type
galaxies is larger in higher-density environments. When looking
at the region inside voids, we find that the fractions of early-
and late-type galaxies are nearly constant with respect to
void-centric distance. However, the fLae—type 1S slightly higher
than the median value within 0.1 < r/Ry,q < 0.6; conversely,
the fgarty-type s slightly lower than the median value in that
void-centric distance range. This excess of late-type galaxies
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Fig. 6. Morphology of void galaxies as a function of void size. Fraction
of early-type and late-type galaxies in each void as a function of its
size (measured by its effective radius). Each data point corresponds to a
single void in the Voids174 sample, in the upper panel for the fraction
of early-type galaxies, and in the lower panel for the fraction of late-
type galaxies, and thus for the same void fgaiy—iype + fLae—type = 1. The
size of the circle around each data point is proportional to the number
of galaxies in the corresponding void, with a minimum of 37 galaxies
and a maximum of 622 galaxies. The colour of each circle corresponds
to the redshift of the void according to the colour bar to the right side
of each panel. The red dashed vertical line represents the median void
size of 17.8 h~! Mpc; meaning that small voids are located on the left-
hand side of the plot and large voids on the right-hand side. Orange and
blue dotted horizontal lines indicate the mean fraction of early- and late-
type galaxies, 25.2% and 74.8% in the Voids174 sample, respectively,
as presented in Table 1.

is also observable when comparing the results with other mor-
phological classifications (see Fig. 7), and when considering the
volume-limited sample of void galaxies. This result might indi-
cate that there is more cold gas falling into galaxies in the inner
regions of voids, within r/Ryeq < 0.5, favouring star-formation
activity and therefore a larger fraction of late-type galaxies with
respect to early-type galaxies. Therefore, the results presented
here complete the general picture set out by previous studies.
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It is worth noting that Ricciardelli et al. (2017) used the GZ1
morphological catalogue. According to our analysis, the com-
pleteness of this catalogue is low, where more than 60% of
galaxies do not have a morphology classification (as shown in
Table 1), and this might introduce additional uncertainties in
the results. To check whether the results might be affected by
the use of different morphological classifications, in Fig. 7 we
repeated the same analysis as in Fig. 5 but using the GZ1 and
GZ2 catalogues. We also used the CI parameter to compare with
the results in Rodriguez-Medrano et al. (2023), which claim that
the concentration index of galaxies increases from the centre of
the voids to a distance of r/Ryug < 0.8 (with a mean CI param-
eter of ~2.30, considering uncertainties), from where the CI is
nearly constant at a mean value of ~2.5, up to r/Ryiq = 4. It is
important to note that the profile presented by these latter authors
does not show mean CI values of greater than 2.6 (i.e., early-
type galaxies). We reanalysed our data sample specifically for
comparison with Rodriguez-Medrano et al. (2023); the results
are also presented in Fig. 7. We obtained similar results to when
using the DS18 morphology catalogue. Although the fractions of
early- and late-type galaxies in voids are different depending on
the morphology catalogue used, the trends with the void-centric
distance remain nearly constant when using the CI parameter.

It is important to note that the sample of voids used by
Ricciardelli et al. (2017) and Rodriguez-Medrano et al. (2023)
is also based on SDSS data, with voids selected using volume-
limited samples of galaxies, but using different void-finder algo-
rithms. In addition, Ricciardelli et al. (2017) used the catalogue
of voids compiled by Varela et al. (2012), who provide a cata-
logue of galaxies in shells around voids, not inside voids. As
the catalogue of Pan et al. (2012) only contains galaxies within
voids, we cannot extend the sample to also cover galaxies around
voids in order to perform a qualitative comparison, and therefore
the results of this work are presented as a complement to previ-
ous studies.

4.3. Morphology of void galaxies as a function of void size

We did not find a significant difference between the fractions of
early- and late-type galaxies in relation to the size of the void in
which they reside (see Fig. 6). As shown in Table 2, the fractions
of early-type galaxies in small and large voids are similar to the
fractions measured considering the galaxies within all the voids
in the Voids174 sample (frarly—type ~ 25%). Our results comple-
ment the results in Ricciardelli et al. (2017), who found that the
surroundings of small voids host an excess of early-type galaxies
and show a lack of late-type galaxies relative to their larger coun-
terparts, which are preferably surrounded by late-type galax-
ies according to these authors. As we point out in Sect. 4.2,
Ricciardelli et al. (2017) studied the dependence of the fraction
of early-type galaxies as a function of void size in the areas sur-
rounding voids, that is, in the outermost zone of the voids up
to 1/Ryeig = 2.5, which might also include galaxies belonging
to filaments and walls. In the present study, we focus on galax-
ies within voids, avoiding the walls surrounding them. We note
that the small voids in Ricciardelli et al. (2017) are much smaller
(median value in the range 11.3-11.5 4~! Mpc) than the smallest
void in the Voids174 sample. The smallest void in the Voids174
sample has an effective radius of 11.6 4~! Mpc, and therefore all
the galaxies of our voids sample belong to large voids according
to their classification. We note that, by definition, the VoidFinder
algorithm used to build the Pan+12 void catalogue applied a cut-
off of 104~! Mpc for the minimum radius of a void region, as
explained in Sect. 2.1.
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As can be observed in Fig. 6, there is a large scatter around
the global fgany—type in the Voids174 sample within small (left of
the dashed-red vertical line) and large (right of the dashed-red
vertical line) voids. In particular, the scatter is larger (up to 0.4
in relative number of galaxies) in voids with a lower number of
galaxies (indicated by smaller circles) than in voids with more
galaxies (indicated by larger circles). This trend holds through-
out the range of void sizes. The scatter in the plot is expected,
because, statistically, the estimation of the fraction of early- and
late-type galaxies might be affected when there is a low number
of galaxies, showing extreme values of the fractions. In addi-
tion, as mentioned in Sect. 3.3, the scatter has a dependence on
the redshift of the void, where at a given void size the fgary—type
increases with redshift. We verified that our results are consis-
tent at different redshift bins and also considering an absolute-
magnitude volume-limited sample. The dispersion observed in
Fig. 6, together with the trend observed in the fgny_iype for voids
with a low number of galaxies, motivates the analysis of the mor-
phology of galaxies located in voids in terms of a new physical
parameter for voids: the number density of galaxies (px), defined
as the number of galaxies inhabiting a void (ngalaxies), divided by
the total volume of the void:

; ey

Ngalaxies

) 4/3 ﬂRi’oid

PN

in units of gal/(h~! Mpc)?, where Ngalaxies 1S the number of galax-
ies in the void and Ryyq is the effective radius of the void. There-
fore, the galaxy number density is a statistically robust parameter
even with a low number of void galaxies, as it not only considers
how many galaxies are in the void, but also the projected distance
to their near-neighbour galaxies as a function of the size of the
void; it therefore allows a better understanding of the local envi-
ronment of the galaxies within the void. In voids with a lower
number density, their galaxies are more isolated — even if the
void is small — if the projected separations between galaxies are
large. In addition, the mean dispersion in the fraction of early-
and late-type galaxies when using the number density is smaller
(0.05 in units of fraction of galaxies) than when considering the
void size (0.07 in units of fraction of galaxies).

When exploring the dependency of the morphology of the
void galaxies on the number density of the galaxies in the
void, we initially find a decreasing trend for early-type galax-
ies, and an increasing trend with late-type galaxies. As shown in
the left-hand panels in Fig. 8, the fraction of early-type galax-
ies in the less dense voids is about 5% higher than the mean
fraction in the Void174 sample, and decreases with the num-
ber density of the void. Conversely, the fraction of late-type
galaxies increases with increasing galaxy number density. How-
ever, these trends are not present when considering the absolute-
magnitude volume-limited sample. This is because there is a
dependency of the galaxy number density on redshift due to
the Malmquist bias. Using a volume-limited sample of galaxies,
we find no dependency of the morphology of the void galax-
ies on the number density of void galaxies. However, the galaxy
number density shows values concentrated between 0.0005 and
0.0040 [gal/(h™! Mpc)3] due to the low number of galaxies con-
sidered. This introduces a large scatter in the fraction of early-
type galaxies. In addition, the volume-limited sample of void
galaxies contains only galaxies brighter than M, = -20.09,
which favours the inclusion of early-type galaxies (which are
typically brighter), and leads to an under-representation of faint
galaxies for the voids at higher redshift. This is particularly crit-
ical in voids, considering that void galaxies are, in general, less
massive and bluer than galaxies in denser environments. For
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Fig. 7. Morphology of void galaxies as a function of void-centric distance using other morphology catalogues. Morphology of void galaxies with
respect to the normalised effective radius of the voids, similarly to Fig. 5, but considering the GZ1 morphology catalogue (upper panel), the
GZ2 morphology catalogue (middle panel), and the CI parameter (lower panel). The dashed red vertical line represents the edge of the voids if
they were spherical. Left panels: Relative number of early- (orange histograms) and late-type (blue histograms) void galaxies. Right: Fraction of
early- and late-type galaxies, with their corresponding errors. Early-type galaxies are shown in orange and late-type galaxies in blue. Orange and
blue dash-dotted horizontal lines indicate the mean fraction of early- and late-type galaxies using the corresponding morphology catalogue, while
dotted horizontal lines indicate the mean fraction of early- and late-type galaxies using the DS18 morphology, 25.2% and 74.8%, respectively, for
comparison. We use bins of 0.10 r/R,;q. The fraction of early-type galaxies has been shifted by +0.01 r/R,iq so that the error bars do not overlap.

these reasons, instead of analysing a volume-limited sample, we
chose to apply over-density corrections to the galaxy number
density for the full sample, which removes its dependency on
redshift without loosing galaxies. We adapt the methodology in
Etherington & Thomas (2015) to estimate the overdensity for the
void-galaxy number density, ¢, defined as

5= pN;PN . 2)
PN

where pN is the mean galaxy number density for voids within
redshift bins of z = 0.01. The overdensity-corrected void galaxy
number density is then expressed in the form of log (1 + 6). As
shown in the right-hand panels of Fig. 8, the fraction of early-
and late-type galaxies has no dependency on the over-density-
corrected number density of the void.

In summary, we find that the density of galaxies in the void
does not have an impact on the morphology of the void galax-
ies. Thus, void galaxies do not follow the morphology—density
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Fig. 8. Morphology of void galaxies as a function of void galaxy number density. Fraction of early- (upper panels) and late-type (lower panels)
galaxies in each void as a function of its galaxy number density (left panels) and the over-density-corrected number density (right panels). Each
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of log10(1 + ) = 0.1 (right). The orange and blue dotted horizontal lines indicate the mean fraction of early- and late-type galaxies, 25.2% and

74.8%, respectively, in the Voids174 sample, as presented in Table 1.

relation within the void environment. One interpretation could
be that the galaxy number densities within voids are so low
that the threshold at which the morphology—density relation is
triggered is not yet reached. Specifically, the physical processes
(secular evolution, mergers, interactions, ram pressure stripping,
etc, Argudo-Ferndndez et al. 2018) responsible for the evolu-
tion from late to earlier types (such as external environmen-
tal quenching) are not sufficiently effective in voids or are so
slow (internal secular quenching) that their contributions do not
appear in the morphology—density relation.

5. Summary and conclusions

In this work, we investigate the effect of the large-scale environ-
ment of the Universe on the evolution of galaxies by analysing
the morphology of galaxies inhabiting cosmic voids. In particu-
lar, we study the morphology of galaxies as a function of void-
centric distance and void size.

The sample of void galaxies that we use in this study is based
on the catalogue of cosmic voids and void galaxies compiled by
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Pan et al. (2012) based on photometric and spectroscopic data
from the SDSS-DR7. We selected galaxies in the redshift range
of 0.005 < z < 0.080 to reduce uncertainties in the visual mor-
phological classification, which are due to poor spatial resolu-
tion. This leaves us with 26 864 void galaxies in 174 voids. We
measured the sizes of the voids (Ryeiq) using the effective radius
(radius of voids when they are spherical or, in the case where the
void is not spherical, the radius of the sphere that has the same
volume as the non-spherical void). We use the median value of
Ryoiq in Pan et al. (2012) (17.83 A~! Mpc) to separate our sample
into small (61 voids, containing 6285 void galaxies) and large
(113 voids, containing 20 579 void galaxies) voids.

We classify galaxies into early- and late type using the mor-
phology classification by Dominguez Sdnchez et al. (2018), who
combined accurate existing visual classification catalogues with
machine learning techniques, providing the largest and most
accurate morphological catalogue to date for galaxies in the
SDSS. We find that 6335 void galaxies (25.2%) are classi-
fied as early type (E and SO), while 18 839 (74.8%) are classi-
fied as late type (Sa, Sb, Sc, Sd). We obtain consistent results
when using other morphology classifications. We analysed the
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morphological distributions of these galaxies inside the voids
by exploring how the galaxies are distributed within the voids
as a function of the normalised void-centric distance, and how
the galaxies are distributed as a function of their size and their
number density in voids, with this latter defined as the number
of galaxies inhabiting a void divided by the total volume of the
void. Our main findings are as follows:

— In agreement with previous studies, late type is the predom-
inant morphology for galaxies in voids. The morphology of
galaxies in the Universe depends on the density of the envi-
ronment: the low-density regions, known as voids, present a
higher abundance of late-type galaxies than the high-density
areas, such as clusters and filaments. This result is consistent
with the morphology—density relation.

— Although the number of late-type galaxies is larger than the
number of early-type galaxies in voids, their distribution as
a function of the normalised void-centric distance is similar.
The fractions of early- and late-type galaxies are generally
constant in the inner part of the voids up to a normalised
distance of ~1.2 (~75% late- and ~25% early-types). We
also do not find any dependence of the fractions of early-
and late-type galaxies on the size of the voids. Therefore, the
morphology of void galaxies is independent of their location,
and is also independent of the size of the void in which they
reside.

— In addition, there is no dependence of the fractions of early-
and late-type galaxies on the number density of galaxies in
voids. Therefore, we find no difference between voids of
lower or higher volume number density of galaxies in terms
of their early- and late-type galaxy populations.

Our results complement previous studies.
Rodriguez-Medrano et al. (2023) found that the concentra-
tion index of galaxies (as a proxy of galaxy morphology)
increases from the centre of the voids to a void-centric distance
of r/Ryoig < 0.8. In addition, Ricciardelli et al. (2017) found that
the fraction of early-type galaxies increases from r/Ryog = 0.8
to the outer region of the void (up to r/Rysiq = 2.5), while
we find that the fractions of early- and late-type galaxies are
nearly constant with respect to the void-centric distance within
the void, with a moderate excess of late-type galaxies within
0.1 < r/Ryoig < 0.6. This might indicate that there is more cold
gas falling into galaxies in the inner (r/Ryoig < 0.5) region of the
voids. Ricciardelli et al. (2017) also found that the surroundings
of small voids host an excess of early-type galaxies and a
lack of late-type galaxies relative to their larger counterparts.
In contrast, large voids are more likely to be surrounded by
late-type galaxies according to these authors.

We conclude that, overall, galaxies in voids follow the
morphology—density relation, in the sense that the majority of
the galaxies in voids (the most under-dense large-scale environ-
ments) are late-type galaxies. However, we find no difference
between voids with lower and higher galaxy number density in
terms of their early- and late-type populations. The physical pro-
cesses responsible for the evolution from late to earlier types
(such as external environmental quenching) are not sufficiently
effective in voids or are so slow (internal secular quenching) that
their contributions cannot be seen in the morphology—density
relation.
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