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A B S T R A C T 

The large-scale structure of the Universe is comprised of galaxy filaments, tendrils, and voids. The majority of the Universe’s 
volume is taken up by these voids, which exist as underdense, but not empty, regions. The galaxies found inside these voids are 
expected to be some of the most isolated objects in the Universe. This study, using the Galaxy and Mass Assembly (GAMA) 
and Galaxy Zoo surv e ys, aims to inv estigate basic physical properties and morphology of void galaxies versus field (filament 
and tendril) galaxies. We use void galaxies with stellar masses ( M ∗) of 10 

9.35 M � < M ∗ < 10 

11.25 M �, and this sample is split 
by identifying two redshift-limited regions, 0 < z < 0.075 and 0.075 < z < 0.15. To find comparable objects in the sample of 
field galaxies from GAMA and Galaxy Zoo, we identify ‘twins’ of void galaxies as field galaxies within ±0.05 and ±0.15 dex 

of M ∗ and specific star formation rate. We determine the statistical significance of our results using the Kolmogoro v–Smirno v 

test. We see that void galaxies, in contrast with field galaxies, seem to be disc-dominated and have predominantly round bulges 
(with > 50 per cent of the Galaxy Zoo citizen scientists agreeing that bulges are present). 

K ey words: galaxies: e volution – galaxies: formation – galaxies: spiral – galaxies: structure. 
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 I N T RO D U C T I O N  

oid galaxies are expected to be some of the most isolated objects in
he Uni verse. Ho we ver, their standard morphology, and how it com-
ares to galaxies in denser regions of the Universe, remains a topic of
ebate. Studying galactic morphology, how galaxies are classified,
nd possible links between physical properties and morphological
ype is essential to further developing our understanding of galaxy
ormation and evolution. 

Galaxy environment is arguably one of the most important factors
n determining what shape a galaxy takes (Dressler 1984 ; Postman
t al. 2005 ; Hambleton et al. 2011 ; Buta et al. 2015 ). With this
ependence on environment, it is not unreasonable to believe that the
ecluded nature of void galaxies could have a substantial effect on
heir morphology. With fewer merging galaxies in these underdense
egions, a lack of clusters, and less material for accretion, the
volution of these galaxies is highly likely to be driven by internal
rocesses. As a result, void galaxies are optimal natural laboratories
or studying how galaxies evolve in isolated environments, which
an possibly explain how important morphological features form
Kormendy 1979 ; Combes & Sanders 1981 ). While Hambleton et al.
 E-mail: benne.holwerda@gmail.com (BH); lori.porter@louisville.edu 
LP); kruksandor@gmail.com (SK) 

S  

T  

(  

Pub
 2011 ) point out weaknesses in relying on broad morphological
lassifications, it is first important for us to understand these broad
ategorical distinctions in void galaxy morphology before we can
tudy the finer details. 

Understanding the basic morphology of void galaxies (if one
 xists) pro vides a gateway to possibly linking other physical prop-
rties of void galaxies with environment. Well-known relations exist
n volving morphology, en vironment, and other galaxy properties,
uch as the star formation rate (SFR)–M ∗–morphology relation
Blanton et al. 2003 ; Kauffmann et al. 2003 ; Wuyts et al. 2011 ; Kelvin
t al. 2014 ), environment and mass-quenching (Peng et al. 2010 ), and
tar formation–morphology (Kennicutt 1998 ; Williams et al. 2009 ;
arro et al. 2013 ; Kelvin et al. 2018 ). For example, galaxies in
enser environments have been found to be redder in colour, have
ower star formation rates, and be more elliptical, typically caused by
he neighbouring galaxies and higher incidents of mergers (Dressler
984 ; Kauffmann et al. 2003 ; Lotz et al. 2008 , 2011 ; Peng et al.
010 ; Bell et al. 2012 ; Alpaslan et al. 2015 ; Woo et al. 2015 ). On
he other hand, galaxies in the lower density areas are usually largely
ominated by spiral galaxies (Dressler 1984 ). 
Rojas et al. ( 2004 ) identify nearly a thousand void galaxies in the

loan Digital Sk y Surv e y (SDSS) using a nearest-neighbour analysis.
he y inv estigate the S ́ersic inde x in tw o populations, w all galaxies

non-void galaxies, also known as tendril and filament galaxies) and
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oid galaxies in two distance groups: near and distant. This results
n a total of two statistical tests being conducted: a comparison of
he S ́ersic index in the nearby void galaxies versus nearby wall
alaxies, and distant void galaxies versus distant wall galaxies. 
hey find no significance in the Kolmogoro v–Smirno v (KS) statistics
etween the nearby groups, but statistical significance in the distant 
ample. 

These are conflicting results, and result in an inconclusive study 
n terms of galaxy morphology. Ho we ver, Rojas et al. ( 2004 ) do
etermine that void galaxies appear to be bluer in colour and fainter
han wall galaxies in both the nearby and distant samples. 

In addition, other studies agree with the conclusion that void 
alaxies are expected to have higher specific star formation rates 
sSFRs) and retain more of a blue colour as compared to similar
alaxies in more dense environments (Rojas et al. 2004 , 2005 ; Hoyle,
ogeley & Pan 2012 ; Moorman et al. 2015 , 2016 ; Penny et al. 2015 ;
eygu et al. 2016 , 2017 ; Florez et al. 2021 ). Ho we ver, Kreckel et al.
 2014 ) disagree, stating that in their sample of 61 void galaxies in
he Void Galaxy Surv e y (V GS), there appeared to be no evidence
or bluer colours at a fixed luminosity (although the authors note 
heir small sample size and the need for control of all variables),
nd that void galaxies have similar gas discs to galaxies in denser
nvironments. The analysis of nine void galaxies from SDSS Data 
elease 7 (DR7) by Fraser-McKelvie et al. ( 2016 ) and Ricciardelli
t al. ( 2014 ) also suggests that the isolation of void galaxies has no
ffect on the SFR. Rosas-Guevara et al. ( 2022 ), on the other hand,
ote that similarities in SFR seem to vary depending on stellar mass
 M ∗). 

Rojas et al. ( 2005 ) suggest that void galaxies have more spirals
han their counterparts in denser environments, with van de Weygaert 
t al. ( 2011 ) suggesting that they maintain a late-type morphology.
n addition, Beygu et al. ( 2016 ) find that void galaxies from the VGS
ypically have a lower S ́ersic index ( n < 2), typically indicative of

ore disky galaxies, but conclude that void galaxies do not seem to
ave a specific type. Conversely, Penny et al. ( 2015 ) find that void
alaxies do not exhibit a different morphology than those in denser 
nvironments, in addition to other properties mentioned abo v e. 

Pustilnik, Tepliakova & Makarov ( 2019 )’s analysis of dwarf galax- 
es in voids shows that these galaxies typically have morphologies 
onsistent with irregular (morphologies that are neither elliptical nor 
piral) and late-type spiral galaxies, quantitatively suggesting that 
 per cent of local void galaxies are early types, 41.6 per cent are
ome type of spirals, and 43.2 per cent are irregular. The remaining
alaxies are either blue compact objects or lenticulars. 

Florez et al. ( 2021 ) suggest that void galaxies altogether follow a
pecific evolutionary path, dependent on the dark matter halo. When 
nvestigated at a fixed mass, void galaxies here agree with previous 
esults in that they are bluer, star forming, and gas rich, and that
hese trends persist with morphology as well. The authors note that 
his is likely due to a galaxy assembly bias, and indeed find that
he trends are replicated when galaxy properties are matched to halo 
roperties. 
Indeed, simulations and theory further bolster the need to inves- 

igate correlations between galaxy environment and morphology. 
roton & Farrar ( 2008 ) investigate a population of quenched late-

ype void galaxies, comparing their luminosity functions to galaxy 
ormation models built from Millenium simulations. Their results 
uggest that despite their large-scale environmental differences, 
alaxies residing in similar dark matter halo masses will retain similar
roperties. 
Rosas-Gue v ara et al. ( 2022 ) provide a new perspective by using

he EAGLE hydrodynamical cosmological simulations to investigate 
oid galaxy properties and their assembly histories. After controlling 
or the effect of stellar halo mass, Rosas-Gue v ara et al. ( 2022 ) find
hat their sample of most isolated void galaxies has the fewest positive 
as-phase metallicity gradients present. This finding alludes to the 
ossible association between external processes and feedback events 
n isolated environments, which implies that these most isolated 
alaxies have fewer instances of mergers than their analogues in 
enser environments. 
Clearly, results and sampling of void galaxies remain diverse 

cross studies and often lead to conflicting results. Therefore, this 
tudy aims to remedy this problem by using new data and a variety
f perspectives. 
Alpaslan et al. ( 2014 ) introduce a new spectroscopically complete

atalogue of the large-scale structure (LSS) of the Universe called 
he Galaxy and Mass Assembly (GAMA) Large Scale Structure 
atalogue (GLSSC), comprising o v er 40 000 galaxies. They identify
ach galaxy as belonging to either filaments (the largest structure), 
endrils (the second-largest structure, and substructure of filaments), 
r voids. Because of the introduction of tendrils, in addition to
laments, galaxies can be more accurately grouped according to 

heir environment. 
This study introduces the idea of combining the powerful sample 

reated by Alpaslan et al. ( 2014 ) with the resources in Galaxy Zoo, to
omplete an observational analysis on void galaxy morphology. This 
aper is organized as follows: we begin by re vie wing the surv e ys from
hich our sample is selected in Section 2 , specifically elaborating on
ow void galaxies are identified in Section 2.1.2 , and how we selected
ur analysis sample in Section 2.3 . We go o v er our results from both
AMA and Galaxy Zoo in Section 3 , discuss interpretations in a
hysical sense and compare with previous literature in Section 4 ,
nd finally briefly summarize this study in Section 5 . 

 DATA  

ll galaxies are identified from the GAMA surv e y (Driv er et al. 2009 ;
iske et al. 2015 ). We combine the GAMA DR3 (Baldry et al. 2018 )
nd the Kilo-Degree Survey (KiDS) (de Jong et al. 2013 , 2015 , 2017 ;
uijken et al. 2019 ) imaging, with MAGPHYS computing the stellar
ass and sSFR utilized in this study (Da Cunha, Charlot & Elbaz

008 ).In addition, we use the GLSSC from Alpaslan et al. ( 2014 )
o identify void galaxies, and morphology voting is from the Galaxy
oo GAMA–KiDS project. 

.1 GAMA 

AMA is a highly complete ( > 98 per cent to r < 19.8 mag)
pectroscopic and multiwavelength imaging survey conducted with 
he intent to investigate LSS in the local Universe ( z < 0.6) on kpc to

pc scales (Driver et al. 2009 , 2011 , 2022 ; Baldry et al. 2018 ). The
urv e y now consists of five regions, three of which are equatorial
egions of 5 ◦ in declination and 12 ◦ in right ascension, co v ering a
otal of nearly 250 000 galaxies. Additional photometric data were 
ollected on each galaxy in 20 + bands at multiple wavelengths (Liske
t al. 2015 ; Driver et al. 2016 , 2022 ; Baldry et al. 2018 ). This specific
tudy uses GAMA DR4, detailed in Driver et al. ( 2022 ), where the
alaxies’ S ́ersic indices and ef fecti ve radii are computed by Kelvin
t al. ( 2012 ) in SERSICPHOTOMETRY v09. With such a large and
omplete sample of high-resolution data, we are well equipped to 
tudy the selected population of galaxies. 
MNRAS 524, 5768–5780 (2023) 
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Figure 1. The Galaxy Zoo decision tree for the GAMA–KiDS GZ surv e y. P articipants be gin at the top of the tree with the first question, colour-coded by the 
key visible in the bottom left, and move their way throughout the tree based on their answers to each question. This study focuses on questions T00, T02, T03, 
T04, T07, and T09. Note that later in this study for question T09, to a v oid redundancy, we simply combine the answers for ‘merging’, ‘tidal debris’, and ‘both’, 
ef fecti vely limiting the possible answers to T09 to ‘Yes’ or ‘No.’. 
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.1.1 MAGPHYS 

s part of GAMA, the MAGPHYS v06 spectral energy distribution fits
ata products (Da Cunha et al. 2008 , 2015 ; Driver et al. 2009 , 2011 )
o calculate physical properties such as sSFR, redshift, and stellar

ass, accounting for the emission from stellar populations, and both
ust attenuation and emission. For further details on MAGPHYS , we
irect the reader to Da Cunha et al. ( 2008 , 2015 ). This allows us
o further select field galaxies for comparison that are ef fecti vely
dentical to void galaxies in terms of star formation, as described in
ection 2.3 . 

.1.2 Void galaxies 

 void galaxy is defined by Alpaslan et al. ( 2014 ) as a galaxy that is
t a minimum of 4.56 h −1 Mpc from the nearest tendril galaxy, which
s at a minimum of 4.12 h −1 Mpc from filaments. This surv e y samples
alaxies from various stellar mass groups, which allows for trends
aused by environment to be more pre v alent than trends in galaxies
NRAS 524, 5768–5780 (2023) 
aused by mass. Alpaslan et al. ( 2014 , 2015 ) then use data from Pan
t al. ( 2012 ), to identify a new sample of void galaxies that are truly
solated, and pro v e that man y galaxies previously identified as voids
ay actually be tendril galaxies. As a result, the galaxies identified

n FILAMENTFINDING v02 by Alpaslan et al. ( 2014 ) are expected to
ruly be some of the most isolated objects in the Universe. These
arameters and the high resolution of GAMA allow us to be more
onfident that these void galaxies are truly isolated. For ease, we will
ow refer to any galaxy that is not a void galaxy (i.e, a tendril or
lament galaxy) as a field galaxy. 

.2 GAMA–KiDS Galaxy Zoo 

ur analysis on void galaxy morphology is largely based on the
AMA–KiDS Galaxy Zoo surv e y (Kelvin et al., in preparation).
9 851 galaxies are selected from GAMA equatorial fields with a
aximum redshift of z = 0.15 for use in morphological classification,
ith questions in the surv e y following the structure shown in Fig. 1 .



Morphology of Void Galaxies 5771 

Figure 2. The complete samples of data from GAMA and Galaxy Zoo. Void galaxies are denoted as black stars, whereas other galaxies in GAMA and Galaxy 
Zoo are cyan circles. The yellow highlighted region represents the redshift-limited portion of this study, where left- and right-hand panels show the difference 
in the population of comparable field galaxies to void galaxies. 

C
f
a
q  

e
t  

c  

p
a  

‘  

0  

h  

p
 

p
c  

p
b  

f  

m  

r
 

Z  

a
t  

i
2  

g  

c
s

2

T  

o  

s
Z  

o  

o  

a  

e

a
m  

s  

fi

r
p  

i
a  

c  

a  

n  

<  

e
 

f  

T  

t  

t  

T  

d
f  

e  

r
i  

c
s
a  

T
 

d
w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/5768/7236894 by guest on 12 Septem
ber 2023
omprehensive voting fractions are then evaluated, with each voting 
raction representing the portion of the population that votes for 
 specific component’s presence (or lack thereof) according to the 
uestion. F or e xample, in question T01, ‘Could this be a disc viewed
dge-on?’, we see that there are two possible answers for individuals 
o choose from: yes and no. Therefore, the votes are stored in two
ategories, those of ‘yes’ and those of ‘no’. If 25 per cent of the
opulation votes that a specific galaxy could be viewed edge-on, an 
nswer of ‘yes’ according to the question, then the voting fraction of
edge-on’ would be 0.25, and the voting fraction of ‘not edge-on’ is
.75. All answers to a specific question, when added together, must
a ve a v oting fraction of 1, which represents 100 per cent of the
opulation that answered the question. 
As a result of the decision tree and tiered questions, not all

articipants will answer each question; higher tiers, denoted by 
olour on Fig. 1 , may have fewer votes than the grey tiers that each
articipant answers. For example, the 4th tier questions will only 
e answered by participants that vote in fa v our of a galaxy having
eatures, being face-on, and appearing to have a spiral pattern. This
eans that if we start with a small sample size, higher tier questions

un into the realm of small-number statistics. 
As a citizen science project, it is important to note that Galaxy

oo can be susceptible to human bias. Ho we v er, with e xtensiv e
vailable data, Galaxy Zoo has been used in conjunction with GAMA 

o minimize this bias and take full advantage of the data. Such studies
nclude identifying dust lanes in edge-on galaxies (Holwerda et al. 
019 ), strong gravitational lensing (Knabel et al. 2020 ), green valley
alaxy morphology (Smith et al. 2022 ), and investigating a possible
orrelation between the number of spiral arms in spiral galaxies and 
tar formation (Porter-Temple et al. 2022 ). 

.3 Sample selection 

o conduct our analysis, it is first important to ensure that we are
nly investigating a range of galaxies in which we are sure that our
amples of both field and void galaxies are complete. Because Galaxy 
oo has a maximum redshift of z max = 0.15, our maximum redshift
f this sample is also limited to z max = 0 . 15. Furthermore, we limit
ur total stellar mass range to that of 10 9 . 35 M � < M ∗ < 10 11 . 25 M �,
s this mass range is home to our identified void galaxies, and is most
asily compared to previous literature on void galaxies. 

This study’s primary focus is to determine whether void galaxies 
nd similar field galaxies have a differing average morphology. This 
eans that we are attempting to test for significance in the two

amples where the primary difference is the environment (void versus
eld). 
It is known that morphological features in galaxies can be 

edshift-dependent; galaxies residing around z = 0 are a different 
opulation than those at z = 0.1. To ensure we are taking redshift
nto consideration while maintaining an appropriate sample size to 
llow for reasonable statistics, we divide our sample into two: one
onsisting of 0 < z < 0.075 (yellow shaded region of Fig. 2 ) and
nother of 0.075 < z < 0.15 (unshaded portion of Fig. 2 ). We can
o w ef fecti vely refer to these samples as our ‘local’ galaxies (0 < z
 0.075) and ‘distant’ galaxies (0.075 < z < 0.15), similar to Rojas

t al. ( 2004 ). 
The 0 < z < 0.075 sample will be important when analysing voting

ractions of morphologies such as the presence of a bar (questions
02 and T07) or tidal debris (question T09), as Kruk et al. ( 2018 ) find

hat few bars are accurately resolved above a redshift of z = 0.1, and
herefore limit their sample for bars to z = 0.06. Similarly, Porter-
emple et al. ( 2022 ), who utilize the same GAMA and Galaxy Zoo
ata to investigate the number of spiral arms (another morphological 
eature), limit their sample to z max = 0.08. These redshift cuts
nsure that the data gathered by Galaxy Zoo are from sufficiently
esolved galaxy images. Our study is slightly more complicated 
n the fact that we investigate a wide range of morphological
omponents, some of which do not require such precise resolution, 
uch as features (question T00), spiral arm patterns (question T03), 
nd discerning between the presence of a bulge or not (questions
04 and T07). 
Ho we ver, because we are interested in ensuring that the primary

ifference between our void and field galaxies is their environment, 
e further limit the sample of field galaxies by identifying directly
MNRAS 524, 5768–5780 (2023) 
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Table 1. Summary of the number of galaxies present for each sample, before conducting analysis. This table does not define the number of galaxies that 
exist in a certain morphology, for example, but instead the number of galaxies present in the cumulative population histograms beginning with Fig. 6 . Note 
that later in this study for question T09, to a v oid redundancy, we simply combine the answers for ‘merging’, ‘tidal debris’, and ‘both’. 

0 < z < 0.075 0.075 < z < 0.15 
Void galaxies Twins ( ±0.05 dex) Twins ( ±0.15 dex) Void galaxies Twins ( ±0.05 dex) Twins ( ±0.15 dex) 

S ́ersic index, ef fecti ve radius 58 350 1334 444 4831 15 710 
T00: Features 57 349 1325 436 4614 14 843 
T02: Bar 43 240 860 227 1986 6116 
T03: Spiral 36 199 758 242 2230 6618 
T04: No central bulge 26 179 652 178 2721 8772 
T04: Obvious central bulge 50 320 1224 308 3896 12 486 
T04: Dominant central bulge 50 288 1133 289 3518 11 444 
T07: Edge-on: Rounded bulge 29 338 1252 159 4293 13 918 
T07: Edge-on: Boxy bulge 15 147 603 110 2728 9077 
T07: Edge-on: No bulge 19 209 826 112 3096 10 128 
T09: Evidence of mergers 55 350 1334 425 4828 15 702 

Figure 3. Physical properties of galaxies in both samples with redshift 0 < z < 0.075, GAMA ‘twins’ within ±0.05 dex (left-hand panels) and ±0.15 dex 
(right-hand panels). The top panels show sSFR as a function of stellar mass ( M ∗), and the bottom panels show effective radius ( R eff ; kpc) as a function of M ∗. 
Points are coloured by their S ́ersic index. The solid black line in the bottom panels represents the least-squares regression line from jacknife resampling, the 
equation and error for which can be found in Table 2 . Dashed black lines represent the ±1 σ error. 
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omparable galaxies, which we refer to as ‘twins’ of the void
alaxies. In terms of redshift, we acknowledge that the ‘distant’
.075 < z < 0.15 is still a large redshift range, and therefore require
hat, in order for a field galaxy to be identified as a twin to a void
alaxy, it must have a redshift within ±0.025 of an identified void
alaxy. 

We define SFRs and stellar mass to be equally important in iden-
ifying void galaxy analogues. Therefore, ‘twins’ are also required
o be any field galaxy that is within ±0.05 or ±0.15 dex of a void
alaxy in terms of sSFR and M ∗. The intention behind this is to
dentify a small subset of galaxies that are almost exactly identical
o the void galaxies ( ±0.05 dex) in terms of properties, but due to
bservational uncertainties in terms of properties such as sSFR, we
llow for the second, larger sample of comparable field galaxies
 ±0.15 dex). Keeping both definitions of ’twins’ is important to
NRAS 524, 5768–5780 (2023) 
nsure we are maintaining similar samples, all while providing
n appropriate number of field galaxies to compare with the void
alaxies (see Table 1 ). 

In summary, we have two samples of void galaxies and their field
alaxy ‘twins’: 0 < z < 0.075 and 0.075 < z < 0.15. The former
edshift range requires that, to be a ‘twin’, a field galaxy must have an
SFR and M ∗ within ±0.05 or ±0.15 dex of a void galaxy. The latter
edshift sample implements the same sSFR and M ∗ requirement, but
mposes the additional restraint that the field galaxy is also within

0.025 in redshift of the same galaxy. If a field galaxy does not meet
ll requirements for a specific void galaxy, it will not be identified
s a ‘twin’. To remain complete, we later conduct an analysis and
tatistical significance testing on all subgroups. 

The o v erall numbers of the galaxies within our analysis (void
 alaxies, field g alaxies within ±0.05 dex, and field g alaxies within



Morphology of Void Galaxies 5773 

Figure 4. Physical properties of galaxies in both samples with redshift 0.075 < z < 0.15, GAMA ‘twins’ within ±0.05 dex (left-hand panels) and ±0.15 dex 
(right-hand panels). The top panels show sSFR as a function of stellar mass ( M ∗), and the bottom panels show effective radius ( R eff ; kpc) as a function of M ∗. 
Points are coloured by their S ́ersic index. The solid black line in the bottom panels represents the least-squares regression line from jacknife resampling, the 
equation and error for which can be found in Table 2 . Dashed black lines represent the ±1 σ error. 
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0.15 dex) are documented in Table 1 . Note that in the Galaxy Zoo
uestions, this table does not provide the number of galaxies with that
pecific morphological feature (e.g. the bar voting fraction row does 
ot say how many galaxies have bars), but rather the total number of
alaxies for which we have voting results. 

 RESULTS  

fter constraining our sample, we analyse and compare the physical 
roperties of the void galaxies, and compare them to the field galaxy
nalogues. The properties included here will be directly rele v ant 
o morphology: S ́ersic index, sSFR, and ef fecti ve radius. Once we
nderstand the distribution of these components, we can look at 
pecific morphological voting in Galaxy Zoo. 

.1 Physical properties 

he physical properties of the galaxies, including the rate at which 
hey are actively producing stars and their ef fecti v e radius, pro vide
seful information about their history and distribution in the Uni- 
erse. The following figures, beginning with Fig. 3 , allow us to
nvestigate these in our sample. 

Fig. 3 displays the local sample (0 < z < 0.075). In the top
anels, it is clear that the diskier ( n < 2; shades of blue in Fig. 3 )
alaxies have sSFRs that are nearly two orders of magnitude larger 
han the elliptical galaxies ( n ∼ 4; yellow/green in Fig. 3 ). In the
ottom panels, we see that these ellipticals have similar ef fecti ve
adii to the discs, but maintain a similar or slightly higher (up to
n order of magnitude) stellar mass. Throughout all of Fig. 3 , but
ost evident in the top panels with sSFR, each morphological group 

ppears to cluster together. While there is some slight variation, disc 
nd elliptical galaxies are clearly separated in the 0 < z < 0.075
ample. 

If we consider the sample of galaxies in the redshift range of
.075 < z < 0.15 (Fig. 4 ), we still see this result. While there is
 significantly bigger population of galaxies due to the extended 
ample size, we can still clearly discern that in terms of sSFR (top
anels), disc and elliptical galaxies reside in their own regimes. 
We note here that we include no analysis on the difference in sSFR

etween void and field galaxies, as we use this property to constrain
ur sample of field galaxies to those that are intrinsically similar to
he sample of void galaxies. 

.1.1 Size–mass relation and effective radius 

he size of the galaxies in question is a basic morphological property
hat can be telling about the galaxy’s history. As a result, the
elationship between ef fecti ve radius and stellar mass, often kno wn
s the galaxy size–mass relation, is thought to be another indicator
f evolution in a galaxy (van der Wel et al. 2014 ; Genel et al. 2018 ;
owla et al. 2019 ; Kawinwanichakij et al. 2021 ; Suess et al. 2021 ;

ang et al. 2021 ; Nedkova et al. 2022 ). Typically, this relation can
e understood as larger galaxies tend to also be more massive, which
s commonly thought to be a result of mergers (Hernquist 1989 ;
obertson et al. 2006 ; Naab, Johansson & Ostriker 2010 ). In the
ottom panels of Figs 3 and 4 , we use jacknife sampling to accurately
t the size–mass relation, represented by the solid black line. 
Focusing specifically on the size of these galaxies, Fig. 5 represents 

 similar cumulative histogram of the ef fecti ve radii to see whether
here is a difference in size between void galaxies and their field
ounterparts. Here, we see that most galaxies in both samples reside
ithin 1–10 kpc, as expected. It is interesting to note that, in Fig. 4 ,

he line of best fit is nearly identical across the void galaxies and
MNRAS 524, 5768–5780 (2023) 
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Figure 5. Cumulative histogram of effective radius values. Void galaxies are 
denoted in black, whereas twins of the void galaxies in GAMA are in cyan. 
Left-hand panels represent twins chosen within ±0.05 dex of void galaxies, 
whereas right-hand panels represent twins chosen within ±0.15 dex. Most 
panels show that roughly half of their populations lie within R eff of 10 0.5 

(3.16) kpc. 
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ll samples of field galaxies, unlike Fig. 3 , though we note the
mportance of sample size. When conducting KS testing, we only
nd significance in the ±0.05 dex, 0.075 < z < 0.15, sample (see
NRAS 524, 5768–5780 (2023) 

able 3 , Fig. 5 ). t

Table 2. Slope, error, y -intercept, and p -value for the least-squares regressi
resampling. Error is 1 σ in regards to the slope. Bold p -values represent signifi
( R eff ). 

0 < z < 0.075 
Void galaxies ‘Twins’ ±0.05 dex ‘Twins’ ±0.1

Slope 0.12 −0.01 0.13 
Error ±0.05 ±0.11 ±0.02 
y -intercept −0.66 0.72 −0.77 
p -value 0.01 0.88 < 0.01 

Table 3. Significance testing results using the two-sample KS test for morphologi
that both samples come from the same distribution. Bold p -values denote significa

0 < z < 0.075 
±0.05 dex ±0.

Test statistic p -value Test statisti

S ́ersic index 0.10 0.66 0.07 
Ef fecti ve radius 0.14 0.24 0.09 
T00: Features 0.06 0.99 0.11 
T02: Bar 0.09 0.93 0.08 
T03: Spiral 0.25 0.04 0.27 
T04: No central bulge 0.27 0.05 0.33 
T04: Obvious central bulge 0.25 0.01 0.18 
T04: Dominant central bulge 0.11 0.60 0.13 
T07: Edge-on: Rounded bulge 0.43 < 0.01 0.46 
T07: Edge-on: Boxy bulge 0.37 0.03 0.42 
T07: Edge-on: No bulge 0.37 0.01 0.40 
T09: Evidence of mergers 0.13 0.37 0.13 

2

.1.2 S ́ersic index 

he S ́ersic index is one of the simplest ways to gain insight into the
orphological distribution of galaxies. Plotting histograms of these

alues, calculated by Kelvin et al. ( 2012 ), allows us to immediately
ee what the general distribution of galaxy morphology based on the
ight profile appears to be, with disky galaxies residing around n < 2,
nd ellipticals around n ∼ 4. In addition, this allows for a direct and
ormalized analysis between the samples of void and field galaxies. 
For each population of galaxies in Fig. 6 , we see a clearly defined

eak in the distributions of S ́ersic index at n < 2, with all subsamples
aving roughly half of their galaxies with a S ́ersic index of n < 2, and
5 per cent with n < 3, showing that most galaxies in each distribution
ppear to be late-type, or disky. Therefore, we immediately see that
oth void galaxies and their ‘twins’ in redshift, stellar mass, and
SFR are disc-dominated. This fact is not changed whether we look
t the ±0.05 dex (left-hand panels of Fig. 6 ) or ±0.15 dex samples
f twins (right-hand panels). While for the ‘local’ sample we need
o be careful in o v erinterpreting results due to the smaller sample
ize of void galaxies, we do find the differences to be statistically
ignificant for both subsamples of field galaxies within 0.075 < z <
.15 (upper panels of Fig. 6 ; see also Table 3 ). 

.2 Galaxy Zoo 

imilar to the S ́ersic index and ef fecti ve radius, we now investigate
he voting fractions from the selected Galaxy Zoo questions. Here,
e focus our attention on the following questions from Fig. 1 : 

(i) T00: Is the galaxy in the centre of the image simply smooth
nd rounded, or does it have features? 

(ii) T02: Is there any sign of a bar feature through the centre of
he galaxy? 
on lines in the bottom panels of Figs 3 and 4 , obtained via jacknife 
cance for a relationship between stellar mass ( M ∗) and effective radius 

0.075 < z < 0.15 
5 dex Void galaxies ‘Twins’ ±0.05 dex ‘Twins’ ±0.15 dex 

0.12 0.12 0.12 
±0.03 ±0.01 0.004 
−0.61 −0.63 −0.67 
< 0.01 < 0.01 < 0.01 

cal features between void galaxies and their twins, under the null hypothesis 
nt results ( p -value < 0.05). 

0.075 < z < 0.15 
15 dex ±0.05 dex ±0.15 dex 
c p -value Test statistic p -value Test statistic p -value 

0.94 0.09 < 0.01 0.13 < 0.01 
0.72 0.09 < 0.01 0.03 0.88 
0.45 0.10 < 0.01 0.13 < 0.01 
0.92 0.08 0.14 0.10 0.02 
0.01 0.08 0.09 0.10 0.01 

< 0.01 0.39 < 0.01 0.42 < 0.01 
0.08 0.28 < 0.01 0.30 < 0.01 
0.33 0.29 < 0.01 0.32 < 0.01 

< 0.01 0.60 < 0.01 0.62 < 0.01 
0.01 0.57 < 0.01 0.60 < 0.01 

< 0.01 0.56 < 0.01 0.59 < 0.01 
0.27 0.09 < 0.01 0.11 < 0.01 

4/4/5768/7236894 by guest on 12 Septem
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Figure 6. Histogram of S ́ersic index ( n ) values. Void galaxies are denoted 
in black, whereas twins of the void galaxies in GAMA are in cyan. Left-hand 
panels represent twins chosen within ±0.05 dex of void galaxies, whereas 
right-hand panels represent twins chosen within ±0.15 dex. All panels show 

that about 50 per cent of the their populations have a S ́ersic index of n < 2, 
and 75 per cent with n < 3, showing disc-dominated samples, as ellipticals 
are n ≈ 4. 
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Figure 7. Histogram comparing the voting fraction for question T00 (pres- 
ence of features) in both samples, with a normalized frequency. GAMA 

‘twins’ are denoted in cyan, and void galaxies are denoted in black. Left-hand 
panels represent twins chosen within ±0.05 dex of void galaxies, whereas 
right-hand panels represent twins chosen within ±0.15 dex. Note that values 
of ‘0’ mean that no citizen scientists answered the question with ‘yes’, while 
‘1’ means all answered ‘yes’, or in fa v our of the specific morphological 
component (i.e. features). In the local sample (top panels), 75 per cent of the 
population has voting fractions greater than 0.5, indicating that a majority of 
the galaxies have features present, while the further samples (bottom panels) 
only have 25–50 per cent of their population in the same range, meaning that 
features are much less common in this further redshift range. 

Figure 8. Histogram comparing the voting fraction for question T02 (‘Is a 
bar present?’) in both samples, with a normalized frequency. GAMA ‘twins’ 
are denoted in cyan, and void galaxies are denoted in black. Left-hand panels 
represent twins chosen within ±0.05 dex of void galaxies, whereas right-hand 
panels represent twins chosen within ±0.15 dex. In all samples, 75 per cent 
of the population has voting fractions less than 0.5, so most galaxies here do 
not have a visible bar. 
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(iii) T03: Is there any sign of a spiral arm pattern? 
(iv) T04: How prominent is the central bulge, compared with the 

est of the galaxy? 
(v) T07: Does the galaxy have a bulge at its centre? 
(vi) T09: Is the galaxy currently merging or is there any sign of

idal debris? 

We choose to skip question T01 (‘Could this be a disc viewed
dge-on?’) because edge-on galaxies are not a type of morphology 
hat can be caused by environment; edge-on galaxies are merely a 
esult of the viewing angle, so this specific question is not rele v ant
o this study. Therefore, we skip to question T07, which contains the
orphological information for galaxies viewed at such an angle. 
We also choose to skip questions T05 (‘How tightly wound do the

piral arms appear?’) and T06 (‘How many spiral arms are there?’) 
ecause we are simply interested in whether the spiral morphology 
tself is present as opposed to the intricacies involved. 

Fig. 7 is the beginning of our comparisons in Galaxy Zoo with
uestion T00 (‘Is the galaxy in the centre of the image simply smooth
nd rounded, or does it have features?’). Immediately, we can see 
hat the samples are relatively similar. In the near sample, we can
learly tell that both the field and void galaxies within our physical
arameters are dominated by the presence of features, especially 
ompared to the galaxies at higher redshifts (0.075 < z < 0.15).
hen we conduct the two-sample KS test between the void and field

alaxies (see Table 3 ), we see significant results in this further redshift
ange, but low test statistics, indicating that we can be confident in
he samples’ similarity. 

Figs 8 and 9 address questions T02 and T03, which ask about
he presence of a bar or spiral, respectively. Here, we again note the
mportance of consulting the local region (0 < z < 0.075; top panels
f Fig. 8 ) for the presence of bars, as bars are not well resolved at
igher redshifts, and Kruk et al. ( 2018 ) similarly limited their sample
o z = 0.06. In the case of bars, we see low test statistics across all
MNRAS 524, 5768–5780 (2023) 
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Figure 9. Histogram comparing the voting fraction for question T03 (pres- 
ence of spiral arm pattern) in both samples, with a normalized frequency. 
GAMA ‘twins’ are denoted in cyan, and void galaxies are denoted in black. 
Left-hand panels represent twins chosen within ±0.05 dex of void galaxies, 
whereas right-hand panels represent twins chosen within ±0.15 dex. In the 
top panels, about 75 per cent of each population has voting fractions abo v e 
0.5, showing majority spirals. The bottom panels are more evenly distributed, 
with roughly half of the populations at a voting fraction abo v e 0.5. 
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Figure 10. Histogram comparing the voting fraction for question T04 (‘How 

prominent is the central bulge, compared with the rest of the galaxy?’) with 
answers for ‘obvious bulge’ in both samples, with a normalized frequency. 
GAMA ‘twins’ are denoted in cyan, and void galaxies are denoted in black. 
Left-hand panels represent twins chosen within ±0.05 dex of void galaxies, 
whereas right-hand panels represent twins chosen within ±0.15 dex. Each 
sample has 75 + per cent of its voting fractions abo v e 0.5, so most bulges can 
be classified as obvious. 

Figure 11. Histogram comparing the voting fraction for question T04 (‘How 

prominent is the central bulge, compared with the rest of the galaxy?’) with 
answers for ‘dominant bulge’ in both samples, with a normalized frequency. 
GAMA ‘twins’ are denoted in cyan, and void galaxies are denoted in black. 
Left-hand panels represent twins chosen within ±0.05 dex of void galaxies, 
whereas right-hand panels represent twins chosen within ±0.15 dex. Galaxies 
in the local regime (top panels) do not appear to have dominant bulges, nor 
do field galaxies in the further redshift range (bottom panels). Field galaxies 
in the latter regime appear to be evenly split. 
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ubsamples, and find significance in the ±0.15 dex, 0.075 < z <
.15 subsample. This indicates almost no difference in the presence
f bars in void galaxies and field galaxies. This is an interesting result
n itself, as bars may be formed by secular processes, yet we find
o difference between the two galaxy populations. In Fig. 9 , we see
hat spirals dominate both the void and field galaxies. Ho we ver, at
edshifts of 0 < z < 0.075 (upper panels), void galaxies seem to have
 higher fraction of spirals. This is supported by the KS test, which
eveals moderate test statistics ( ∼0.25) for the local group, and low
est statistics for the further group ( ∼0.09), including significance
or three of the four subsamples. 

Figs 10 –12 represent the answers for question T04, which asks
bout the prominence of the central galaxy bulge compared to the
est of the galaxy (for those not identified as edge-on). Test statistics
or this question are higher, suggesting that the first difference in void
nd field galaxies is the prominence of the bulge. In particular, we can
ote that the consensus of Fig. 12 is that void galaxies in all samples
ave a bulge present. All three of these questions appear to be highly
ignificant at 0.075 < z < 0.15, but lose some of their significance in
he local sample. This could be due to a variety of factors, including
he limited sample size for lower redshifts. Question T04 likely needs
igher resolution images to determine an accurate answer. A larger
ample size and highly resolved images would be best to follow
p on the dominance of central bulges in field and void galaxies,
articularly to determine whether this is, in fact, a resolution issue,
r whether this is a fundamental morphological difference between
oid and field galaxies at higher redshifts. 

Next, Figs 13 –15 represent the answers for question T07, which
sks about the shape of central galaxy bulge (if one exists) for galaxies
dentified as being viewed edge-on. Test statistics for this question
NRAS 524, 5768–5780 (2023) 
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Figure 12. Histogram comparing the voting fraction for question T04 (‘How 

prominent is the central bulge, compared with the rest of the galaxy?’) with 
answers for ‘no bulge’ in both samples, with a normalized frequency. GAMA 

‘twins’ are denoted in cyan, and void galaxies are denoted in black. Left-hand 
panels represent twins chosen within ±0.05 dex of void galaxies, whereas 
right-hand panels represent twins chosen within ±0.15 dex. All samples in 
the top panels have 75 per cent of their population within a voting fraction of 
0.25, meaning participants strongly disagree with there being no bulge. In the 
bottom panels, this remains true for void galaxies, but field galaxies appear 
to be evenly split. 

Figure 13. Histogram comparing the voting fraction for question T07 about 
edge-on galaxies (‘Does the galaxy have a bulge at its centre?’) with answers 
for ‘rounded bulge’ in both samples, with a normalized frequency. GAMA 

‘twins’ are denoted in cyan, and void galaxies are denoted in black. Left-hand 
panels represent twins chosen within ±0.05 dex of void galaxies, whereas 
right-hand panels represent twins chosen within ±0.15 dex. 75 + per cent of 
all samples have a voting fraction greater than 0.5, indicating that participants 
largely agree with the edge-on bulge being rounded. 

Figure 14. Histogram comparing the voting fraction for question T07 about 
edge-on galaxies (‘Does the galaxy have a bulge at its centre?’) with answers 
for ‘boxy bulge’ in both samples, with a normalized frequency. GAMA ‘twins’ 
are denoted in cyan, and void galaxies are denoted in black. Left-hand panels 
represent twins chosen within ±0.05 dex of void galaxies, whereas right- 
hand panels represent twins chosen within ±0.15 dex. In all panels, most 
void galaxies (75–90 per cent) do not have voting fractions that represent the 
presence of a boxy bulge. More than 25 per cent of field galaxies in the top 
panels appear to have a boxy bulge, while in the bottom panels this number 
raises to more than 50 per cent. 

Figure 15. Histogram comparing the voting fraction for question T07 about 
edge-on galaxies (‘Does the galaxy have a bulge at its centre?’) with answers 
for ‘no bulge’ in both samples, with a normalized frequency. GAMA ‘twins’ 
are denoted in cyan, and void galaxies are denoted in black. Left-hand panels 
represent twins chosen within ±0.05 dex of void galaxies, whereas right- 
hand panels represent twins chosen within ±0.15 dex. Similar to Fig. 12 , 
void galaxies in all panels and field galaxies in the upper panels all appear to 
have a bulge, while most field galaxies in the lower panels do not. 
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Figure 16. Histogram comparing the voting fraction for question T09 (‘Is 
the galaxy currently merging or is there any tidal debris?’) with answers for 
‘merging’, ‘tidal debris’, or ‘both’ in void and field galaxies, with a normalized 
frequency. GAMA ‘twins’ are denoted in cyan, and void galaxies are denoted 
in black. Left-hand panels represent twins chosen within ±0.05 dex of void 
galaxies, whereas right-hand panels represent twins chosen within ±0.15 dex. 
Mergers do not appear to be occurring in most of the galaxies included in this 
study. 
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re higher than the face-on group (question T04), suggesting an even
igher contrast between the two types of galaxies at this viewing
ngle. All three of these questions appear to be highly significant for
ll subsamples. Investigating these histograms tells us that people
emain in general agreement with edge-on bulges being rounded in
ll samples (Fig. 13 ), where Fig. 14 shows a strong disagreement with
he presence of boxy bulges in void galaxies. Similarly, a majority of
otes in Fig. 15 shows that people strongly disagree that void galaxies
a ve no b ulge. Therefore, we can conclude that void galaxies are
xtremely likely to always have a bulge present when viewed edge-
n. 
We again note the importance of redshift when it comes to

iscerning between round and boxy bulges in edge-on galaxies.
hen viewing a galaxy edge-on, it can be much easier to see that

 bulge is present than it is to see the exact shape of said bulge.
specially in less-resolved images, bulges that are actually boxy
ay appear to be rounded, and we caution against this bias when

eeing this result, and therefore recommend using only the 0 < z <
.075 sample for forming a conclusion about the shape of an edge-on
ulge in question T07. 

Finally, question T09 (‘Is the galaxy currently merging or is there
ny sign of tidal debris?’) can be investigated by referencing Fig. 16 .
or simplicity, we are more concerned with identifying the general
resence of mergers as opposed to the identification method (tidal
ebris, visible mergers, or both). Because question T09 has four
ossible choices, if we then group the three positive identifications of
ergers together into simply, ‘Evidence of Mergers’, it then becomes

edundant to include ‘Neither’, as the sum of all four must equal one,
nd they will then have the same statistics. From this point on, we
ill only refer to question T09 as, ‘Evidence of mergers?’ with the
eneral answers being ‘Yes (presence of tidal debris, visible mergers,
nd/or both)’, or ‘No’. 
NRAS 524, 5768–5780 (2023) 
This question and all four possible answers are extremely rele v ant
o this study, as the presence of merging galaxies and tidal debris are
irect consequences of denser environments. It is with simple logic
hat we would hypothesize that void galaxies have a much lower
ossibility of either of these occurring due to their isolated nature,
ut our results contradict this assumption. 

From Fig. 16 , there is a strong general disagreement for the
resence of mergers in void and comparable field galaxies. We
an ef fecti vely conclude that there do not appear signs of active
erging in our sample, especially because we do not find any form

f statistical significance. Ho we ver, this Galaxy Zoo question only
ccounts for mergers in progress (presence of a merging satellite)
r relatively recently (tidal debris). This does not account for past
ergers that may be revealed through an analysis of star formation

istories. In addition, because we limit our definition of void galaxy
twins’ to be within either ±0.05 or ±0.15 dex in terms of stellar
ass and sSFR, this could likely account for the lack of mergers.
erging galaxies are known to cause a significant increase in both

FRs and stellar mass. Therefore, not allowing for field galaxies to
ave a significantly higher M ∗ or sSFR could be why we do not see
trong signs of mergers. 

 DI SCUSSI ON  

hrough investigating true void galaxies identified by Alpaslan et al.
 2014 ), we are able to unco v er what (if any) effect the environment
as on local galaxy evolution. For the most part, we find that our
esults align with previous literature, and any deviations can be
ogically explained. 

Rojas et al. ( 2004 ) use nearest-neighbour statistics in SDSS to
nvestigate the S ́ersic index of void galaxies and ‘wall’ galaxies.
imilar to the work done here, they employed the KS test to test for
ignificance in the difference between S ́ersic index distributions of
heir subsamples (void and wall galaxies, near and far), and found
ignificance in the far sample. Here, we also find no KS significance
n our local galaxies, with it only being evident for our far sample,
ut with low test statistics. From Galaxy Zoo, the 0.075 < z <
.15 sample stands out for a few questions: in many cases, we see
xtremely high significance that is not replicated in the near sample,
 < z < 0.075. It is possible that these results are due to the low
ample size of our ‘local’ region, as the statistical significance tests
i.e. the KS test) are normalized by the sample size, and therefore
mall sample sizes are less optimal for performing such tests. It is
lso worth notice that the ‘near’ sample from Rojas et al. ( 2004 ) uses
 maximum redshift ( z max ) of 0.025, where ours is 0.075, and for
heir far sample, z max = 0.089, while ours is z = 0.15. Clearly, how
edshift is analysed has a clear significance to results. 

When it comes to the physical properties, we note that while most
revious literature conducts analysis on the SFRs of void galaxies
ompared to those in denser environments, we refrain from doing so
ecause we have specifically selected field galaxies to be similar in
pecific star formation (within ±0.05 and ±0.15 dex). 

We remain in general agreement when it comes to previous
ndings on void galaxy morphology as a whole. We find that void
alaxies are dominated by late-type, or disky, galaxies (van de
eygaert et al. 2011 ; Beygu et al. 2016 ; Pustilnik et al. 2019 ).
e note that we have inconclusive results with regard to findings

rom Rojas et al. ( 2005 ) stating that void galaxies have more spiral
alaxies. We find that both field and void galaxies are dominated
y spirals, and Fig. 9 appears to show that there are more spirals in
oid galaxies in the local regime. This is supported by higher test
tatistics in this redshift range from Table 3 . Ho we ver, the higher
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edshift field and void galaxies appear to have little difference in the
oting fraction of spirals, and show lower test statistics. Nearly all 
f these test statistics have high significance. 
For question T07 (‘Does the galaxy have a bulge at its centre?’), we

ote the difference in samples (and high KS test statistics), displayed 
raphically in Fig. 15 . A large majority of the Galaxy Zoo citizen
cientists disagree with the fact that void galaxies have no bulge, 
ndicating that they nearly al w ays have a bulge present, and that this
ulge is usually rounded. 

From an inside-out galaxy formation perspective, the definite 
resence of bulges, particularly those that are obvious/dominant 
ound ones, makes sense. In such a galaxy formation model, the 
nner bulge is the oldest part of the galaxy, and slowly accretes
urrounding material to form the disc (Kepner 1999 ; Robertson et al.
004 ; van Dokkum et al. 2010 ; Nelson et al. 2012 , 2016 ). In the case
f our void galaxies, as a result of their isolation, the lack of material
o accrete would result in the bulge being far more dominant than the
isc. This follows the results that we see in the Galaxy Zoo voting
ractions for obvious and dominant bulges, the bulge shapes, and the 
ominance of disc galaxies (which is also supported by the GAMA 

 ́ersic index). 
On the topic of bulges, we found earlier that there is a strong

isagreement for the presence of bars and boxy bulges in the samples,
specially for the void galaxies (see Figs 8 and 14 ). There currently
 xist sev eral arguments in literature, such as those by Kruk et al.
 2019 ) and Peschken & Łokas ( 2019 ), that bars can be tidally
nduced. Through logical reasoning, one could assume that these 
idally induced bars would therefore happen at higher rates in denser 
nvironments, which has the potential to explain Fig. 14 . Question 
09 in Fig. 16 shows little evidence of mergers, one sign of which

ncludes tidal debris, and therefore these two questions may be linked. 
e previously explained that reducing the accepted stellar mass and 

SFRs for analogue void galaxies has likely affected our results on 
ergers. Therefore, if these tidal interactions from nearby galaxies 

an cause bars to form in galaxies, our reduction in stellar mass and
tar formation may also be affecting the results for barred (or boxy
dge-on) galaxies. 

 C O N C L U S I O N S  

n this paper, we presented an o v erview of void galaxies identified
y Alpaslan et al. ( 2014 ), focusing on the properties of S ́ersic index,
tellar mass, sSFR, and ef fecti ve radius. In addition, we used the
alaxy Zoo surv e y to inv estigate the morphological voting fractions,
ith the goal of determining the typical void galaxy morphology, and 
hether void galaxies are morphologically different from their field 
alaxy counterparts. We can summarize our findings through the 
ollowing points: 

(i) Both void and field galaxies, as seen in the S ́ersic indices
Fig. 6 ) and presence of features in Galaxy Zoo (Fig. 7 ), are
ominated by disc galaxies. Ho we ver, we do not find evidence that
oid galaxies exhibit a higher fraction of discs. 

(ii) In all subsamples of far edge-on galaxies, we see strong 
ndicators that the bulges of void galaxies are round as opposed 
o boxy, and results are highly suggestive that void galaxies almost 
l w ays have a bulge (Fig. 15 , Table 3 ). The significant differences in
ounded edge-on bulges are also found in our local sample. 

(iii) Neither field nor void galaxies appear to show strong evidence 
f mergers occurring, despite their difference in environment density. 
o we ver, this is likely due to our imposed restraint on stellar mass
nd SFRs, as mergers are known to cause a strong increase in both
uantities. 
(iv) We see little difference in the results for how we define the

oid galaxy counterparts in GAMA (‘twins’), whether we select 
tellar mass and sSFRs within ±0.05 or ±0.15 dex, but redshift
ppears to have an affect. 

Overall, we see that void galaxies are rather similar to field
alaxies, especially in a limited redshift range for the local Universe.
o we ver, we do see evidence from our conclusions that point to how

solated galaxies may evolve differently from their counterparts in 
laments and tendrils. 
While our results primarily match previous literature, this study 

till consists of few void galaxies and analogues, therefore relying 
n a smaller sample size to conduct analyses compared to the
ealth of field galaxies available with GAMA. Investigating the 

tar formation histories of these galaxies, such as using data from
tudies such as Bellstedt et al. ( 2020 ), would be ideal to determine
ow these galaxies are fuelled, and whether these assembly histories 
iffer for void galaxies. Similarly, studying the Bulge to Disk ratio
B/D) ratios (e.g. Casura et al. 2022 ) of these samples could also
rovide morphological information beyond the scope of this paper. 
n addition, employing techniques to identify a larger catalogue of 
oid galaxies would be ideal in order to perform further analysis.
uture study into the history and morphology of void galaxies would
rovide a more quantitative understanding of whether they are truly 
ifferent from those in denser parts of the Universe, and whether
heir isolation is the specific cause. 
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