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ABSTRACT

We examine the properties of galaxies in the Galaxies andMasembly (GAMA) survey
located in voids with radii 10 h™* Mpc. Utilising the GAMA equatorial survey, 592 void
galaxies are identified out o~ 0.1 brighter tharM, = —184, our magnitude completeness
limit. Using the Wy, vs. [Niu]/Ha (WHAN) line strength diagnostic diagram, we classify
their spectra as star forming, AGN, or dominated by old atglbpulations. For objects more
massive than & 10° M, we identify a sample of 26 void galaxies with old stellar pigions
classed as passive and retired galaxies in the WHAN diaigmisgram, else they lack any
emission lines in their spectra. When matchedi&Emid-IR photometry, these passive and
retired galaxies exhibit a range of mid-IR colour, with a rhenof void galaxies exhibiting
[4.6] — [12] colours inconsistent with completely quenched stedtapulations, with a similar
spread in colour seen for a randomly drawn non-void compasgample. We hypothesise that
a number of these galaxies host obscured star formation tledy are star forming outside
of their central regions targeted for single fibre spectwpgcWhen matched to a randomly
drawn sample of non-void galaxies, the void and non-voidxjak exhibit similar properties
in terms of optical and mid-IR colour, morphology, and stamiation activity, suggesting
comparable mass assembly and quenching histories. A tneméti-IR [4.6] — [12] colour is
seen, such that both void and non-void galaxies with quefiphssive colours 1.5 typically
have masses higher than'9M,, where internally driven processes play an increasingly
important role in galaxy evolution.
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1 INTRODUCTION

Redshift surveys reveal a remarkable amount of structuity w
the majority of galaxies located in groups, clusters, arzh@l
the filaments linking these massive structures (elgchra et al.
1983 York et al. 200Q Colless et al. 2001 However, it is the voids
that represent most of the volume of the Universe. Spanmng t
of megaparsecs, these void regions are extremely undseden
with a galaxy density less than 20 per cent of the cosmic mean.
These voids are not empty, and contain a sizeable galaxylgopu
tion (e.g.Rojas et al. 2004Croton & Farrar 2008Pan et al. 2012
Kreckel et al. 201p NeverthelessA Cold Dark Matter A-CDM)
cosmology predicts more dark matter haloes in voids thanuxe c
rently observe galaxiedgebles 2001Tikhonov & Klypin 2009
Peebles & Nusser 20},0and a better understanding the evolution
of these galaxies will help us better understand this disurey.
Void galaxies of all masses are therefore ideal objects iichvto
examine intrinsic vs. extrinsicfiects on galaxy evolution, having
formed far from the nearest cluster mass dark matter halo.

Galaxies can be broadly divided into two categories based on
their optical colours: blue cloud galaxies with ongoingr sftar-
mation, and red sequence galaxies with colours consistithtav
non-star forming stellar population, though there is coloerlap
between these two populations (eTgylor et al. 2015 Clearly at
some point in their histories all galaxies were star formiigds
how and where the quenching of star formation takes pladdsha
one of the most active areas of research today. These quenchi
mechanisms fall into two classes: intrinsic (driven by gglmass)
vs. extrinsic (environmentally driven) evolution.

Galaxies follow a strong morphology-density relation, lsuc
that early-type galaxies with little or no star formatiore gori-
marily found in high density regions of the Universe such as
groups and clusters, while late-type galaxies dominatevinden-
sity environments such as the fiel@ressler 1980 Smith et al.
2005 Park et al. 200y Similar environmental trends are seen for
colour and star formation, such that red galaxies with n@ sta
formation favour high density environmentke{vis et al. 2002
Kauffmann et al. 2004Ball et al. 2008 Bamford et al. 200 This
is reflected in the colour-magnitude relation, such thatengtred-
sequence is observed for cluster members, with the fraofioad
galaxies decreasing out to the field. The red cluster gadetyja-
cally have reduced star formation rates relative to gataiiethe
field (e.g.Balogh et al. 19971998, along with little to no gas (e.qg.

di Serego Alighieri et al. 2007

At a naive first glance, it appears that environment is the
clear driver in galaxy evolution: when a galaxy enters a high
density region of the Universe (e.g. a cluster), it is seigppof
star forming material, and it ceases star formation. Ps&Eses
such as galaxy harassmentidore etal. 199§ viscous strip-
ping (e.g.Rasmussen et al. 200&luver et al. 2013 strangula-
tion (Larson et al. 1980 tidal stripping, and ram-pressure stripping
(Gunn & Gott 1972, can all disrupt galaxies and remove their fuel
for star formation (e.gWetzel et al. 2012 However, it has been
observed that the current level of star formation (or cdlonra
galaxy is more strongly correlated to galaxy mass than leoal
ronmental density (e.ddaines et al. 200AVijesinghe et al. 201,2
Alpaslan et al., sumitted), though conflicting results dse éound
(e.g.Balogh et al. 2001

While the above environmental processes certainly play an
important role in quenching star formation in the sateltjsdaxy
population, the situation becomes unclear for centralh ass
galaxies. Galaxies with high stellar masses are typicaitlyin all

environments. Indeed, high mass, isolated, early-typaxges ex-
ist, with examples in the nearby Universe including NGC 3332
NGC 5413 and IC 1156Qolbert et al. 200)L These galaxies are
optically red, with no evidence of star formation (such asenis-
sion) in their nucledcentral spectra. Mass-quenching through pro-
cesses such as AGN feedback and the virial shock heating of in
falling cold gas are important at high galaxy mass as these pr
cesses become mordieient (e.g.Woo et al. 2013 Gas-supply
can also be heavily depleted during episodes of star foomatiig-
gered during merger episodes such as minor mergers witliteate
galaxies.

Separating these extrinsic and intrinsic quenching mecha-
nisms is not trivial. By examining galaxies in voids, we agkly
excluding the environmentalffects present in groups and clus-
ters. Major mergers and interactions between void galaares
expected to be rare (though not entirely absent,Begmu et al.
2013 for an example of an interacting system in a void). Like
other isolated galaxies, void galaxies are expected tal lipltheir
mass primarily via star formation and minor mergers, rasglin
discy morphologies. These void galaxies are not entiretpftu
from the cosmic web, linked via tendrils joining them to gala
filaments Sheth & van de Weygaert 200Zitrin & Brosch 2008
Alpaslan et al. 201¢ continually supplying them with the fuel for
star formation, and increasing the chance of minor mergers.

Examining the void galaxy population is impossible without
deep, wide-field redshift surveys. Such surveys are vitabnty to
provide a statistically significant sample of void galaxiest also
to identify the void regions themselves via accurate paséi and
distance measurements. In this paper, we examine voidigalax
in the Galaxy and Mass Assembly (GAMA) surveyriver et al.
2009, utilising optical and infrared data. In addition to datap-
tical wavelengths provided by the GAMA and SDSS surveys, we
furthermore use mid-IR data to search the GAMA void galaxy-po
ulation for obscured star formation. Sensitive to the eimisgom
dust-reprocessed star formation, data from the mid-IRusiaf in
establishing if a population of truly passive void galaégssts (in-
trinsic vs. extrinsic evolution).

Uncovering the nature of mass quenching first requires ob-
taining a population of well-isolated galaxies with no omgpstar
formation, spanning the stellar mass range at which theidrac
of quenched galaxies increases § x 10'° M,; Kauffmann et al.
2003. The most basic way to do this is via the colour-mass re-
lation, selecting galaxies that are passive in terms of tbpgii-
cal colours (they lie on the red sequence), and that do not ex-
hibit spectral features consistent with ongoing star fdaroma via
emission line diagnostics such as the Baldwin, Phillips &lééch
(BPT,Baldwin et al. 1981Kewley et al. 20050r Wi, vs. [Nu]/Ha
(WHAN, Cid Fernandes et al. 20Ldiagrams.

Examining the stellar populations of these optically paessi
galaxies in other wavelengths can reveal fiedent picture to the
optical. For example, galaxies residing on the optical exfience
may exhibit a UV excess consistent with star formation inghst
1 Gyr (Yi et al. 2005 Schawinski et al. 20Q7Crossett et al. 2004
The mid-IR provides further evidence that not all earlyeygmlax-
ies or optically red galaxies are passively evolviGdemens et al.
(2009 show that 32 per cent of early-type galaxies in the Coma
Cluster are not passive, and their mid-IR colours lietbe tight
Ks — [16] colour sequence traced by quenched galaXeset al.
(2013 match quiescent red-sequence galaxies with a@iission
to Wide-field Infrared Survey Explorer (WISE2 um photometry,
and find that 55 per cent of their sample exhibits excess Rid-I
emission consistent with star formation in the past 2 Gyints
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a combination of mid-IR and optical colours, we thereforenga
better understanding of a galaxy'’s stellar population tiaoptical
wavelengths alone, and identify truly passive galaxiesaih tthe
void and general galaxy population.

The aim of this paper is to examine if the mechanisms respon-

sible for the regulation and truncation of star formatioffeti as

a function of large-scale environment. We do this by conmuari
galaxies that reside on the cosmic web in clusters, groungsfia
aments, with those that reside in the under-dense voidsstat
arate these structures (though &eeth & van de Weygaert 2004
andAlpaslan et al. 2014or evidence that void galaxies are, in fact,
linked to the cosmic web via tendrils). The voids we examiageh

GAMA void galaxies 3

ple supplemented by data from other surveys such as the Sloan
Digital Sky Survey (SDSS) data releaseAb&zajian et al. 2009

The reduction and analysis of the AAOmega spectra is destiib
Hopkins et al(2013.

Further details of the GAMA survey characteristics are give
in Driver et al.(2011) andLiske et al.(2015), the survey input cat-
alogue is described iBaldry et al.(2010, and the tiling algorithm
for positioning the AAOmega spectrograph fibres is desdriine
Robotham et al2010. The reduction and analysis pipeline for the
AAOmMega spectrograph is describedHopkins et al(2013), with
the automated redshift pipeline describedBaldry et al.(2014).
The optical photometry utilised in this work was obtainednir

a typical galaxy density 20 per cent of the cosmic mean. We use SDSS imaging in thel, g, r, i, zbands as described Hill et al.

the void galaxy population to search for signs of mass quagch
in some of the most remote galaxies in the Universe usingfaata
GAMA, including GAMA-WISE data fromCluver et al.(2014).
Using a combination of optical(— r) and mid-IR colours, along
with emission line diagnostics, we find a population of voadle-
ies with masses- 5 x 10° and both optical and mid-IR colours
consistent with passively evolving stellar populationy. €lect-
ing these void galaxies, we are largely removing the enwir@mntal
effects that influence galaxy evolution, and we instead focug-on
trinsic evolutionary processes. If well-isolated voidayaés with
high masses are a passively evolving population, they nollstf
the same evolutionary pathways as comparable centraligalax
the rest of the Universe (i.e. mass quenching).

This paper is ordered as follows. The GAMA survey is de-
scribed in Sectior2, with our photometry and stellar mass sources
presented in SectioR.1 Our void galaxy sample, non-void com-
parison sample, and completeness limits are presenteatiin$8.
The colour mass relation for void galaxies is presented ati&e5,
and the selection of passive galaxies via the WHAN line siiten
diagnostic diagram is presented in Sectih WISE photometry
is utilised in Sectior to search for ongoing star formation in opti-
cally passive galaxies, and to search for evidence of massohu
ing in the void population in Sectich4. The properties of the high-
est mass void galaxies/A, > 10'° M) are examined in Sectioh
and we examine the merger histories of isolated galaxies oam-
parison to the Millennium Simulation in Secti@We discuss our
results in Sectio®, and conclude in Sectialn.

Throughout this paper we u, = 0.7, Qy = 0.3, and
Ho = 70 km s, but for the comparison witRan et al(2012 we
useh in our notation to simplify comparison with the prior litera
ture. Optical magnitudes are given in the AB systé@Rke & Gunn
1983. The WISEsurvey is calibrated to the Vega magnitude sys-
tem, and mid-IR photometry is therefore presented in thex\dyg-
tem, allowing for easy comparison to the literature.

2 THE GALAXY AND MASS ASSEMBLY SURVEY

The Galaxy and Mass Assembily(GAMA 1) survey is a multi-
wavelength photometric and spectroscopic survey thatrsdkiece
equatorial regions centred an= 9", § = +0.5° (G09),a = 12",

5§ = -05° (G12),a = 145", 6§ = +0.5° (G15), along with two
non-equatorial regions. Each equatorial region coversx1g°.
The spectroscopic survey targets galaxiesrta< 19.8 in the
G09, G12 and G15 equatorial regions, to a high redshift cetapl
ness of> 98 per cent (Liske et al., submitted). The majority of
spectra in GAMA were taken using the AAOmega spectrograph
(Saunders et al. 2004n the 3.9 m Anglo-Australian Telescope at
the Siding Spring Observatory, with this main spectroscepim-
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(2011). Additional data products used in this work are the stel-
lar mass catalogueTéylor et al. 201}, the GAMA environment
measures cataloguBrough et al. 2018 the GAMA line strength
catalogue Gunawardhana et al. 20.3and the GAMAWISE cat-
alogue Cluver etal. 2011 We also utilise the GAMA Galaxy
Group CatalogueRobotham et al. 20910 remove interloper high
peculiar velocity objects from the void regions, and examifimas-
sive void galaxies are the central galaxies in their halelss, if they
reside in pairs. We only use sources with reliable redst@B&BMA
redshift quality flagnQ > 3, Liske et al. 2015) in this work to en-
sure an accurate determination of environment for all gatax

2.1 Photometry and stellar masses

Stellar masses for the GAMA survey are provided by the cat-
alogue ofTaylor et al.(2011) with an update to this catalogue to
include GAMA galaxies. The catalogue furthermore provides ab-
solute magnitudes and colours for GAMA galaxies out t60.65,
k-corrected taz = 0. The values provided in the stellar mass cat-
alogue are derived via stellar population synthesis mudglbf
the galaxy's broadband photometry, via comparison to Balizu
& Charlot (2003) stellar population synthesis models, assg a
Chabrier initial mass function. A Calzetti et al. (2000) dasrve

is assumed. For full details of these stellar mass calculgtisee
Taylor et al.(2011).

The values in this catalogue are calculated using aperhae p
tometry gextracTor auto photometry), which may miss a signif-
icant fraction of a galaxy’s light. We therefore apply an rpe
correction from the GAMA stellar mass catalogue to integplat
values such as stellar mass and absolute magnitude, toradoou
flux/mass that falls beyond the aperture radius used for SED match
ing. The GAMA stellar mass catalogue provides the lineaorat
between each objectishand aperture flux and the totelband
flux from a Sérsic profile fitted out to 1B, (Taylor et al. 2011
Kelvin et al. 2012.

This flux ratio allows us to clean our samples of galaxies with
spurious masses which are frequently blended with neigiigpu
galaxies, else their photometry and colours are stroriigeced by
nearby bright stars. We select galaxies where the magnitade
rection is—0.2 < magor < 0.1 to ensure we only include galax-
ies with reliably measured stellar masses and colours invoigr
and non-void comparison samples. This unequal cut is appke
a galaxy with less flux in its Sérsic profile out to R than in
the r-band aperture has unreliable photometry. The cuts remove
11 per cent of the void galaxies prior to magnitude and maiss cu
These cuts are essential in defining a sample of galaxiesoptth
cally passive colours consistent with negligible star fation.
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3 VOID GALAXY IDENTIFICATION

Cosmological voids are the largest (empty) structures énUhi-
verse, with radii> 10 h™* Mpc (Pan et al. 201R The identification
of these voids requires large volume surveys with speabmsc
distances determined for its target galaxies. Narrow fipitso-
scopic surveys do not have the volume to completely enclose t
large cosmological voids we are interested in for this warke to
the narrow-field nature of the equatorial GAMA survey, witick

of the three footprints spanning 1R 5°, a circular void with a ra-
diusR > 10h~! Mpc will not be completely contained within a sin-
gle GAMA footprint untilz ~ 0.06. Voids in GAMA may therefore
have centres that reside outside of the GAMA survey footpyin
and we would miss them and their galaxies if we select voids us
ing GAMA only. As targets in the GAMA equatorial regions are
selected from the Sloan Digital Sky Survey (SDS$yrk et al.

2000, we are able to use the large continuous survey area of SDSS

Pan et al(2012 are bona fide voids with radi 10h™* Mpc when
defined using galaxies brighter théfy = —20.09 mag. However,
Alpaslan et al(2014) identifies fine, low density tendrils that ex-
tend into voids defined by bright galaxies. We assume thgadix-
ies examined here belong to their parent void, though theylmea
connected to regions of higher density by these tendritgiras.

We therefore utilise the GAMA environment measures cat-
alogue Brough et al. 2018to examine the local environmental
density of the void galaxies. To do this, we compare the sarfa
densityXs of the void vs. comparison samples. The surface den-
sity measure is based on the distance to the 5th nearestboeigh
within a velocity cylinder of+1000 km s. For the void popula-
tion, we find a mean surface denshly = 0.09 + 0.055 Mpc?, vs
¥5 = 0.60+ 0.131 Mpc? for the non-void comparison sample. We
confirm that the void galaxies examined here are therefaatdal
in extremely under-dense regions of the Universe.

Due to SDSS DRY7 spectroscopic incompleteness in the G09

(> 7500 deg) to trace large scale structure in the nearby Universe, region, this region would be under-dense in the cataloged ts

and therefore voids which lie in the GAMA survey. As a resoilr
search for void galaxies is confined to the GAMA equatoridd9G
G12, and G15) regions.

create the list of voids in SDSS. We therefore exclude vord$ a
galaxies in the GO9 region with Degt. 0.0°. This incompleteness
could result in the identification of artificial voids in regis that

The void catalogue of Pan et al. (2012) provides the centres in fact contain galaxy groups and clusters. We also chechaidr

and sizes of voids located throughout the SDSS survey region
cluding the GAMA equatorial regions out #o= 0.1. The catalogue
used heliocentric redshifts. The Pan et al. (2012) cataloges the
Void Finder algorithm (Hoyle & Vogeley 2002) to separate SDS
into wall and field galaxies, with their field galaxies definede all
galaxies with a third nearest neighbour distadce 6.3 h™* Mpc.
This third nearest neighbour distance selects galaxiesddan en-
vironments with< 20 per cent of the mean cosmic density, with
densities< 10 per cent expected in the void centres. The wall galax-
ies are used to trace large scale structure (filaments, greunl
clusters), and field galaxies are essentially well isolated struc-
ture is then traced by identifying empty spheres betweemtie
galaxies. The sizes of the void regions are defined by themaxi
sphere with radiuRiq that fills the empty space between the wall
galaxies. We use the void centres defined in this catalogfiado
all voids located entirely or partially within the GAMA eqtasial
survey footprints, and then search for all void galaxiestotitree-
quarters of the void radius. Objects withk« 0.002 are excluded to
avoid Galactic sources contaminating our sample.

Only galaxies with magnitudes brighter thfy = —20.09
were used byPan et al(2012) in their separation of wall and field
galaxies. The sizes of voids always depend on the seledtii@nia
used to identify them, and by pushing down the rfassnosity
function, voids can be infilled by low mass galaxies. Voicesill
decrease with a fainter magnitude limit due to the weaketiapa
clustering of low mass relative to high mass galaxiésrperg et al.
2002 Zehavietal. 2011 We illustrate this in Fig.1, using a
10 h™* Mpc slice though GAMA to highlight large-scale struc-
ture. The galaxies are split into two luminosity bins: onedalax-
ies with M; < -20.09 mag, and the other for galaxies with
—20.09 mag< M; < -184 mag, and their positions in comov-
ing cartesian coordinates plotted. When we extend thisrasity
range down taVl, = —184 (the limiting magnitude at the redshift
limit z = 0.1 of this work), the size of the voids can be seen to de-
crease as the fainter galaxies are less clustered. We dheeily
examine void galaxies out to 0.R,jq to remove the less-clustered
low mass non-void galaxies from the void galaxy sample. By ex
cluding these void-edge galaxies, we ensure that we rentwve t
effects of large-scale environment from our void galaxy sample

To the best of our knowledge, the void regions identified in

galaxy sample for theffects of the survey edges. There is no pref-
erence for red sequence void galaxies to be located at thes edg
the survey, i.e. they are evenly distributed.

3.1 Interloper removal

Galaxies within groups and clusters can have large pectgiac-
ities, making them appear at a highewer redshift than the over-
density in which they reside i.e. the “fingers of god” comnyonl
observed for cluster galaxies. These peculiar velocitshe suf-
ficient to make a cluster galaxy appear within a void duringra s
ple radial search around a void centre. Large grapsters will
have the highest spread in the peculiar velocities of theimiver
galaxies (e.gRuel et al. 2011

To remove such galaxies from the void sample, we use an
update of the GAMA galaxy group catalogue Rbbotham et al.
(2011 to identify group galaxies. However, we cannot just remove
all void galaxies found to reside in groups from our cataksgyu
Simulations predict dark matter substructure and filameittsin
void regions, consistent with a hierarchical model of gglassem-
bly (Tikhonov & Klypin 2009 Kreckel et al. 2011pRieder et al.
2013 Aragon-Calvo & Szalay 20)3 Evidence for this substruc-
ture has been found, with a small galaxy group identified inid v
consisting of three galaxies embedded in a commoreritelope
(Beygu et al. 2018 hypothesised to be the assembly of a filament
in a void. To ensure we do not remove such groups, we set a group
size limit to separate small void groups from interloperi.vaid
galaxies in groups witls 10 members are excluded from our final
catalogue. This limit is selected to keep groups of 2-3 lirigtax-
ies and any satellites. Using this method, 16 galaxies widbkses
> 10° M,, are identified that belong to a single cluster in GO9 with
amass B x 10 M, and a velocity dispersion 55850 km s
(Robotham et al. 2001 These 16 galaxies are removed from the
void galaxy sample.

The remaining galaxies all reside in groups of 6 or fewer
members, else in pairs or isolation. For the remaining gsawith
more than three members, the majority of group members have
M; > —20.09 and are less massive tharx 30° M. Due to their
low absolute magnitude, these faint galaxies would be dlséime
wall/field sample of Pan et al. (2012). Indeed, the sum of the lumi-
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Figure 1. The dfect of limiting magnitude on void size. Galaxies wthy < —20.09 are more strongly clustered than those will8.00 < M, < —20.09, and
voids therefore appear larger when using a brighter magmitut to define their limits.

nosities of all members in the only void group with six mensber ies. A void may extend beyond the edges of the maximal sphere
(GAMA GrouplD 300360) isM, = —214, fainter than a typical used to define it if the void does not have a spherical edge.
BCG. Nevertheless, we retain these galaxies in our samptbes We therefore exclude galaxies to a distance df 1 Mpc from
are well isolated from the filaments that trace large scalettre. edges of the maximal spheres used to define the void radii (i.e
Rvoid + 1 ™ Mpc). This provides a comparison sample of 14,233
non-void galaxies in the same volume as the void galaxies pri
3.2 Non-void comparison galaxies to completeness cuts. The distribution of the non-void canispn
sample is shown Figur2 as pale blue dots, with the void galaxies
shown as purple dots. Also included in FRjare the positions of
galaxies in SDSS to highlight the presence of large scaletsire
and voids in the GAMA equatorial regions.

To allow the comparison of our void galaxy sample to the ganer
galaxy population, we construct a comparison sample ofuwid-
galaxies in the same volume as the GAMA void galaxies. Only
galaxies in the G09, G12 and G15 outze 0.1024 (the redshift

of the most distant void galaxy) were included in this conguar
sample. Our non-void comparison sample contains galaries f

. . . 3.3 Completeness
a range of environmental density, ranging from clustersugh to

isolated galaxies in filaments, though void galaxies areoret While we are interested in how the star forming propertiegaid
from the comparison sample. These non-void galaxies réside galaxies vary as a function of galaxy mass, spectroscopiplzie-
range of local galaxy density, ranging from a surface dgmgjt< ness cuts based on galaxy mass alone have a strong lumibiasity
0.05 Mpc2 (extremely under-dense), through to over-dense regions as blue, star forming galaxies are brighter at optical wavgths
with 5 > 100 Mpc? (i.e. clusters). than passive galaxies for a given stellar mass. As suchowhmbss
As voids are not purely spherical, we furthermore need to end of the galaxy sample will be biased towards star formaig)g
avoid the contamination of the comparison sample with vaidx ies. To avoid this luminosity bias in our sample, our congess
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Figure 2. Large-scale structure in the GAMA fields (blue points) oaietlon an 10h~1 Mpc slice of SDSS. The void galaxies identified in this wor& ahown
as purple points. It can be clearly seen that the void gadeogeupy the under-densities in the large scale structacedrby GAMA and SDSS.

cuts placed on our sample are made usiiignd absolute magni-
tudes, with aperture corrections applied (see Secidh to ensure
no colour bias in our sample.

The spectroscopic limit of GAMAtisr = 19.8, and the red-
shift completeness at this magnitude limit for the GAMA efgua
rial regions (G09, G12, and G15) is 98.5 per cent integrated o
all magnitudes, and we therefore use this apparent magnésc
limit.

Our magnitude completeness cuts are shown in Eigoth
the void and non-void galaxy populations are shown, alortl thie
r = 19.8 spectroscopic limit curve for GAMA. Ta = 0.1024, we
are complete for galaxies brighter thi¥h = —18.4 (the horizontal
orange line in Fig3). We will discuss mass and colour complete-
ness in Sedl.

Low surface brightness galaxies are known to prefer a lower

density environment to high surface brightness galaxieg. (e
Rosenbaum et al. 200%alaz et al. 201)1L We do not apply com-
pleteness cuts to ensure surface brightness completaoess,are
likely incomplete for low surface brightness objects.

This magnitude limit oM, = —184 excludes dwarf galaxies,
which have stellar masses10® M, and are typically fainter than

M, = —18. We are unable to use dwarf galaxies in our study of

mass quenching in void regions. Howev@eha et al(2012 show
that field dwarf galaxies with no active star formation are@xely
rare, comprising< 0.06 per cent of galaxies fainter thah = —-18

in SDSS Data Release 8. No quenched isolated dwarf galaities w
stellar masses 1.0x 10° M, are found in their study, so including

these faint galaxies is not vital for a study of mass quergchriow
density environments.

We furthermore place an upper limit mass limit of 50'* M,
on our void and comparison samples. Galaxies in our sampthas w
stellar masses higher than this upper limit are typicallynfibto be
blended with other sources, or have large background greslies-
sulting in their calculated masses being unreliable. Widkaxies
more massive than this exist, we do not expect to find suclxigala
in voids, as major mergers between the massive galaxiegredqu
to form them are unlikely in these extremely under-densénsg
of the Universe.

In Fig. 3, it can be clearly seen in that void galaxies occupy
under-densities in the galaxy redshift distribution. Tikiess clear
at higherz, as the thickness of the wedge increases, sampling a
wider range of galaxy density, where voids and grgelpsters may
overlap in this plot. The number of void galaxies in each GAMA
equatorial region for the mass limited sample are shown lnteTha

4 THE COLOUR-MASS RELATION

The colour-magnitudenass diagram is one of the most basic di-
agnostic tools when studying galaxy evolution, used tocsetor
trends in galaxy colour with respect to galaxy mass or lusino
ity. Galaxies follow an approximately bimodal colour dilstr-
tion, splitting into the blue cloud and red sequence, dependn
whether they are currently forming stars. Here, we use uher)

MNRAS 000, 1-22 (2015)
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Figure 3. The completeness cut used in this work. The horizontal §irike
magnitude completeness limit Bt = —18.4, and the right-hand y-axis is
the redshift limit of this work, which we take to be the redsbf the most
distant void galaxy{ = 0.1024). The black curve is the magnitude selection
limit for GAMA (r = 19.8), which has~ 984 per cent spectroscopic com-
pleteness integrated over all magnitudes. A number of tltgects targeted
with unused 2dF fibres fall below this selection limit. Voidlgxies can be
seen to occupy the under-densities in the non-void galapylation.

Table 1. The distribution of void galaxies witM,; = —184 over the three
equatorial GAMA fields. Due to SDSS spectroscopic incongpless in the
GO09 region, we remove void galaxies in this region witk 0° to remove
the dfect of “false” voids appearing in this under-sampled region

Region arange § range \oid Non-void
(J2000.00) (J2000.00)

G09 1290°:1410° 0.0°:+3.0° 144 1331

G12 1740°:1860° —-3.0°:+2.0° 185 3861

G15 2115°:2235° -2.0°:+3.0° 263 2626

colour-mass relation to compare the void sample and nom-voi
comparison sample defined in S8c.

We present thé-corrected ( — r) colour-mass diagram for
the GAMA void galaxies as purple stars in the left-hand panfiel
Fig. 4. The stellar masses amkecorrected colours are provided by
Taylor et al.(2011), with an update to include GAMA galaxies.
The rest-frame colours are derived from aperture-matchetbm-
etry and SED fits of the galaxies optical colours, anckegerrected
to z = 0. SeeTaylor et al.(2017) for further details of the colour
derivation. Also plotted for comparison as blue dots are GAM
non-void comparison galaxies to~ 0.102, the highest redshift
void galaxy identified in our sample. No mass completeness cu
have been applied to the colour-mass diagram, to highlighfact
that a large number of void galaxies are low mass, blue abjeith
masses 10° M: dwarf irregular galaxies that are common in low
density environments. A red sequence is clearly seen fdr thet
void and non-void galaxies, though the majority of void gaa
are blue systems with masses10'° M, (i.e. sub-M. galaxies).

MNRAS 000, 1-22 (2015)
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At stellar masses 5 x 10° M, the colour-mass relation is clearly
bimodal, with galaxy colours consistent with both star forgnand
passive galaxies. We therefore tak&x10° M, as the mass thresh-
old when comparing the colour and stellar population prigeof
void and non-void galaxies.

We also plot colour-mass relation using r);; colours cor-
rected for internal dust reddening in the right-hand pah€&iig. 4.
This correction removes galaxies reddened by internal flost
the red sequence, again highlighting the fact that the rntgajof
void galaxies are blue in colour. In both panels of Higa number
of high mass*% 10'° M), red void galaxies withy(—r) > 1.9 or
(u-r)ine > 1.6 hint that at least a fraction of void galaxies have
ceased star formation, despite residing in the most unelesedre-
gions of the Universe. After the dust reddening is appli@&hat of
134 of the red sequence galaxies have red colaussr, > 1.6,
consistent with these galaxies hosting quenched stelfarlptions.
We will examine the properties of these red galaxies in grede-
tail to establish their nature. Given their isolated envinent, these
massive void galaxies will be used to establish how galaxgsnias
a proxy for halo mass) is responsible for the cessation ofataa-
tion. We first examine the colours and spectra of the voidxiada
to establish if any have missi@bsorption line features consistent
with quenched stellar populations.

5 DEFINING A SAMPLE OF PASSIVE GALAXIES
5.1 Active vs. passively evolving void galaxies

The red sequence for the general galaxy population consainis
of star forming, active, and quenched galaxies (Mgsters et al.
2010 Tojeiro et al. 2013 Crossett et al. 2014Taylor et al. 2015
To search for signs of ongoing star formation in the red secgie
population, we use their GAM/SDSS spectra to identify emission
lines consistent with ongoing star formation or nucleaivigt and
utilise their line strengths to quantify the emission mextia.

However, this process is complicated by the fact that the-pre
ence of emission lines in a spectrum does not necessarilyaiied
star formation or nuclear activittashska et al(2008 show that
galaxies identified as LINERs on the Baldwin, Phillips & Esfich
(1981, BPT) diagram are not necessarily powered by an aative
cleus. Instead, old, hot, low-mass evolved stars providegmion-
ising photons to mimic nuclear activity (e.Binette et al. 1994
Stashska et al. 2008van & Blanton 2012. Galaxies which appear
to host active nuclei through their classification on the Bfa-
gram are actuallyetired galaxies that have ceased star formation,
with old, evolved stars providing their ionising radiatidrhese re-
tired galaxies are actually passive galaxies with speétatiures
that mimic LINER activity. For example, using integral fialdit
spectroscopyBremer et al(2013 show that the extended LINER-
like emission in NGC 5850 is not confined to its nucleus, but is
distributed over the galaxy. This emission must theref@e le-
sult of ionisation from distributed sources (likely posGRB stars),
rather than a low-luminosity AGN.

Nuclear activity can also shape a galaxy’s stellar popurati
AGN activity is important in the regulation of star formaticpre-
venting hot gas cooling to form stars, and AGN identified tigto
line strength diagnostics are often found on the red seguenc
in the green valley. We therefore examine the emigalmsorption
lines of the GAMA void galaxy population to identify thosettvi
active stellar populations dominated by emission linesr f&trma-
tion, AGN, LINERS), vs. those with old stellar populationgttw
featureless absorption line dominated spectra.
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Figure 4. Colour-mass relation for GAMA void galaxies (purple staiB)e left-hand panel shows rest-frame—r) observed colours, with the rest-frame
intrinsic (U — r)int colours (corrected for internal dust reddening) shown @right-hand panel. The colours have béecorrected taz = 0 in both plots,

and corrected for foreground extinction. Also shown are-noid galaxies for comparison (blue dots). The majority oidvgalaxies are low mass, blue, star
forming irregular and spiral galaxies. A red sequence is $eeboth the void and non-void galaxy populations, whicaéins after the colours have been

corrected for internal dust reddening.

TheWy, vs. [Nu]/Hae (WHAN) diagram Cid Fernandes et al.
201)) provides a method of separating theséedent emission
mechanisms, including those with spectral lines too wedletmn-
cluded in the BPT diagram. It furthermore allows for low-igation
nuclear emission-line galaxies to be separated into weadtiye
AGN, and retired galaxies that have stopped forming staith w
hot, low-mass evolved stars providing their source of ioigisadi-
ation. Cid Fernandes et af2011) find retired and passive galaxies
to have near identical stellar populations (indeed, oocesiy in-
distinguishable), having formed no new stars in the pastM@0
i.e. they have ceasgdtired from star formation.

To separate active from passinatired galaxies, we construct
a WHAN diagram for the GAMA void galaxy population using
the strengths of the &l and [Ni] 16584, along with the equiva-
lent width of the Hr emission line feature. For full details of the
GAMA line strength catalogue, se@unawardhana et a(2013.
An update is provided for the GAMA sample. The line widths
and fluxes were measured using a flat continuum, rather thfarst
population modelling. As a result, partially filled stelkvsorption
lines are provided as absorption, rather than emissioas,liand
we discuss such galaxies, along with truly passive galaiieec-
tion 5.1.1We therefore correct thedfluxes for stellar absorption
following Hopkins et al(2003 andGunawardhana et g2013. A
constant correction of 2.5 A is applied to the equivalenttviaf the
He line, and the corrected flux is calculated as follows:

_ EWi, + EWC

Fue = X fua 1
H EW H (1)

wherefy, is the observed Hflux, and EW: is the constant correc-
tion factor of 2.5 A added to thedlequivalent width to correct for
stellar absorption. A minimum ratio of 3 between the eqenél
width and the error on the equivalent width is required fahei

the Hr or [Nu]26584 line for a galaxy to be included in our line
strength analysis diagram in Figuseln future plots, galaxies with
this ratio< 3 have smaller symbols than those with a rati8.

We should note here that when examining the optical spectra
of void galaxies for signs of activity (either through starrhation
or nuclear activity), we are examining single fibre specitais
limits us to either the central.2 arcsec of GAMA galaxies with
spectra obtained using the AAOmega spectrograph, or thieaten
3 arcsec of galaxies with SDSS spectra. Galaxies classHipds
sive via a line strength analysis of their nuclear spectry have
star forming regions outside of their central bulge. If, ésample,
we are sampling a bulge-dominated spiral galaxy, then wawisls
star formation in its spiral arms, as we are sampling the g
sive bulge region of the galaxy with an absence of star fdonat
We will explore this issue in Sectiofy where we will use mid-IR
colours to separate centrally passive from truly passilaxgzs.

The WHAN diagram for GAMA void galaxies more massive
than 5x 10° M,, is presented in Figs. Galaxies less massive than
this are primarily star forming, so we exclude them from olat p
for simplicity. The diagnostic lines ofid Fernandes et a{2011)
are also plotted. Using this diagnostic diagram, galaxigk nu-
clear spectra consistent with passive or retired stellpuladions
have Hr equivalent widths 0 A< EWy, < 3 A. 25 galaxies meet
this criteria. A large population (170) of star forming ga&s is
found. Eight weak AGN, and 29 strong AGN are also found in the
GAMA void sample, though this sample may also contain gakaxi
with composite AGN and star forming stellar populationsnpa-
rable numbers are found for the non-void comparison gadaxie

MNRAS 000, 1-22 (2015)
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Figure 5. Left-hand panelW, vs. [Nu]/Hae (WHAN) diagram Cid Fernandes et al. 20Lfior GAMA void galaxies. While the majority of void galaxiese
star forming or host AGN, a number of pasgietired galaxies are sedRight-hand panelthe WHAN diagram for a mass-matched randomly-drawn nad-vo

comparison sample.

5.1.1 Emission-line free galaxies

The WHAN diagram (and, indeed, any line strength diagnatitic
agram), does not include galaxies witl lih absorption, and the
GAMA line strength classification does not fit stellar popida
models prior to fitting a galaxy. As such, we miss galaxieshwit
partially infilled Hae absorption, and those dominated purely by ab-
sorption lines in the WHAN diagram.

In our sample, sixteen void galaxies have equivalent widths
measured for their [N 16584 line, but do not have any measured
Ha emission. Indeed, a visual inspection of their spectraaisve
number to have slight infill of the &llines due to emission. Eleven
have [Ni] 16584 equivalent widths 0.5 A and we therefore class
them as retired galaxies in future plots as a heating sosree-i
quired to produce this emission. Any remaining galaxiehaeuit
Ha or [NuJ16584 in emission are classified as passive in future
plots, and five galaxies meet these criteria.

This classification scheme results in 40 galaxies more n&ssi
than 5x 10° Mg without a line strength classification. For such
galaxies, the emission line fitting code was not able to ately
measure either their [IN46584 or Hy lines, and hence their stel-
lar population could not be characterised. These galapas the
complete mass range, but the majority have colours 1) > 1.9,
where the galaxy population is dominated by pagsiged galax-
ies or edge-on, dust-reddened disc galaxies. We plot sueletsb
in future plots as grey hexagons.

5.2 The colour-mass relation for galaxies with WHAN
classifications

Do the colours of the void galaxies reflect their line strengea-
surements? To answer this, in Fig@reve reconstruct theu(— r)

colour-mass diagram for void galaxies based on their dleasi
tion on the WHAN diagram. Galaxies withaHin absorption that

could not be included in the WHAN diagram are added as pas-

MNRAS 000, 1-22 (2015)

siverretired galaxies, depending on the strength of their] {8583
line. The top left-hand panel shows their observeé ¢) colours,
and the ¢ - r) colours presented in the top right-hand panel have
been corrected for internal dust reddening. The colours haen
k-corrected ta = 0 in the plots, and corrected for foreground ex-
tinction. When corrected for intrinsic dust reddeningosty AGN

are almost completely removed from the red sequence, with on
red and dead void galaxies having retired or passive stabiaunla-
tions remaining.

As a comparison, we include a sample of randomly drawn,
matched non-void galaxies. For each void galaxy, we selaoha
void comparison galaxy of similar mass20 per cent M), rest-
frame, colour uncorrected for dust reddening{(r) = 0.15), and
redshift ¢+ 0.01) to ensure we are selecting galaxies at a compara-
ble stage in their evolution. Few high-mass galaxies witlNAlke
line ratios are seen in both samples, with the red sequenoé do
nated by passive and retired galaxied/gt> 3 x 101° M,,.

The distribution of galaxies by WHAN classification on the
colour-mass diagram is remarkably similar for the void aothe
parison galaxies. A K-S test reveals that for both the void an
randomly-drawn mass-matched comparison sample, theraditou
tributions of the two populations are identical. The p-esllare
> 0.1 that both the void and non-void samples are drawn from the
same population for all five WHAN classes. When we repeat this
K-S test using galaxy mass rather than colour, both the voil a
the field samples are drawn from the same population for féur o
the WHAN classes, with the exception of the passive galakies
passive galaxies haye = 0.034 that the void and non-void sam-
ples have the same mass distribution. While we cannot caetple
rule out that passive void and non-void galaxies are drawm fr
the sample mass distribution, it can be seen from Eithat the
passive comparison galaxies extend to lower galaxy massttiea
void population.
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the correction for internal dust reddening, star forminkggias and galaxies with strong AGN-like features moffélte red sequence, and only pasgstred
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5.3 Colour cuts to define passively evolving galaxies

ically dwarf satellites, which are stronglyfacted by environment
and must be excluded in a study of mass quenching.

Using a combination of WHAN line strength diagnostics and op We identify a (1 — r) colour cut consistent with a passively

tical (u - r) colours, we show in Fig6 that the void and non-void
red sequence is dominated by galaxies with old stellar @ojouls.
We can therefore use a combination of optical colours aret lin

evolving stellar population from the comparison samplerafiin
Section3.2 The non-void comparison sample is used due to its
larger sample size vs. the void galaxy sample. First, wetiiyen

strength diagnostics to define a colour cut above which the ma passive vs. star forming galaxies using line strength diatics. All

jority of galaxies are non star forming. We use a lower mas i

comparison galaxies more massive than BY® M are classified

M, > 5x10° M, when selecting passive galaxies- below this limit, according to their location on the WHAN line strength diagno

blue galaxies dominate both the void and non-void poputatio
and there is no evidence that isolated galaxies below this &ire

tic diagram. This analysis is described in full in SBcl. Galaxies
with line strengths that quantify them as AGN are removedfro

guenchedGeha et al. 2012 Red galaxies below this mass are typ- the sample. This leaves two remaining classes of galaxytsta-
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Figure 7. Histogram showing the fraction of star forming and passalexy
ies as a function ofu - r) colour for the non-void galaxy population. The
galaxies were selected via their WHAN diagnostic into staming or pas-
sive. The passive sample includes retired galaxies withdidt low mass
stars as their ionisation source. We exclude AGN from thos fiolr simplic-
ity. The fraction of star forming galaxies drops as-(r) becomes redder.

ing galaxies dominated by a young stellar population, arst pa

siveretired galaxies whose optical spectra are dominated by old

stars. We then construct a histogram showing ther() colour dis-
tributions of the two samples (Fig@). It can be seen from Fig.that
for colours (1—r) > 1.9, passivgetired galaxies dominate in terms
of number. This distribution in colour by separating stamfing
vs. passive galaxies is similar to the bimodal colour distiion of
lower luminosity galaxies iHoyle et al.(2012). Low luminosity
galaxies dominate both samples in terms of number. We threref
take (1—r) = 1.9 as the lower limit of galaxy colour when defining
a sample of red void galaxies with optical colours consisiéth a
passively evolving stellar population.

Selecting passive galaxies based on colour alone is not per-

fect, and it can been seen from Figthat passive and star form-
ing galaxies overlap in colour whemw ¢ r) > 1.5. This over-
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gins to trace star formation. The optical colours of the xjagwill
redden and they will join the red sequence within 1-2 Gyr @f th
cessation of star formation. The heating of circumstelfeetopes
is the main source of mid-IR emission in galaxies, and thieis
sitive to star formation over relatively long timescalesl( Gyr).

The optical red sequence contains not only genuinely passiv
non-star forming galaxies, but a number of late-type gakiith
their colours reddened by dust extinction or with a low |exfedtar
formation which is not sflicient to move them to the blue cloud.
This low level of star formation would not be picked up in tHerdi
spectroscopy we examine in this work. We instead use WISE mid
IR colours as a tracer of recent star formation in galaxiassed
as passiveetired based on colour and line-strength diagnostics in
Section5.3.

6 GAMA-WISE

TheWide-field Infrared Survey Explorer (WISt)escope provides
this mid-IR data for the GAMA survey. The 34m (W1) and
4.6 um (W2) WISEbands trace the continuum light from evolved
stars. W1 is most sensitive to stellar light, and W2 is alstsse
tive to hot dust. WEW?2 is therefore a good colour for identify-
ing galaxies dominated by AGN emissiala(rett et al. 2001 The
12 ym W3 band traces the 94m silicate absorption feature, as
well as 11.3um PAH and Nell emission line. The W4 band traces
the warm dust continuum at 22n, and is used to trace AGN ac-
tivity and reprocessed radiation from star formation. Thysex-
amining the colours of galaxies in the mid-IR, we can complage
recent star formation histories of void vs. non-void gatax{e.g.
Jarrett et al. 201)3

In particular, we are interested in revealing star formatio
red galaxies via the W3 flux (12m) which will highlight void
galaxies with current star formatioBonoso et al(2012 find that
80 per cent of the 12m emission in star forming galaxies is pro-
duced by stellar populations younger than 0.6 GYISEis there-
fore ideal for identifying galaxies with low levels of nueleactivity
and star formation that are not easily found in their optigsdctra.

lap of passive and star forming galaxies remains after a fode 6-1 WISE photometry

dependent correction for intrinsic dust reddening has lgglied,
and we therefore choose to use uncorrected () colours when
selecting our red comparison and void samples. This seéparat
may become more complicated when examining void vs. nod-voi
galaxiesHoyle et al.(2012 show that at a given luminosity, void
galaxies are typically bluer than their non-void countetpdy
(u-r) =~ 0.1. However, our cut ensures that we will primarily be
comparing galaxies that are non-star forming in both the asid
non-void samples.

5.4 Obscured star formation

Searching for star formation at optical wavelengths hawbaaks.
Dust obscuration can mask low levels of star formation, shah
the object’s spectrum will appear passive. To examine itoled
star formation is present in the void red-sequence galapylpe
tion, we therefore go on to examine their mid-IR propertiEse
mid-IR is a more sensitive tracer of recent star formatiantthe
optical. PAH emission is a typical feature of star formindegées.

GAMA sources withWISE photometry are identified by cross-
matching theWISEAIl-Sky Catalogue to the GAMA Il observed
sources catalogue using a 3 arcsec cone search radius. 8énper
of GAMA sources in G09 were detected in the WISE All-Sky sur-
vey, with 82 per cent of G12 sources and 89 per cent of G15esurc
detected. The data product and its reduction is describgdl ide-
tail in Cluver et al.(2014). Here, we match the optically selected
void galaxy sample defined in SectiBrto the GAMA-WISEcat-
alogue using the galaxies GAMA catalogue IDs. 527 out of 577
void galaxies with masses 10° M, are matched to the GAMA-
WISEphotometry catalogue. For the comparison sample, 7233 out
of 7718 matches are found.

The majority (70 per cent) of non-matches in both the void
and comparison samples have massés< 10° M- 10 per cent of
all galaxies below this mass limit. We therefore excludgalbxies
less massive than this mass due to incompleteness, lea®ihgf2
the WISEvoid galaxy matches and 4978 non-void galaxies, more
massive than & 10° M, in our WISEsample.

For the void sample, 10 non-matches with masse$ x

Longer than &m, emission from dust heated by younger stars be- 10° M, vs. 295 matched galaxies are found, approximately
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3 per cent of the sample above this mass limit. All are less- mas
sive than 16 x 10'° M, and have{—r) > 1.6. The non-matches in
the comparison sample with masse$ x 10° M,, exhibit a wider
range in mass and colour than the void non-matches. Siroitéiet
void galaxy sample, these non-matches are a very smalidract

the comparison galaxies<(3 per cent), and we therefore do not
expect the absence of the non-matches to have a significpattm
on our results.

Fewer than 20 per cent of targets in the GAMA equatorial
fields have 8\N> 2 in the W4 band, and we therefore exclude the

W4 data from our examination of void galaxy colours, instatid
ising W3 as a tracer of star formation. For both samples, B0q&
have W3 magnitudes (and thereforeg4— [12] colours) that are
flagged as upper limits or null photometry. Where availabpmer
limits on their W3 photometry from the profile-fitted measuents
from the WISE All-Sky Catalogue are provided. We includesthe
upper limits in our examination of the WISE colour-colouagiiam
in Figures 8, 9, and10 as upper limit arrows.

In this paper, we preseWISE colours in Vega magnitudes,
the native magnitude system of tiélSEdataset. The Vega mag-
nitudes can be transformed to the AB-System using the wansf
mations ofJarrett et al(2011). However, care must be taken when
applying these transformations due to uncertainty in the ai@
W4 filter response curves (sééright et al. 2010andBrown et al.
2014afor more information). We therefore choose to work in the

Vega magnitude system in order to compare the mid-IR colours

of the GAMA galaxies to the literature. The Vega magnitudes a
thenk-corrected t@ = 0 using the spectral energy distributions of
Brown et al.(2014h.

6.2 Optically red void galaxies in the mid-IR

We investigate if the void and non-void comparison galaxvéh
(u=r) colours consistent with quenched stellar populationsrahe
passive via their mid-IR colours. To do this, we utilise ted se-
guence galaxy samples defined in Sectd8) with stellar masses
> 5x 10° M, and colours ({ — r) > 1.9 consistent with a non
star forming stellar population. The red galaxies iderdifie Sec-
tion 5.3 are matched to the GAMAVISE photometry catalogue,
with 95 void and 2125 non-void galaxies with line strengthame
surements having mid-IR photometry (31 per cent and 50 par ce
of the WISE void and comparison samples respectively).

The [34] - [4.6] vs. [46] — [12.0] colour-colour diagram for

the GAMA red sequence void and comparison samples are shown

in Figure8. The symbols of the void galaxies in Figreflect their
WHAN diagnostic. Also plotted for comparison is the noneroi

sample as blue dots. Most obvious in this plot is how few of the

optically red void galaxies withu— r) > 1.9 have [46] — [12.0]
colour < 1.5. Galaxies with [4] — [12.0] < 1.5 are typically
quenched galaxies such as ellipticals with negligible &tama-
tion, though the red sequence void galaxies exhibit a widgaa
of mid-IR colour. The range of [8] — [12.0] colours exhibited
is large for both the void and non-void central populationgh
0 < [4.6] — [12.0] < 4.4. This spread in colour reflectsfi#irent
levels of ongoing star formation activity for the two poptidas,
from quenched galaxies and giant ellipticals §]4- [12.0] < 1.5)
through to starburst galaxies with.§4 —[12.0] colours> 3.0. Sev-
eral optically red void galaxies with AGN-like spectral feges are
seen with blue [46]-[12.0] colours, and these are likely composite
objects with active nuclei and ongoing star formation.

Using their [46]-[12.0] colours as a proxy for ongoiyrgcent
star formation, we compare the distribution ofg}4- [12.0] colour
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Figure 8. WISE[4.6] — [12] vs. [34] - [4.6] ([W2-W3] vs. [W1-W2])
colour-colour diagram for void and non-void comparisonagas with
masses- 5x 10° M, and passive optical coloura £ r) > 1.9. The smaller
versions of the symbols have an equivalent width vs. ecgitakidth error
ratio < 3. The non-void galaxy population occupying the same region
the CMD is also plotted for comparison (blue dots). A rangpidd] — [12]
colours is seen for both the void and comparison galaxy ojounls, con-
sistent with a range of recent star formation activity.

for the red void and non-void populations to search fdifedences
between void galaxies and the general galaxy populationtt®
comparison, we only utilise non-void comparison galaxieshie
same mass range as the void galaxies, with masses® Mg <
M, < 1.5x 10" Mg. A two-sided K-S test gives a p-valded.42,
and we therefore reject the hypothesis that the void andvoah-
galaxy samples are clearly drawn fronffdrent populations. An
identical result is found for the [8] — [4.6] colours of the void and
non-void galaxies, with a90.22. Again, that the two populations
appear to be drawn from the same colour distribution.

6.3 WHAN-classified galaxies in the mid-IR

The mid-IR bands covered WISEare particularly sensitive to ob-
scured star formation, or enhanced ISM emission (e.g. fractear
activity), and we might therefore be able to use a combinatid
mid-IR colour and WHAN classification to better understahd t
true nature of the stellar populations in these galaxiegmdJthe
emission-line classifications presented in Seclidh we examine
the mid-IR colours of the galaxies with the nature of thedllat
activity classified using the WHAN diagram. The6#- [12] vs.
[3.4]-[4.6] colour-colour diagram for the GAMA void galaxy sam-
ple is replotted in the left-hand panel of F&for galaxies classified
according to their line strength ratios on the WHAN diagram.

Of the 261 void galaxies with WHAN classifications identified
in Section5.1 with masses> 5 x 10° M, 254 are present in the
GAMA-WISEcatalogue. From these, 30 havegi- [12] colours
derived from upper limits on their photometry. For the naiev
comparison sample, 255 have GAMAISEmatches, of which 43
have [46] — [12] colours derived from upper limits on their W3
photometry.
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As Fig. 9 illustrates, both the void and non-void samples
show trends in [#6] — [12.0] colour dependent on their WHAN
classification. Passiyetired galaxies tend towards bluer mid-IR
colours, whereas star forming and AGN classified galaxie® ha
redder mid-IR colours. It is clear, however, that pagsaeteed
galaxies in both the void and comparison sample do not haste mi
IR colours that reflect their line strength classificatioGalax-
ies with [46] — [12] < 1.5 are consistent with no ongoing star
formation Qarrett et al. 20L1Cluver etal. 2014 and we utilise
this cut to separate passive vs. star forming galaxies. dbesl|
of elliptical galaxies is located at [& — [12] ~ 0.5, with spi-
ral/starburst galaxies having.B} — [12] > 2. Fig.9 shows that the
passivgretired galaxies for both the void and comparison samples
have O< [4.6]-[12] < 4, spanning a wide range of current star for-
mation activity. As we are using nuclear spectra in our eioisine
diagnostics when selecting these pagséteed galaxies, we may
miss light from non-central star forming regions in theskagas,
else their star formation is obscured in the optical. Galaxiassed
as star forming via WHAN diagnostics in both the void and com-
parison samples have.f}—-[12] > 1.5, and lie on the region of the
[3.4] — [4.6] vs [4.6] — [12] WISEcolour-colour diagram occupied
by spira)star forming galaxies. The WHAN classifications for star
forming galaxies therefore accurately reflect their curstate of
star formation activity in the mid-IR.

Galaxies classed as AGN using WHAN line strength diagnos-
tics have [46]-[12] > 2.5, and the colours of these galaxies overlap
with star forming galaxiesStern et al(2012) take [34] — [4.6] >
0.8 as the mid-IR colour criterion for luminous, X-ray selette
AGN. None of these galaxies in either the void or comparison-s
ples meet this criterion. They do, however, meet the AGNeerit
ria in Jarrett et al(2011), where AGN can have [8] — [4.6] as
low as 0.5. Meanwhile, weak seyferts can have colours lokngan t
this threshold. These galaxies have values ][4 [12] consis-
tent with them being actively star forming or hosting AGNiwity,
but blue [34] — [4.6] ~ 0 inconsistent with them hosting power-
ful AGN, though they may contain weak seyferts. The objeots a
low luminosity AGN or LINERs with high levels of star formati
i.e. they are composite AGN, producing mid-IR SEDs that layer
with non-AGN star forming galaxies.

6.4 Galaxy Mass and the cessation of star formation

Massive galaxies in all environments are typically red, hwit
quenched star formation. By investigating how galaxy colou

GAMA void galaxies 13

formation activity for the void galaxy population, we examitheir
[3.4] — [4.6] vs. [46] — [12] colours binned by mass in FidO.
The galaxies are split into five mass bins, frop > 10° M, to

M, < 5x 10" M,. The void galaxies are plotted as purple stars,
with upper limits on the void galaxy colours are plotted asygr
stars. Also plotted for comparison is the non-void samplélas
dots, again binned by mass. We utilise a colour cif][412] < 1.5

to identify void galaxies with passive mid-IR colours.

The colour-colour diagram changes with galaxy mass. For the
lowest mass bin{ 5x10° M,,), both the void and non-void galaxies
predominantly have IR colours consistent with star fororativith
[4.6] — [12] > 1.5. Itis this region of thaVISEcolour-colour dia-
gram in which optically selected blue void galaxies witlr emis-
sion indicative of star formation reside (Figu®g There is also a
spread in the [3l] — [4.6] colours of objects in this low mass bin,
showing a spread in the level of hot dust emission in these sta
forming galaxies. This spread in.fg — [4.6] colours tightens with
increasing galaxy mass.

As the mass of the galaxies increases, the][4 [12] colours
become increasingly dominated by passive colours, withtteind
seen for both the void and non-void populations. For gataxie
more massive than 1 M,, starburst and spiral galaxies with
[4.6] — [12] > 3.0 are almost entirely absent, and the colours of
these galaxies instead overlap with those of ellipticahgials and
spirals with low levels of star formation. Regardless of iemv
ment, more massive galaxies exhibit lower levels of stanfdion.

Twenty-six void galaxies have passive mid-IR colours, amd n
passive void galaxies with reliable photometry exist in sample
with masses< 10'° M,. These passive, high mass void galaxies
do not exhibit tidal tails or shells in SDSS imaging (they &iaot
undergone recent mergers), and do not exhibit edge-on dise m
phologies. Furthermore, these massive void galaxies a ha
cal galaxy surface densifys < 0.35 Mpc2, which Brough et al.
(2013 class as being a low-density environment. They have 5th
nearest neighbour distances 5 Mpc, and are well isolated in
SDSS colour imaging, and are therefore unlikely to be ciuste
terlopers. Galaxies with stellar masse40'° M, typically occupy
haloes with masses 10'> M., where various processes such as
AGN heating and virial shock heating may prevent gas coaiitm
new stars, quenching star formation (ebgkel & Birnboim 2006
Croton et al. 2006

7 THE HIGHEST MASS VOID GALAXIES

changes as a function of stellar mass (as a proxy for halo mass

in isolated galaxies), we can examine the role mass playken t
quenching of star formation. As optical colours and linesgth
diagnostics alone are notfSgient to identify truly passive galax-
ies, as we show in Sectigh3, we utilise the GAMAWISE cata-
logue to examine thisfect. At mid-IR wavelengths, the polycyclic
aromatic hydrocarbon feature at 118 is excited by UV radiation
from young stars, and@/ISE[4.6]-[12] colours are a more sensitive
diagnostic of recent star formation than optical coloursilé/the
warm dust continuum at 22um is a better tracer of star formation,
few void galaxies have $iicient SN for detections in this band.
We utilise this colour diagnostic to search for mass quergim
the GAMA void galaxy population, using the cutf—[12] = 1.5
from Cluver et al.(2014) to separate passive objects from galaxies
dominated by star formation. S€duver et al.(2014) for a more
thorough discussion of using tNéISE12 ym band and [46] —[12]
colour for star formation diagnostics.

The twenty-six passive void galaxies identified in SecBohhave
masses> 10'° My, where the mass assembly histories of galax-
ies are increasingly dominated by major merg&auffmann et al.
2003 Baldry et al. 2003 These major mergers between galaxies of
similar mass4 3 : 1) will transform the morphology of a galaxy
from disc to bulge dominated, removing structures such aalsp
arms and bars. Alternatively, given their isolation, thesdated
galaxies may have increased in mass due to star formatien, be
coming quenched above some critical mass threshold, antiwou
retain their discy morphologies. We examine SDSS colougima
ing for the 48 most massive GAMA void galaxies (regardless of
their colour) to search for these features, with this higissnsam-
ple presented in Fidll These massive void galaxies have colours
1.70< (u-r) < 2.57, though only two havau(-r) < 1.9. The ma-
jority have optically passive colours using the colour cefied

in Section5.3. The galaxies are sorted from left to right in order of

To search for a relation between galaxy stellar mass and starincreasing mass, with masse6810'°°M, < M, < 1.5x 10" M.
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Figure 9. Left-hand panelWISE[3.4] — [4.6] vs. [4.6] — [12] colour-colour diagram for the GAMA void galaxy sampléhe colours of the points correspond

to their classification on the WHAN diagram presented in Bigthe majority of

void galaxies with [8] — [12] < 2.5 have optical nuclear spectra consistent

with retiredpassive stellar populations. However, a number of thesexigal likely host obscured star formation or are formingsstautside of their nuclei,
with [4.6] — [12] > 1.5 colours inconsistent with a truly passive stellar popatatRight-hand panelWISE[3.4] - [4.6] vs. [4.6] — [12] colour-colour diagram

for a mass-matched randomly-drawn sample of non-void gedax

The void galaxies exhibit a range of morphologies, however
it is clear from Fig.11 that a large fraction have disc-like struc-
tures, with bar, ring, and spiral arm features common. A nermb
of edge-on discs are seen, as well as ring, disc, and barésdtu
face-on galaxies that would be destroyed during a major energ
We hypothesise that based on their colours and morpholaties
highest mass void galaxies are red spirals and faded diathdke
extinguished their gas supply, and have not undergone tke- in
actiongmergers required to transform them into elliptical galaxie
due to their isolation.

We furthermore compare the morphologies of the void galaxy
population to a sample of 48 non-void comparison galaxies. F
each void galaxy, a comparison galaxy was drawn from the non-
void sample defined in Sectidh2 The comparison galaxy was
selected to have a similar mass (within 20 per cent of the void
galaxy’s mass), rest-frame coloun ¢ r) =+ 0.15, and redshift
(z £ 0.01) to the void galaxy. The comparison galaxies are also
shown in Fig11, underneath their corresponding non-void compar-
ison galaxy. When the void and comparison samples are eramin
by eye, the morphologies of the two populations are simitgth
the majority of the two samples being disc-dominated. Totjba
these similarities, we examine the light distributionshaf void and
non-void comparison samples.

7.1 Light distributions and bulge-disc decompositions

The bulge-to-disc ratio of a galaxy tells us much about itssna
assembly history. A pure disc galaxy will have no bulge compo
nent, having formed its stellar population entirely viar Stama-
tion. Likewise, a pure elliptical galaxy will have litfieo disc com-
ponent, having formed in a major merger, disrupting itsylsam-
ponent. Galaxies with structures intermediate betweetwtbéave

a bulgerdisc structure, and will have undergone a mixture of star

formation, bar-drive evolution and merging, building upittbulge
component, while maintaining or reassembling their disg.e®-
amining the bulgélisc ratios of the void vs. non-void galaxies, we
are able to see which process dominates the two galaxy popula
tions.

We expect the the impact of morphological transformation
from disc-like to bulge-dominated via major mergers to @ase in
significance with increasing galaxy mass, such that budgetal
mass ratio and Sérsic indexwill both increase as stellar mass
increasesKelvin et al. 2012. The most massive galaxies in the
Universe are missing from voids (e.g. the brightest clugtdax-
ies and brightest group galaxies), so here we focus on thé mos
massive void galaxies available, which only reach a steiiass of
1.5 x 10" My, compared to masses 5 x 10'* M, expected for
brightest clustggroup galaxies (e.@liva-Altamirano et al. 2014

To quantify the morphologies of the high mass GAMA void
galaxy sample and examine their light distributions, wéisgti
the GAMA Sérsic catalogueKelvin et al. 2012, and the SDSS
bulgedisc decomposition catalogue 8imard et al.(2011). The
bulgedisc catalogue provides three galaxy fitting models: a pure
Sérsic model, an, = 4 bulge+ disc model, and a Sérsic (freg)
bulge + disc model for 1.12 million galaxies in the SDSS Legacy
Survey. For the purpose of this paper, we utiliserthe: 4 bulge+
disc mode to examine bulge-to-total stellar mass ratios.

We analyse the light distributions of the void and non-void
comparison galaxies using the GAMA Sérsic photometry cata-
logue, with an update to this catalogue for GAMAprovided by
Lange et al.(2015. We compare the Sérsic indices of the void
and comparison samples in theband for galaxies withM, >
5x 10° M. The mass-matched randomly drawn comparison sam-
ple of 304 galaxies was drawn from the non-void sample ugiag t
same criteria as the Sectiér

Clear trends are found for the Sérsic indices of both the void
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Figure 10. WISE[3.4] — [4.6] vs. [4.6] — [12] colour-colour diagram for void and non-void compariggalaxies (purple stars and blue dots respectively). Void
galaxies with upper limits on their W3 photometry are showrgeey stars. Five mass bins are shown, as labelled in thefispand corner of each panel.
The vertical green line is at [8] — [4.6] = 1.5, the divide between passive vs. star forming galaxies.cbheparison and void samples overlap at all masses.
Passive void galaxies bluer thangli— [12] = 1.5 have masses M> 10'° My, showing that in the most low density regions of the Univesstraction of

massive galaxies have ceased star formation. Unlike tbeivioid counterparts,

massive void galaxies have not gaterextreme environmental quenching,

and will be star forming unless they reside irffistiently massive haloes for intrinsic quenching procességtome fiicient.

and comparison sample as a function of mass. Below a stedigas m
of 3 x 10'° M, both samples favour low values of Sérsjavith a
median Sérsion = 1.27 + 0.12 for the void population, compared
ton = 1.39 + 0.10 for the non-void population. For galaxies more
massive than % 10%° M, we findn = 3.64 + 0.22 for the void
galaxy population, and = 3.68 + 0.32 for the non-void compar-
ison sample. Within the errors, nofiirence is found for the light
distributions of the void and non-void comparison samples.

We examine the bulgeisc decompositions of our samples us-
ing ther bandn, = 4 bulge+ disc model ofSimard et al(2011).
212 void galaxies with mass 5 x 10° M, are present in the cata-
logue ofSimard et al(2011), and a mass-matched randomly non-
void comparison sample is drawn with the same sample size. Be
low a stellar mass & 10'° My, 3 x 10'° M, both the void and
comparison galaxies have a megband bulge-to-total mass ratio
Mbuigeg/Motarg = 0.08. Combined with low Sérsic indices 1, in
this mass regime, both the void and non-void populationslse

MNRAS 000, 1-22 (2015)

dominated, having littlmo bulge component, and have likely built
up their mass via star formation and minor mergers.

For galaxies with stellar masses 3 x 10'° M, the g-band
bulge-to-total mass ratios are near identical for the twauetion,
with a median valu@igeg/Motarg = 0.48+0.05 for the void galax-
ies, vs. 064 + 0.05 for the comparison sample. No obvioufeli-
ences are found for the light distributions of the void anthpari-
son samples over the entire mass range examined here.

8 HOW DO VOID GALAXIES ACQUIRE THEIR MASS?
THE MAJOR-MERGER HISTORIES OF VOID
GALAXIES FROM SIMULATIONS

From Fig.11, many of the highest mass galaxies and their non-
void matched counterparts exhibit discy morphologieshwiitgs,
bars, and spiral structures seen in many of the galaxies fline
thermore have masses3 x 10'° M, the mass range where major
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Figure 11.Void galaxies and a mass-matched random comparison gatestad to have similar properties to the void galaxy in teafredshift and colour.
The galaxies are sorted in order of ascending mass. The gi@énin each plot is the SDSS single fibre spectroscopyremee(3 arcsec diameter), and the
red bar is 5 kpc in length. The galaxies are ordered from frd# 8 100 M, (top left) to 153 x 101 M, (bottom right). The galaxies are located between
z=0.042 andz = 0.10, and have colours20 < (u-r) < 2.57. It can be seen that a large fraction of massive void geddxave disc-like morphologies, with
spiral arms, bars, and star formation in their outer regions
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Figure 12. Left panel: distribution of galaxies that have undergoneagommerger at any point during their evolutionary histerfeed points), taken from the
Millennium Simulation. Right panel: the distribution oflgaies that have undergone major mergers in the past 5 Gyr(patple points). In both plots, all
galaxies in a 20~ Mpc thick slice of the Millennium simulation at= 0 are shown as grey points. These grey points are commonhghaels. The slice
measures 2581 Mpc x 250h~! Mpc. The plotted galaxies have stellar mass x 10° M. Galaxies with major mergers in the past 5 Gyr typically dvoi

the void regions.

mergers are hypothesised to have an increasingly impaxinin
mass assembly. Unless the merger iffisiently gas rich, major
merger activity builds the spheroidalilge component of a galaxy,
and destroys disc features, whereas mass assembly viastes-f
tion and minor mergers is less disruptive to the high masgepie
tor’s structure. Given they are typically disc dominateal neassive
void galaxies acquire their stellar mass via star formatioma-
jor mergers, and does the void merger fractioffiedifrom that of
the non-void comparison sample? As it is not possible tcetthe
mass assembly history of a galaxy, we must instead utiliseltse
from N-body simulations, combined with semi-analytic misdéo
address this question. Rather than presenting obserahtiesults,
the rest of this section uses these theoretical mass-aséinb
tories (via merger trees) to compare the major merger lestaf
void vs. non-void galaxies. We utilise the Theoretical Aptrysical
Observatory Bernyk et al. 2013 to find the time since last major
merger for galaxies in the Millennium SimulatioBgringel et al.
2009, separating galaxies by local galaxy density. The gataxie
are modelled using the Semi-Analytic Galaxy Evolution (F8G
galaxy model Croton et al. 2006 The code only outputs the time
since the last major merger, though a galaxy may have undergo
more than one major merger since its formation.

To visualise how the major merger histories of void vs. non-
void galaxies compare, we take a 256¢ Mpc x 250 h™ Mpc x
20 h™* Mpc thick slice from the original (500 Mpc)®, z = 0.0
cube of the Millennium Simulation, and examine the distiidu
of galaxies that have undergone a major merger at any poiirtgiu
their evolutionary history. To these, we compare the distion
of those galaxies that have undergone a major merger in tte pa
5 Gyr. The stellar mass range is selected to match that of AM/AG
completeness limits of our observed galaxy samples.

We quantify the local environment of the simulated galaxies
using a 3rd nearest neighbour approach. A (8593 Mpc vol-

ume of thez = 0 Millennium Simulation containing 288354 galax-
ies with stellar masses%10° M, to 5x 10'* M, was utilised to
find isolated void galaxies vs. non-isolated wall galaxigse near-
est neighbour search also included a 10 Mpc extension arthend
(250h71) Mpc volume, in case the third nearest neighbour lay out-
side the search volume. We use a third nearest neighboandeést

> 6.3 h™! Mpc to identify isolated galaxies.

In Fig. 12, we compare the distributions of all galaxies that
have undergone major mergers (those having a mass rati@® of O.
or higher between the merger progenitors) at some pointdin th
history, vs. those that have undergone a major merger indke p
5 Gyr. Of the galaxies that have undergone a major mergemnas so
point in their evolutionary histories, 99.5 per cent have: Bearest
neighbour distances consistent with them lying in a clusferup,
or filament. For major merger in the last 5 Gyr (i.e. if mosthudit
mass is assembled at recent times), 99.8 per cent are foong al
regions of large scale structure. At all times, major mesgae
preferably found outside of the void regions, but a smaltpetage
of major mergers< 1 per cent) take place in void regions.

For the mass range concerned, major mergers are relatively
rare in both the void and wall galaxy populations. Approxieta
21 per cent of galaxies with stellar masses higher thaid@° M,
have undergone a major merger during their history, and this
fraction drops to 10 per cent for galaxies with masses beatwee
5x 10° M, and 5x 10'° M,,. Of the galaxies that have undergone
major mergers, one void galaxy with a stellar massx 10'° M,
has undergone a major merger in the past 5 Gyr, whild per cent
of the wall galaxies with comparable mass have undergonermaj
mergers in the past 5 Gyr.

If we assume that major mergers at any past time are the means
of morphological transformation from late-type discs tdeaype
ellipticals, we may expect 3 of our void galaxies with masses
> 5x 10'° M,, to be early-types, and 14 non-void mass-matched
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comparison galaxies to have early-type morphologies. Ifase
sume major mergers within the last 5 Gyr are the means of mor-
phological transformation (i.e. discs form around remsadot ear-

lier mergers), then we may expeetO of our void galaxies to be
early-type andv 7 non-void comparison galaxies to be early-types.

Both major mergers and high mass galaxies are less common

in isolation than in filaments, clusters, and groups. Stemé&tion

via gas accretion must be the dominant mass assembly priacess
the highest mass-(5 x 10'° M) isolated galaxies with third near-
est neighbour distances 6.3 h™* Mpc, which explains the disc-
dominated morphologies of the highest mass void galaxiesish

in Fig. 11. Major mergers are more common for galaxies in higher
density regions of the Universe, and they are a significaissma-
sembly process for galaxies with third nearest neighbastadces

< 1h* Mpc and stellar masses5x 10'° M,, i.e. massive galaxies
in group scale environments or denser.

From the model and simulation, we conclude that a sim-
ple model of morphological transformation based on the -pres
encegabsence of major mergers in simulations predicts modest dif
ferences between the void and comparison galaxy sampletetht
in mass. However, we don't see evidence for this within oorga
in Fig. 11nor in the quantitive measures of Sérsic indices presented
in Sec.7.1 Despite this lack of ellipticals in both our void and
field observed samples, we cannot rule out the importanceaef m
jor mergers in mass assembly. We expect the majority oftieléip
galaxies to be found in clusters and massive galaxy groupl. O
7.5 per cent of galaxies in the los/&&AMA equatorial regions are
found in groups with ten or more members, so our randomlyvdra
non-void comparison sample could be lacking in ellipticbgies.

9 DISCUSSION

Using the GAMA1 equatorial survey regions, we have identified a
population of void galaxies ta ~ 0.1 brighter thanM, = —184.
At the mass range examined here, little to nfiedfence is found
between the void and non-void galaxy populations in ternfs-ef)
colour, WISEmid-IR colours, star formation activity, line strength
ratios, and morphology. Our results are in close agreemdéht w
those of Alpaslan et al. (submitted), who find that isolatedMa
galaxies show a slight trend for higher IR emission, but sweélar
trends in (1 — r) colour and morphology to galaxies in filaments.
By comparing void with non-void comparison galaxies, we
have found no evidence that quenching is dependent on saa@e-
environment. Quenched galaxies in voids overlap in mogol
and mass in both samples (FI) and Fig.11). This is consistent
with quenching mechanisms that are a function of halo mas$, s
as virial shock heating, rather than environmental prazesd/e
therefore find that galaxy mass is more important than engient
in quenching star formation, again similar to the resultalpfslan
et al. (submitted). We discuss likely methods for mass dhiegc
in the void sample, based on their morphologies, line strengnd
mid-IR colours.

9.1 Are optically red void galaxies really quenched?

We classify the void galaxies according to their locationtbe
WHAN diagram, to separate galaxies heated by star formaingh
nuclear activity, from those with old stellar populatiotksing this
diagnostic diagram, galaxies with arHequivalent width< 3 A
have passive stellar populations, else are ionised by kiotyex
stars, rather than AGN heatin@id Fernandes et a(201]) state
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that both passive and retired galaxies have near-idergiedar
populations, having retired from forming stars ove? §0ago. void
galaxies have stellar populations inconsistent with eigtar for-
mation or nuclear activity according to their classificatian the
WHAN diagram.

However, when we examine the location of the pagsitieed
galaxies on the mid-IR colour-colour diagram, it is cleatth num-
ber of them must host optically obscured star formatiorge ele
forming stars outside of the central regions sampled bylesifigre
spectroscopy. A similar result is found using<r) > 1.9 as the
colour cut for quenched vs. star forming stellar populatiaine
red void galaxies show a range of mid-IRg#- [12] colour in-
consistent with them being a completely quenched galaxylpep
tion, though void galaxies with passive mid-IR colours arerfd.
Current Integral Field Unit (IFU) spectroscopic surveysliiling
SAMI (Croom et al. 201pand MaNGA Bundy et al. 201p will
allow us to examine the nature of these galaxies in more Idetai
These IFU surveys provide multiple spectra across thetsieiof
a galaxy to> 1 R,, allowing us to characterise the ages of galaxies
beyond their nuclear regions.

9.2 Mass quenching in void galaxies

Do void galaxies undergo mass quenching? To address thés que
tion, we use the [4] — [12] mid-IR colours of the void galaxies as

a proxy for current star formation activity. Similar darrett et al.
(2011 andCluver et al.(2014 we use [46] — [12] = 1.5 as the
division between star forming and passively evolving atgiiopu-
lations. In Fig.10, we bin the galaxies by mass, and examine how
the distribution of galaxies on the .[d — [4.6] vs. [46] — [12]
colour-colour diagram changes with mass. For both the voil a
non-void galaxy populations, the fraction of galaxies widssive
[4.6] — [12] colour increases with increasing galaxy mass, and pas-
sive void galaxies have stellar masse$0'° M.

The GAMA galaxy group cataloguRpbotham et al. 201
reveals these intermedigteggh mass void galaxies wit, >
10*° My, to be isolated, else they are the domirieettral galaxy in
their halo (typically a pair or galaxy triplet). The isoldtqguenched
void galaxies galaxies are uffiected by environmental processes
such as strangulation and ram pressure stripping. Unlegsgas
supply has run out, internally driven evolutionary meckars must
be responsible for the quenching of star formation activitthese
void objects.

The quenched void galaxies in our sample have masses
10'° My, and such galaxies typically occupy dark matter haloes
with Mhao > 102 M, (e.g.Behroozi et al. 2018 This halo mass
of 10'2 M,, is critical in models of feedback processes such as virial
shock heating and AGN feedbadRroton & Farrar(2008 exam-
ine the halo mass function for both the void and general galax
population in the 2dF Galaxy Redshift Survey. They find that o
tically defined red sequence galaxies occupy the most neassiv
haloes in all environments, and red void galaxies simplypgthe
most massive dark matter haloes in voids. They find thatitians
from optically blue-to-red dominated dark matter haloesuos at
Myir ~ 10" Mg, for all environments, with halo mass the key driver
in quenching star formation.

Given their isolation, and therefore lack of environmental
quenching mechanisms, void galaxies in halo massd§'? M,
will be star forming. For these less massive haloes, gaxigtad
with temperature 1910° K, and this gas collapses to form new
stars. More massive than this critical dark matter halo nudss
10'? M,, infalling gas is heated by shocks to near the virial tem-
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perature of 10K, and stars can no longer forr@¢kel & Birnboim
2009. The highest mass void galaxies we identify with stellar
masses> 10'° M,, reside in dark matter haloes with masses suf-
ficient for this process to becomdfieient, and thus virial shock
heating may prevent gas cooling and the formation of newsstar

Processes such as photoheating from the UV background may

have suppressed star formation in void dwarf galaxit=e(t et al.
2006, but we are unable to identify such galaxies in this work due
to incompleteness for low mass galaxies.

Furthermore, feedback by AGNSs is hypothesised to become
efficient in dark matter haloes with masses 102 M. This
AGN feedback preferentially fiects the shock heated medium,
and prevents it from ever cooling to form staBekel & Birnboim
2006. Croton & Farrar2008 suggest radio-mode low-luminosity
AGN heating as a possible source of the shut-down of starderm
tion for passive void galaxies. TH&ISE colours of radio-weak
AGN are indistinguishable from those of pasgieéired galaxies
(Gurkan et al. 201% and their spectra may not show signs of nu-
clear activity (their stellar component dominates the spgdNe
are unable to identify such galaxies via the WHAN diagram ia-m
IR colours (Fig.5 and Fig.9). We therefore consider weak radio-
mode AGN heating as another possible quenching mechanism fo
the passive void galaxies. However, with our existing datare
unable to confirm if these low-luminosity AGN exist in our galm
though several void galaxies do meet the mid-IR AGN classific
tion criteria ofJarrett et al(2011).

The majority of void and comparison galaxies in our sam-
ple exhibit discy morphologies in Fid.1, so we also consider the
possibility that minor mergers are responsible for the nazsse-
tion, and eventual quenching, of the void galaxies. Minorgaes
may play an important role in quenching star formation, e/still
preserving discy galaxy morphologi¢nboim et al. 200y. The
smooth accretion of material over time via minor mergers gaml
accretion leave the disc of a galaxy intact, while buildiradagy
mass until the critical halo mass of M, for virial shock heat-
ing is reached. This is followed by bursty star formation axen-
tual quenching. This process can give rise to red and deadype
galaxies in low mass, isolated haloes, with extended sbwindge-
riods that last 6-7 Gyr.

The star formation we detect in the mid-IR colour-colour di-
agram in Fig.9 for optically passive void and non-void compari-
son galaxies could indeed be due to these isolated galdxi¢ing
down gradually over several Gyr. A combination of minor nezgy
and gas accretion is therefore a likely quenching mechafism
void galaxies, though a detailed examination of their sitemftion
histories is required to confirm this.

9.3 Mass-build up in void galaxies

We show in Figurell that the most massive void galaxies have
disc-like morphologies, similar to their non-void coumarts.
These disc-like structures suggest that gas accretion andrm
mergers have been responsible for the mass assembly ésstiri
these isolated galaxieRojas et al.(2004) state that void galax-
ies are bluer than those in richer environments as thoseigterk
and groups have had their gas supply sHiitdé the void galax-
ies are able to sustain their gas supplies over a longerdgefio
time than those in high-density regions, the void galaxigiscon-
tinue to form stars after those in groups and clusters haea be
guenchedRojas et al. 2006 Grogin & Geller(2000 suggest that
luminous galaxies at higher density have less gas and daitille
for star formation than their void counterparts, due tortleeilier

formation timescale. As a consequence of thifedénce in gaslust
content, luminous galaxies in voids that undergo inteoastiwith
nearby companions (e.g. minor mergers) are more able todtave
formation triggered by such an encounter vs. those in gramgs
clusters, and will be more actively forming stars at the enésime.

Evidence for this sustained gas accretion in void galax-
ies is found byCluver et al. (2010, Kreckel et al. (20119 and
Kreckel et al.(2012 who show that many isolatpaid galaxies
have large reservoirs ofildas, which favours secularly driven over
environmentally driven evolution. Unlike their countersain re-
gions of higher density, void galaxies are able to retais¢Harge
gas reservoirs that would otherwise be stripped due to@mvien-
tal processes such as mergers.

Gas accretion as the primary driver of mass growth is fusther
more supported by data from simulations, where major meraer
rare in isolated galaxies vs. wall galaxies found in filansegtoups
and voids (Sectio). This comparison shows that 11 per cent of
the simulated wall galaxies have undergone a major mergiiein
past 5 Gyr, vs. just 2 per cent of the simulated void galaxies.

While the transformation of discs into spheroids via major
mergers is well accepted, major mergers may result in dise-do
inated galaxies provided the merging galaxies afécently gas
rich (e.g.Hopkins et al. 200Q Thus in a void or indeed any envi-
ronment where environmental processes are weak, galaiiesw
tain their gas, and more gas-rich than gas-poor major mengigrht
be expected. Major mergers may therefore play a role in mass-
gquenching void galaxies, though interactions betweenaimmass
galaxies in voids are expected to be rare (thoughBmeayu et al.
2013. The models oHirschmann et al(2013 show that roughly
45% of present day isolated galaxies have undergone atdeast
merger, and minor mergers account f@8 ®f these (with similar
fractions found for galaxies not in isolation). Thus minoengers
are more important than major mergers for the mass asserhbly o
isolated galaxies. We therefore consider major mergersrataa
tively un-important method of mass build-up in void galaxi@®m-
pared to minor mergers and gas accretion.

10 CONCLUSIONS

¢ We identify void galaxies with masses5x10° M, and (1—r)
colours consistent with those of a passively evolving atglbpu-
lation. The WHAN line strength diagram reveals the majodfy
these red void galaxies to have ceased forming stal90 Myr
ago.

e The mid-IR [34]-[4.6] vs. [4.6]-[12] colour-colour diagram
reveals optically selected red-sequence void galaxieshibi¢ a
range of [46] — [12] colour, showing a wide spread in their recent
star formation activity.

e Regardless of environment, a trend is seen in mid-IR colour
such that higher mass galaxies are bluer than lower massemla
Mass quenching occurs in the void galaxy population, andsivas
galaxies will rarely form stars regardless of their globaVieon-
ment.

e All void galaxies with passive mid-IR colours.B} — [12] <
1.5 have stellar masses 10'° M. A similar trend is seen for the
non-void comparison galaxies. Regardless of global enwient,
central galaxies in gficiently large haloes have passive stellar pop-
ulations.

e SDSS imaging reveals similar morphologies for the massive
void and non-void galaxies at a similar mass, and the two popu
lations have similar light distributions as indicated bgittSérsic
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indices. The massive void galaxies are primarily discy itureg as
expected for galaxies in a low density environment.
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