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ABSTRACT

We quantify the effect of the galaxy group environment (for group masses of 10*2® to 1014°M) on
the current star formation rate (SFR) of a pure, morphologically-selected, sample of disk-dominated
(i.e. late-type spiral) galaxies with redshift < 0.13. The sample embraces a full representation of
quiescent and star-forming disks with stellar mass M, > 109°Mg. We focus on the effects on SFR of
interactions between grouped galaxies and the putative intra-halo medium (IHM) of their host group
dark matter halos, isolating these effects from those induced through galaxy—galaxy interactions, and
utilising a radiation transfer analysis to remove the inclination-dependence of derived SFRs. The
dependence of SFR on M, is controlled for by measuring offsets Alog(¢.) of grouped galaxies about a
single power-law relation in specific SFR, ¢, oc M 045001 "exhibited by non-grouped “field” galaxies
in the sample.

While a small minority of the group satellites are strongly quenched, the group centrals, and the large
majority of satellites, exhibit levels of v, statistically indistinguishable from their field counterparts,
for all M,, albeit with a higher scatter of 0.44dex about the field reference relation (vs. 0.27dex
for the field). Modelling the distributions in Alog(v.), we find that: (i) after infall into groups,
disk-dominated galaxies continue to be characterized by a similar rapid cycling of gas into and out
of their ISM shown prior to infall, with inflows and outflows of respectively ~ 1.5 — 5xSFR and
~ 1 —4xSFR, and (ii) that the independence of the continuity of these gas flow cycles on M, appears
inconsistent with the required fuelling being sourced from gas in the circum-galactic medium on scales
of ~ 100kpc. Instead, our data favor on-going fuelling of satellites from the ITHM of the host group
halo on ~ Mpc scales, i.e. from gas not initially associated with the galaxies upon infall.

Consequently, the color—density relation of the galaxy population as a whole would appear to be
primarily due to a change in the mix of disk- and spheroid-dominated morphologies in the denser
group environment compared to the field, rather than to a reduced propensity of the IHM in higher
mass structures to cool and accrete onto galaxies. We also suggest that the required substantial
accretion of IHM gas by satellite disk-dominated galaxies will lead to a progressive reduction in the
specific angular momentum of these systems, thereby representing an efficient secular mechanism to
transform morphology from star-forming disk-dominated types to more passive spheroid-dominated
types.

Subject headings: galaxies: fundamental parameters — galaxies: ISM — intergalactic medium—
galaxies:groups:general—galaxies: spiral—surveys
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1. INTRODUCTION

The current paradigm of galaxy formation (e.g. [Rees
& Ostriker|[1977; White & Rees|[1978} [Fall & Efstathioul
1980; [White & Frenk||1991; [Mo et al.|[1998) holds that
luminous galaxies form and initially evolve as disk galax-
ies at the center of isolated dark matter halos (DMH).
Under this paradigm, as dark matter over-densities
decouple from the large scale flow and collapse, the
baryons of the ambient intergalactic medium bound to
the potential well of the nascent DM halo will collapse
and shock-heat at some radius comparable or interior
to the virial radius of the halo, giving rise to a pressure
supported (and thereby dynamically decoupled from the
DM) intra-halo medium (IHM). Subsequently, radiative
cooling of the baryons of the IHM will precipitate the
further infall of some fraction of the gas towards the
center of the DMH. The angular momentum of the
cooling baryons, built up from the torques exerted
by the tidal shear in the earlier large-scale flow of
dark matter(e.g. [Fall & Efstathiou| [1980)), is thereby
transported from the IHM into a rotationally supported
disk of cold gas on some smaller scale related to the
specific momentum of the halo (e.g. van den Bosch et al.|
[2002; Bett et al|[2010; [Hahn et al.|[2010). The surface
density of gas in the disk increases as gas from the IHM
continues to be accreted, until it becomes sufficient for
the formation of dense, self-gravitating clouds which
rapidly collapse to form stars, which then trace the disk
as a visible galaxy. The rotationally supported gas in
the disk therefore constitutes an interstellar medium
(ISM), at least interior to some radius where the surface
density of gas exceeds the threshold for star-formation.

In the subsequent evolution, the galaxy will continue
to accrete gas, thus fuelling ongoing star formation in
its disk; including gas from the initial THM, but mainly
from secondary infall, i.e. baryons from the ambient
IGM of the surrounding large-scale structure in-falling
onto the DMH (Fillmore & Goldreich|1984; Bertschinger|
11985; [Pichon et al.[2011). Accordingly the net rate of
accretion from the IHM into the ISM of the galaxy,
and thereby the availability of fuel for star-formation,
will be determined by (i) the mazimum achievable rate
at which accretable, i.e., sufficiently cool, gas can be
delivered to the galaxy, as determined by the properties
of the large-scale environment, in particular the DMH,
and (ii) feedback from processes in the galaxy predicted
to regulate the accretion of IHM onto the galaxy.

A generic expectation of the accretion of IGM onto
a DMH is the formation of an accretion shock
1977). However, the formation and radial location
of a stable shock depend on the cooling timescale
in the post shock gas being longer than the free-fall
timescale in order to establish and maintain a pressure
supported atmosphere/THM supporting the shock (Rees

efficient maximum achievable fuelling rate limited by the
cosmological accretion rate onto the DMH, commonly
referred to as ’cold mode’ accretion (Keres et al.|2005;
Dekel & Birnboim| [2006]). Conversely, in halos capable
of supporting a shock, the infalling IGM will be shock
heated and remain hot until it radiatively cools on the
cooling timescale, resulting in a less efficient maximum
fuelling rate determined by the cooling timescale;
so-called "hot mode’ accretion (Keres et al.|2005; [Dekel
& Birnboim| [2006). As the cooling timescale depends,
inter alia, on the temperature of the post shock gas,
and as such on the depth of the potential well of the
DMH, i.e. its mass, this introduces an environmental
dependence into the process of gas-fuelling in form of a
transition between fuelling modes at a certain halo mass
and an additional halo mass dependence within the "hot
mode’ fuelling (Rees & Ostriker| [1977; White & Frenk
1991} Benson et al.[2001}; [Birnboim & Dekel|[2003; [Keres
et al.|2005; Dekel & Birnboim||2006; Benson & Bower
2011} van de Voort et al.[2011)). For cosmological DMH
detailed thermodynamic considerations of this process
find a transition mass between these two modes, i.e.
where the free-fall timescale equals the cooling timescale
at the virial radius of ~ 10117120 (Keres et al.|[2005
Dekel & Birnboim| 2006)P As such the accretion in
low mass halos, and thus predominantly in the early
universe is dominated by cold-mode accretion while
hot-mode accretion becomes increasingly relevant at
lower redshifts and in the present universe (e.g.

et al]2013)

The net rate of accretion from the IHM into the ISM
of the galaxy, and thereby the availability of fuel for
star-formation, however, will not be determined by the
maximum achievable fuelling rate alone. Rather the
accretion of IHM into the ISM is predicted to be subject
to regulation by galaxy specific feedback linked to
energetic processes in the galaxy, e.g star formation and
AGN activity. This feedback includes the mechanical
removal of gas from the ISM as well as the heating of
the THM preventing it from coolinﬁ Feedback from
star formation, i.e. from super novae, is predicted to
remove gas from the ISM of the galaxy, most efficiently
for low mass galaxies. While star formation and thus
stellar feedback is an intrinsically stochastic process, the
feedback will evolve into a near steady-state relation
as galaxies grow large enough to support widespread
star formation activity, albeit that the efficiency of
stellar feedback in removing ISM from the galaxy will
decrease with increasing mass of the galaxy/depth of
the potential well (e.g. [Faucher-Giguere et al[2011}
Hopkins et al.|[2013, and references therein), leading to
a self-regulated level of accretion of gas from the IHM

21 1t should be noted that the inflow of ambient IGM onto the
halo will be anisotropic with preferential inflow along the filaments
of the large-scale DM structure (Keres et al.[2005; |Dekel et al.|2009}

& Ostriker] [1977, White & Frenk| 1991} Birnboim &

[Brooks et al.[2009} [Keres et al.|2009} [Pichon et al.|[2011)). Thus, the

Dekel| [2003)). In halos where this is not the case at
any radius exterior to the galaxy at the center, the
IGM being accreted onto the halo will continue to the
galaxy on the free-fall timescale, resulting in a highly

BN1 9QH; UK

transition between cold and hot modes will not be sharp, as the
filamentary flows of cold IGM may penetrate hot atmospheres. The
degree to which this is the case is not yet clear, however, although
penetration decreases with temperature and extent of the hot halo
(Nelson ct al[2013).

Feedback from the galaxy may also impact the cooling
timescale in the post shock gas by heating the IHM and/or en-
riching it with metals from the ISM.
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into the ISM. For the most massive galaxies, residing in
massive DMH, AGN feedback from the black hole at the
center of the galaxy, heating the IHM and preventing
it from cooling and being accreted, is predicted to
dominate the feedback from the galaxy (e.g.
and references therein). Unlike star formation
driven feedback, where a quasi steady-state relation is
expected, AGN feedback, which is still a major subject
of investigation, may always be stochastic in nature
(e.g. [Pope| 2007} [Pavlovski & Pope|[2009; Hickox et al]
2014; Werner et al[[2014). Overall, the growth of the
galaxy will thus continue until the supply of gas from
the IHM is interrupted, e.g. by the galaxy being shifted
away from the center of the potential well by a merging
event with another halo of comparable or larger mass,
or by the activity of an AGN efficiently heating the THM.

In summary, for galaxies at the center of their DMH -
so-called centrals - basic physical considerations founded
on the current paradigm of galaxy formation predict the
rate at which gas from the IHM is accreted into the ISM
of the galaxy, i.e. its gas-fuelling, to be determined by a
balance between the possible rate of accretion as set by
the DMH and galaxy specific feedback, thus displaying
a dependence on both environmental and galaxy specific
properties. This picture is consistent with work on the
abundance matching of galaxies with halos from DM
simulations, which suggests that the efficiency of the
conversion of baryons to stars is greatest in DMH of
~ 102M (Moster et al|[2010; Behroozi et al[2013).
Thus, regardless of the exact underlying cause, 10 Mg,
represents a critical mass in understanding environment
dependent galaxy evolution and gas-fuelling in particu-
lar.

In addition to centrals, the hierarchical formation of
large-scale structure expected for a ACDM universe
gives rise to a population of so-called satellite galaxies,
i.e. galaxies which are bound to their host DMH but
are not at rest with respect to its center of mass, having
been captured during the merging of two smaller DMH.
In the context of the flow of gas from the THM into
the ISM it is essential to distinguish between these two
types of galaxy group members. While for centrals, the
physical processes — driven by galaxy—IHM interactions
— which determine gas-fuelling can reasonably be ex-
pected to to be similar to those of isolated field central
galaxies, this is not the case for satellites. For satellites,
their motion relative to a putative virialized hot THM
introduces further galaxy—IHM interactions which may
affect the rate of accretion of gas from the IHM into
the ISM of the galaxy, as well as the gas content of the
ISM and of any circum-galactic reservoirs of gas bound
to the galaxy (CGM; circum-galactic medium). This
includes ram-pressure stripping of the ISM of galaxies
in the environment of galaxy clusters (and groups)
(e.g. |Gunn & Gott| [1972; |Abadi et al.| [1999; |[Hester|
2006; Bahé & McCarthy||2015)), as well as ram-pressure
stripping of the CGM of a galaxy in the galaxy group
and low mass cluster environment, a process often
referred to as ’strangulation’ (e.g. Larson et al. 1980
Kimm et al.|[2009), as it is thought to slowly limit star
formation in the galaxy by removing the gas reservoirs

from which star formation is fuelled. Thus, satellite
galaxies are expected to display suppressed star for-
mation activity with respect to comparable field galaxies.

On the scale of massive clusters of galaxies the
predicted processes and trends have been observed, both
directly by observations of ram-pressure stripped tails of
gas emanating from galaxies (Fumagalli et al|[2014), as
well as indirectly by the frequent occurrence of galaxies
in these massive clusters truncated in Ha and by a
prevalence of galaxies with red colors and suppressed
SFR (e.g. Koopmann & Kenney| 1998, 2004; |Gavazzi|

et al.|2013)).

An empirical quantification of the predictions on the
scale of lower mass galaxy groups, however, has proven
challenging, as the ram-pressure stripping of the ISM
and CGM is expected to be less severe and potentially
even limited to the CGM (Kawata & Mulchaey| e.g.
2008; McCarthy et al| e.g. 2008, but see also |Hester
2006; Bahé & McCarthy| |2015| for a contrasting view),
necessitating a statistical consideration of the galaxy
group population to discern the impact of the group
environment on these galaxies. In order to observation-
ally identify galaxy groups many works (e.g. Smail et al.
1998}, [Pimbblet et al.|[2002; [Balogh et al.|[2002} [Jeltemal
et al.|[2006; [Pimbblet et al.|2006; Urquhart et al. |2010;
Erfanianfar et al.[2014) have made use of X-ray selected
samples for which properties of the DMH such as mass
may be deduced from the X-ray emission. However,
samples selected in this manner may be biased towards
more massive DMH and against the more ubiquitous
(and therefore arguably more important) loose, low-
and intermediate mass galaxy groups. To circumvent
this potential bias, with the onset of wide-field spec-
troscopic galaxy surveys, many studies have made use
of optically defined spectroscopic galaxy group catalogs
(e.g. |Gémez et al|[2003; Balogh et al.|2004; |Kauffmann
et al.|2004; |Collister & Lahav|2005; [Weinmann et al.
2006; [Robotham et al.||2006; [van den Bosch et al.| 2008
Pasquali et al.|2009; Weinmann et al.|[2010; Hester|2010
van der Wel et al.|2010; [Peng et al.|2012; Wheeler et al.|
2014; Balogh et al.2015). These, however, suffer from
the relatively low spectroscopic completeness in dense
regions achieved by most spectroscopic surveys, such
that the majority of galaxies in lower mass halos are cen-
tral galaxies rather than satellites, and the halo masses
assigned to each group depend on the shape of the
assumed halo mass function. An alternative approach,
pursued by a number of authors, has been to consider
the (marked) correlation functions of galaxy samples
drawn from spectroscopic surveys and to consider the
clustering properties of red and blue galaxies (e.g.
Blanton & Berlind|[2007} [Skibba et al|2009; [Zehavi et al.
2011). While largely model independent, this approach
makes linking observations of galaxy properties to the
properties of their host group difficult. Nevertheless,
in general, all these works have found the fraction of
red and quiescent galaxies to be larger in galaxy groups
than in the field, in line with expectations, leading to
the general assumption that galaxies are cut off from
gas-fuelling upon becoming satellites, although the exact
combination, importance and effectivity of the processes
assumed to be responsible remain a subject of debate

CD
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(e.g. Blanton & Berlind|[2007} |Kimm et al.[[2009; |van den
Bosch et al.||2008; [Pasquali et al.|2009; Hester|2010; [Wet-
zel et al.|2013] 2014; McGee et al.[2014; Peng et al.[2015)).

Interpreting such observations in terms of the gas-
fuelling and ISM content of galaxies and its relation to
the group environment, however, is subject to a number
of compounding problems, foremost amongst which is
that of galaxy morphology. Empirically, the abundance
of spheroidal galaxies is known to be higher in denser
environments, corresponding to galaxy clusters (and to
a lesser extent galaxy groups), than amongst largely
isolated field galaxies (e.g. |Dressler| [1980; |Goto et al.
2003; [Bamford et al.|[2009), i.e it is higher in the higher
mass DMH of these objects. However, it is not clear to
what extent spheroidal galaxies are capable of retaining
cold gas and sustaining significant star formation for any
prolonged period (e.g. |Oosterloo et al.||2010} [Smith et al.
2012)). In other words, while copious amounts of cold
gas are observed in rotationally supported disk/spiral
galaxies, the virial temperature of spheroidal pressure
supported systems is well above that conducive to
forming and maintaining giant molecular clouds. Thus,
the prevalence of red, low sSFR galaxies may actually
be more indicative of transformative processes affecting
the morphology of satellite galaxies, than of effects
linked to the supply of gas, making a control of the
galaxy morphology paramount to any empirically driven
investigation of gas-fuelling.

Finally, the ability to interpret observations of the
properties of group galaxies in the context of the
gas-fuelling of these objects requires the ability to
control for degeneracies in the observables arising
from galaxy-IHM and galaxy-galaxy interactions, as
well as that the observables considered be sensitive
to changes on timescales < 1Gyr, i.e. comparable to
the typical dynamical timescale of galaxy groups and
shorter than that to which properties such as red and
blue fractions, stellar metallicity, and optical colors are
sensitive. Accordingly, empirically probing gas-fuelling
and its environmental dependencies requires a sample
of known morphology probing the environment down to
the scale of low mass groups of < 10*2M,, for which the
measurement of the gas content (or its proxy tracer) is
sensitive to changes on the scale of 10® yr and for which
the effects of galaxy—THM interactions can be isolated.
Thus, although a number of works have accounted for
the morphology of their samples (e.g. [Hashimoto et al.
1998; [Bamford et al.|2009; Hester| 2010), the funda-
mental process of gas-fuelling in the group environment
currently lacks a direct incisive empirical reference with
which to compare and constrain theoretical predictions.

In this paper (Paper I) and its companion papers
in this series (Grootes et al., in prep) we focus on
remedying this situation and providing a direct em-
pirical reference with which to compare predictions of
gas-fuelling as a function of environment with a focus
on galaxy groups. This work makes use of a sample of
galaxies of known uniform disk-dominated morphology
(which we will refer to as spirals for simplicity), probing
the full ranges of group environmental properties (e.g.

DMH mass), galaxy specific properties (e.g. stellar mass
M., SFR), and galaxy properties related to the group
environment (e.g. central or satellite, distance from
group center). In identifying and selecting galaxy groups
we make use of the spectroscopic galaxy group catalogue
(the G3C, Robotham et al.[2011) of the Galaxy And
Mass Assembly survey (GAMA, |Driver et al.|[2011; |Liske
et al.[|2015)). This catalog samples the full mass range of
galaxy groups (down to DMH masses of ~ 102 M) with
high completeness, enabling the determination of robust
dynamical mass estimates, and represents the only
resource of a statistically significant number of spec-
troscopic galaxy groups with kinematic determinations
of the DMH mass down to low masses currently available.

Given the scarcity of direct measurements of the ISM
content of galaxies in wide-field spectroscopic survey
, in our analysis we make use of the SFR of a galaxy
derived from its NUV emission, tracing star formation
activity on timescales of ~ 10% yr (as shown in Fig. ,
as a proxy measurement of its ISM content.

In addition to ensuring that the relation between
ISM and star formation is as consistent as possible over
the range of environments for the galaxies considered,
controlling for galaxy morphology also aids in isolating
the effects of galaxy—IHM interactions from those of
galaxy—galaxy interactions which may severely impact
the SFR of galaxies (e.g. [Robotham et al.|[2014} Davies
et al.|[2015} |Alatalo et al.[2015; |Bitsakis et al.[|2016[). As
major galaxy—galaxy interactions can strongly perturb
disk galaxies and lead to a morphological transforma-
tion, focussing on disk dominated galaxies ensures that
no major merger has taken place, effectively enabling
us, in combination with the de-selection of close pairs
of galaxies based on the G3C, to isolate the effects of
galaxy—IHM interactions.

The plan of this paper is then as follows. In Section
we briefly describe the GAMA survey as well as the
relevant raw data products, followed by a description
in Section [3| of the relevant derived physical properties.
We then detail our sample selection and the resulting
samples of disk-dominated/spiral galaxies in Section
Subsequently we present our core empirical results on
the sSFR-stellar mass relation and the distribution of
sSFR for field and group spirals in Sections [f] & [6] as
well as for central and satellite (group) spiral galaxies in
Section [7} Making use of our samples and the relations
derived we investigate the star formation activity and
star formation history of group satellite spiral galaxies
in Section [§] contrasting a range of simple parameterized
star formation histories (SFH) with our observations to
identify relevant elements of the SFH. In Section [J] we
then consider our results on the star formation activity
and history of spiral satellite galaxies in the context

23 For wide-field spectroscopic surveys, direct measurements of
the ISM content of the majority of surveyed galaxies are gener-
ally not available given the very long exposure time radio ob-
servations that would be required to obtain the necessary data.
While this is currently also the GAMA survey, upcoming surveys
using pathfinder facilities for the Square Kilometer Array (ASKAP
DINGO, PI: M.Meyer), are striving to remedy this situation in the
GAMA fields.
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of the gas-fuelling cycle of these objects including the
implications of our results in terms of the gas reservoirs
from which the gas-fuelling may be sourced . Finally,
in Section we discuss the broader implications of
our results, and summarize our results and conclude in

Section [Tl

In subsequent papers (Grootes et al., in prep.) we
will focus on the gas-fuelling of central spiral galaxies
and proceed with a detailed investigation of the impact
of the group environment, as characterized e.g. by the
mass of the DMH, the mean galaxy density in the galaxy
group, and the presence/absence of an AGN, on the
gas-fuelling of our samples of satellite and central spiral
galaxies in galaxy groups, again using the field spiral
galaxies as a reference.

Throughout the paper, except where stated oth-
erwise, we make use of magnitudes on the AB scale
(Oke & Gunn|[1983) and an Q; = 0.3, Q\ = 0.7,

Hy = 70kms~'Mpc ! cosmology (Spergel et al.|[2003).

2. DATA: THE GAMA SURVEY

Our analysis of the effect of environment on the SFR
and gas-fuelling of spiral galaxies is based on the Galaxy
and Mass Assembly survey (GAMA;Driver et al.|2011]).
GAMA consists of a highly complete spectroscopic
survey covering 286 deg? to a main survey limit of
rap < 19.8mag in three equatorial (G09, G12, and
G15) and two southern (G02 and G23) regions using
the 2dF instrument and the AAOmega spectrograph
on the Anglo-Australian Telescope.  Uniquely, the
spectroscopic survey is accompanied by an associated
multi-wavelength database spanning the full UV-optical-
FIR/submm-radio spectrum. A full description of the
survey is given in Driver et al.| (2011)) and |[Liske et al.
(2015) with details of the spectroscopy provided in
Hopkins et al.| (2013), and details of the input catalogue
and tiling algorithm provided in Baldry et al. (2010)
and Robotham et al.| (2010), respectively. Importantly
in the context of our investigation, GAMA has obtained
science quality redshift@ for 263,719 target galaxies
covering 0 < z < 0.5 with a median redshift of z ~ 0.2
and an overall completeness of > 98% [] to its limiting
depth. Due to its multi-pass nature and tiling strategy
this completeness remains constant even on small scales,
i.e, is unaffected by the density of neighboring galaxies,
enabling the construction of a high fidelity galaxy group
catalogue extending to low mass, low multiplicity groups
of < 10'2M, (Robotham et al|[2011). For the work
presented here we have made use of the first three years
of GAMA data - frozen and referred to as GAMA 1 -
consisting of the three equatorial fields to a homogeneous
depth of rap < 19.4 mag°|for both galaxies and galaxy
groups). In the following we briefly present the GAMA

24 GAMA assigns each redshift determined from a spectrum a
quality metric nQ), the details of which are described in |Liske et al.
(2015)). Briefly, however, redshifts used for science purposes should
fulfill n@ > 3.

25 In the equatorial regions.

26 the r-band magnitude limit for the GAMA survey is defined as
the SDSS Petrosian foreground extinction corrected r-band mag-
nitude.

data products relevant to this work.

2.1. GAMA Spectroscopy: Redshifts € Emission Line
Measurements

Our main use of the spectroscopic data of the GAMA
survey is in the form of redshift measurements which
have enabled the construction of the galaxy group
catalogue (Robotham et al|[2011). However, we also
make use of the emission line measurements to identify
AGN (as detailed in section . Spiral galaxies hosting
AGN are not used, since the UV emission of such objects
may no longer be a reliable tracer of their star formation
activity. A full description of the GAMA spectroscopy is
given in Hopkins et al. (2013]), along with details of the
quantitative measurement of emission lines, while the
determination of redshifts from the spectra is described
in [Liske et al| (2015).

2.2. GAMA Photometry: Optical

Our analysis makes use of optical photometry for the
determination of the sizes, inclinations, and morpholo-
gies of galaxies as well as in determining their stellar
masses. The GAMA optical photometry (u,g,7,1, z,) is
based on archival imaging data of SDS As outlined
in [Driver et al.| (2011) and detailed in |[Hill et al.| (2011))
and |[Kelvin et al.| (2012)), the archival imaging data is
scaled to a common zeropoint on the AB magnitude
system and convolved using a Gaussian kernel to obtain
a common FWHM of the PSF of 2”7. The resulting
data frames are combined using the SWARP software
developed by the TERAPIX group (Bertin et al.|[2002)),
which performs background subtraction using the
method described for SExtractor (Bertin & Arnouts
1996). From these ’'SWARPS’ aperture matched Kron
photometry is extracted as detailed inHill et al.| (2011])
and Sérsic photometry is extracted by fitting the light
profiles using single Sérsic profiles as detailed in [Kelvin
et al| (2012). Along with the value of the fit profile
integrated to 10 effective radii, the index of the profile n,
the half-light angular size, and the ratio of semi-minor to
semi-major axis are also reported together with quality
control information regarding the fit.

Foreground extinction corrections in all optical bands
have been calculated following |Schlegel et al.| (1998])
and k-corrections to z = 0 have been calculated using
kcorrrect_v4.2(Blanton & Roweis|2007)).

2.3. GAMA Photometry: UV

Critical to our investigation is the use of space-borne
spatially integrated UV photometry to measure SFR.
Coverage of the GAMA fields in the ultraviolet (FUV
and NUV) is provided by GALEX in the context of
GALEX MIS (Martin et al.[2005; [Morrissey et al.[2007)
and by a dedicated guest investigator program GALFEX-
GAMA providing a largely homogeneous coverage to
~ 23mag. Details of the GAMA UV photometry are
provided in |Liske et al.| (2015), Andrae et al. (in prep.),

27 This is now being replaced by KiDS imaging.
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and on the GALEX-GAMA Website@ In summary ex-
traction of UV photometry proceeds as follows. GAMA
provides a total of three measurements of UV fluxes.
First, all GALEX data is processed using the GALEX
pipeline v7 to obtain a uniform blind source catalog
with a signal-to-noise (S/N) cut at 2.5¢0 in the NUV.
This catalog has subsequently been matched to the
GAMA optical catalog using an advanced matching
technique which accounts for the possibility of multiple
matches between optical and UV sources, redistributing
flux between the matches as described in Andrae et al.
and on the GALEX-GAMA website. Additionally, FUV
and NUV photometry at the positions of all GAMA
target galaxies is extracted using a curve-of-growth
algorithm, as well as in apertures defined based on
the measured size of the source in the r-band. For
one-to-one matches preference is given to the pipeline
photometry, while for extended sources and multiple
matches, the curve-of-growth and aperture photometry
is preferred, since it provides better de-blending and
better integrated fluxes in these cases.The resulting
best estimates of the total FUV and NUV flux of the
galaxy are reported as BEST_FLUX_NUV, respectively
BEST_FLUX_FUV, in the UV photometric catalog and used
in the work presented.

Foreground extinction corrections and k-corrections
have been applied as in the optical bands. In calculating
foreground extinctions in the NUV we make use of
Anuy = 82F(B — V) as provided by Wyder et al.
(2007).

3. DERIVED PHYSICAL PROPERTIES

Additionally, we make use of some of the more
advanced data products of the GAMA survey. Notably,
we have made use of the GAMA galaxy group catalog
(Robotham et al.|2011), as well as the GAMA stellar
mass measurements (Taylor et al| |2011), and have
derived AGN classifications from the emission line
measurements and star formation rates from the UV
photometry. In the following we provide details on the
derived physical properties used in our analysis.

3.1. The GAMA Galazy Group Catalog G®Cv5

In order to identify galaxies in groups and to character-
ize their environment, we make use of the GAMA Galaxy
Group Catalog v5 (G3Cv5, Robotham et al.|[2011). Due
to the multi-pass nature of the GAMA survey and the
resulting high spectroscopic completeness even in dense
regions, this unique galaxy group catalog extends the
halo mass function down to the range of low mass, low
multiplicity galaxy groups, providing measurements of
the dynamical mass of the groups over the whole range
in mass. The G3Cv5 encompasses the GAMA I region
extending to a homogeneous depth of rap < 19.4, and
spans a large range in group multiplicity, i.e. the number
of detected group members (2 < Npop < 264), as well

28 www.mpi-hd.mpg.de/galex-gama/

29 The band merged GALEX blind catalog is NUV-centric, i.e.
FUV fluxes have been extracted in NUV defined apertures, en-
tailing that no cataloged source can be detected only in the FUV.

as an unprecedented range in estimated dynamical
mass (5- 10" Mg < Mayn < 10'5My). This catalogue
has been constructed using a friends-of-friends (FoF)
algorithm to identify galaxy groups in «/d — z space.
The catalogue contains 12200 (4487) groups with 2
(3) or more members, totalling 37576 (22150) of 93325
possible galaxies, i.e. ~ 40% of all galaxies are grouped.

As discussed in |[Robotham et al.| (2011) the most
accurate recovery of the dynamical center of the group
is obtained using the so-called iterative group center.
Using this method, the center always coincides with a
group member galaxy. For the purposes of our analysis
we have defined this galaxy as the central galaxy of the
group, and consider all other group member galaxies
to be satellite galaxies. We note that Robotham et al.
(2011) have calibrated the group finder on mock survey
light-cones, finding no bias in the recovery of groups,
respectively of the center of groups, as a function of
larger scale structure. Furthermore, |Alpaslan et al.
(2014) have shown that observed galaxy groups from
the group catalogue trace out a large scale structure of
filaments and tendrils in the GAMA survey volume, so
that overall we hold our identification of central and
satellite galaxies to be robust.

3.2. AGN Classification based on Emission Line
Measurements

In converting UV luminosity to SFR it is essential
to ensure, that the measured UV luminosity indeed
originates from the star formation activity of the galaxy,
and is not dominated by emission from a central AGN.
Accordingly, in this work, we have made use of the
GAMA emission line database, as detailed in [Hopkins
et al| (2013), to identify AGN. In order to classify a
galaxy as hosting an AGN we impose the requirement
of line measurements with S/N > 3 in all four lines
required for the BPT classification (Ha, NII, HS, and
OIII) and that the galaxy lie in the AGN dominated
region of parameter space as defined by |[Kewley et al.
(2001)).

3.3. Stellar Mass Estimates

In order to control for the effect of intrinsic galaxy
properties on the SFR of galaxies, and separate this
from environmental effects, we characterize our galaxy
sample by stellar mass M,, using the GAMA stellar
mass estimates of Taylor et al. (2011)), which are derived
from the GAMA aperture matched broadband photom-
etryEUl We note, that Taylor et al| (2011) make use
of a|Chabrier| (2003) IMF and the [Bruzual & Charlot
(2003) stellar population library, and that hence, any
systematic variations due to the choice of IMF or the
stellar population library are not taken into account.
Furthermore, stellar masses predicted by [Taylor et al.
incorporate a single fixed prediction of the reddening
and attenuation due to dust derived from [Calzetti
et al.| (2000). Thus, expected systematic variations in

30 Following Taylor, priv. comm., we scale the stellar mass es-
timates by the ratio of the Sérsic r-band magnitude to the Kron
r-band magnitude to account for flux missed by the fixed aperture.
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reddening and attenuation with inclination, disk opacity
and bulge-to-disk ratio are not taken into account in
the determination of M,. However, as discussed b

Taylor et al.| (see also Figs. 12 & 15 of
2007)), the resulting shifts in estimated stellar mass
are much smaller than the individual effects on color
and luminosity. Finally, as we have constructed a
morphologically selected sample, we are largely robust
against possible morphology dependent biases in the
stellar mass estimates arising from different stellar
populations associated with different galaxy morpholo-
gies. Overall, Taylor et al.| (2011) determine the formal
random uncertainties on the derived stellar masses to
be ~ 0.1 — 0.15dex on average, and the precision of the
determined mass-to-light ratios to be better than 0.1 dex.

3.4. Star Formation Rates

Making use of the SFR of late-type galaxies as a
tracer of their gas content and its dependence on the
galaxies’ environment requires a tracer which is sensitive
to changes on timescales significantly shorter than the
typical dynamical timescale of ~ 1 Gyr of galaxy groups.
On the other hand, the tracer must reliably trace the
spatially integrated star formation of the galaxy and
be robust against individual bursts of SF. As shown
in Fig. which shows the spectral luminosity density
of a galaxy as a function of wavelength for a range
of times after the cessation of star formation, as well
as the luminosity weighted mean age as a function of
wavelength for a galaxy with a constant SFR, the NUV
emission ideally fulfills these requirements. Probing
timescales of order 10%yr, it can resolve (in time)
changes on the typical dynamical timescale of galaxy
groups while being robust against individual stochastic
bursts of SF, unlike Ha emission line based tracers and
to a lesser extent the FUV, which trace star formation
on timescales of ~ 107yr. Furthermore, the GAMA
NUV photometry provides a robust estimate of the total
spatially integrated NUV flux of the galaxy, and hence
of the total SFR as desired, in contrast to emission line
based tracers which require more or less sizeable aper-
ture corrections due to the size of the fibre, depending
on the distance of the source. Finally, the conversion
of NUV luminosity to a SFR may depend on the age of
the stellar population, i.e. the star formation history,
and on the metallicity. Using the spectral synthesis code
Starburst99 (Leitherer et al.[2014), we find the derived
SFR to vary by < 10% over a range of 0.008 < Z < 0.05
(a large range compared to that expected based on
the evolution of the average metallicity of star forming
galaxies over the redshift range 0 < z < 0.8
, and between a constant SFH and a declining SFH
following the SFMS.

It is, however, essential to make use of the intrinsic
NUV emission of the galaxies, i.e. to correct for the
attenuation of the stellar emission due to the dust in
the galaxy which is particularly severe at short (UV)
wavelengths (e.g. Tuffs et al.|[2004]).

In the context of the work presented here, it is impor-
tant that these corrections be as precise and accurate as
possible for two main reasons:
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Figure 1. Top: Mass normalized spectral luminosity density as
a function of wavelength. The spectra correspond to that of a
galaxy which has been constantly forming stars until 0, 10, 100,
250, 500, 1000, 2000 Myr ago (from top to bottom). Bottom:
Luminosity weighted mean age of the emission of a galaxy with
constant SFR as a function of wavelength. The shaded regions
correspond to the GALEX NUV filter (purple) and the SDSS u,g,r
bands (blue,green,red).

i. With the analysis relying on the identification of sys-
tematic effects of the SFR and sSFR, all scatter in
the values of Myyy used in determining these quan-
tities will reduce the sensitivity of the analysis.

ii. In order to provide a quantitative analysis which can
eventually be used in constraining structure forma-
tion calculations, an accurate treatment of system-
atic effects influencing the determination of intrinsic
SFR is required.

For our purposes we have adopted the method of
|Grootes et al (2013) which uses the radiation transfer
model of |[Popescu et al| (2011]) and supplies attenuation
corrections on an object-by-object basis for spiral
galaxies, taking into account the orientation of the
galaxy in question and estimating the disk opacity from
the stellar mass surface density. A recent quantitative
comparison of this method with other methods of deriv-
ing attenuation corrections, including the UV-slope, has
shown it to have a higher fidelity, with smaller scatter
and systematics in measuring SFR compared to other

commonly used methods (see Figs. 4 & 9 of
2016)).

The geometry on which the RT model relies has
been empirically calibrated on a sample of near-by
edge-on spirals galaxies. Details of the derivation of
attenuation corrections are provided in Appendix
Corrections are typically ~ 1.4mag for high stellar
mass galaxies (M ~ 10%5M) and lower (~ 0.74mag)
for lower mass galaxies (M, =~ 109°My). To illus-
trate the impact of the attenuation corrections, in
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Figure 2. Distributions of NUV absolute magnitude Myyy in
two ranges of stellar mass before (red) and after (blue) applying
attenuation corrections as prescribed by |Grootes et al.| (2013). No-
tice the reduction of the scatter and the removal of the tail towards
faint values of Mnuv, especially in the high stellar mass range.

Fig. we show the distribution of NUV absolute
magnitudes for largely isolated spiral galaxies in two
ranges of stellar mass (109°My < M, < 1098Mg
and 1010'3M@ < M, < 1010‘6M drawn from our
FIELDGALAXY sample (see Section for a definition
of the FIELDGALAXY sample) before (red) and after
(blue) applying attenuation corrections to the observed
NUV emission. The tail in the distribution due to dust
for more edge-on systems is effectively removed. This
tail would otherwise have been confused with galaxy
quenching in a way not depending on the color of the
galaxy.

Using the intrinsic absolute foreground extinction cor-
rected NUV magnitudes derived in this manner we esti-

mate the SFR &, using the conversion given in|Kennicutt

1998al) scaled from a |Salpeter| (1955)) IMF to a|Chabrier
2003) IMF as in [Salim et al.| (2007). For ease of com-
parison we explicitly supply our conversion from NUV
luminosity to SFR in Eq. [I] It is then also simple to
derive the sSFR ¢, following Eq. 2]

LNUV [JS_lHZ_l}
1.568 x 7.14 - 1020

O, [Moyr™'] = (1)

4. SAMPLE SELECTION

For our purpose of using disk-dominated/spiral
galaxies as test particles to probe the influence of
environment on the star formation and gas-fuelling of
galaxies, we require a morphologically selected sample
of spiral galaxies in galaxy groups. However, in order
to separate environmental effects from the effects of
secular evolution, we also require a morphologically
selected sample of non-grouped spiral galaxies as a
reference sample. For reasons of brevity we will refer
to non-grouped galaxies as field galaxies. Additionally,
as the probability of the morphological transformation
of a galaxy may/will vary with environment, we require
a well-defined uniform parent sample from which to
select the morphologically defined samples for our
analysis, which will allow us to quantify the evolution
in the morphological fractions between different envi-
ronments. Furthermore, these requirements entail that
the sample must be of homogeneous depth, must have
been observed by GALEXPY] and have available stellar
mass measurements as well as structural information
in the form of Sérsic photometry. In the following, we
describe the sample selection process, beginning with
the definition of a uniform parent sample. A synoptic
overview of the sample selection is provided in Table

Table 1
Summary of sample selection process

Sample Criteria No. of Gal. No. of Groups
Parent Sample i- vi - 16791 2734
Spiral Galaxies see Section 4.2 7988 1861
FIELDGALAXY see Section [Z.9] 5202 -
GROUPGALAXY  see Section [.4] 971 532
satellites see Section [£.5| 892 502
centrals see Section [Z.5| 79 79

4.1. The Parent Sample

As the basis of our analysis we have constructed a uni-
form sample of galaxies from the GAMA data-base by
selecting those which fulfill the following criteria:

i TAB S 19.4

ii. science quality redshift available from the GAMA
dataset.

iii. GALEX NUYV coverage of the galaxy position. Not
affected by artifacts (de-selection of window and
dichroic reflection artifacts).

iv. redshift z < 0.13.

v. successful Sérsic profile photometry in the GAMA
dataset (r-band quality flag = 0).

vi. GAMA stellar mass estimate with M, > 10°M, .

31 GALEX coverage of the GAMA equatorlal footprint is
but not complete. See Andrae et al. (in prep) w ﬁ
for details.
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resulting in a sample of 16791 galaxies. Criteria (i
& ensure a balanced comparison of group and field
galaxies by restricting the selection to the galaxies
used in the construction of the galaxy group catalogue
G3Cv5. This work makes use of NUV photometry in
estimating SFR of galaxies, and ({iii) ensures that a
source has either been detected or that an upper limit
can be derived. The redshift limit given by ensures
that the resolution of the imaging data is sufficient to
allow reasonable determinations of galaxy morphology,
while ensures that the necessary structural informa-
tion for the morphological classification, as discussed in
detail below, and the attenuation corrections is indeed
available. Finally, in combination criteria (i), (iv), and
(vi) ensure that our sample selection is robust against
the effects of cosmological surface brightness dimming
over the volume considered.

As shown by [Taylor et al.| (see Fig. 6 of |Taylor et al.
2011), the GAMA survey (limited to rap = 19.4),
in the redshift range of z < 0.13 is largely stellar
mass complete, i.e. volume limited, to M, 2> 10%°Mg
(= 80% complete to M, > 1095Mg at z ~ 0.13).
Thus, choosing a stellar mass limit as specified in in
combination with leads to a nearly volume-limited
sample of galaxies. It must be noted, however, that
below M, = 10%%, the galaxy samples selected will
suffer from a Malmquist bias towards blue galaxies.
Quantitatively, for a mass of M, = 10°M, the survey
will only be largely mass complete to z = 0.08. By
introducing a color bias to the galaxy population, the
Malmquist bias affecting the stellar mass completeness
of the GAMA survey at M, < 10%°M, may also give
rise to a bias in the SFR and v, properties of the galaxy
samples in that range of stellar mass. Nevertheless, in
order to at least provide an indication of the behavior
of galaxies with M, < 109°M, we extend our sample
down to M, = 109M® and have taken the bias into
account appropriately. A detailed quantification and

discussion of the bias is provided in Sections &

4.2. Selection of Disk/Spiral Galazies

A key element in our approach is the selection of
a morphologically defined pure sample of disk/spiral
galaxies, unbiased in their SFR distribution.  This
requirement entails that no selection method which
makes use of information linked to ongoing star for-
mation activity (e.g. galaxy colors or clumpiness) can
be used. For the purpose of selecting our sample we
have therefore adopted the method of |Grootes et al.
(2014). This method, which has been trained using the
GALAXY ZOO DRI (Lintott et al.[2011)), provides the
user with a number of selection parameter combinations
some of which are optimized to recover samples with an
unbiased SFR distribution.

In particular we have chosen to use the parameter com-
bination (log(n),log(r.),M;) , where n is the index of the
single Sérsic profile fit to the galaxy in the r-band, 7.
is the r-band effective (half-light) radius, and M; is the
total i-band absolute magnitude. As shown in |Grootes
et al| (2014)), this particular parameter combination se-

lects = 77%"*| of SDSS galaxies classified as spiral/disk
galaxies in GALAXY ZOO DRI ( 2 70% of visual spi-
ral/disk galaxies extending to types S0/Sa based on the
classifications of [Nair & Abraham| (2010))), with a con-
tamination of < 2% by elliptical galaxies. Nevertheless,
as demonstrated in |Grootes et al.| (2014]), the use of this
parameter combination results in samples which are rep-
resentative of the SFR distribution of visual spiral/disk
galaxies, as the recovered samples are largely unbiased
with respect to the Ha equivalent width distribution (in-
dicative of the sSFR distribution). We also find support
for this representative recovery of the parent sSFR dis-
tribution when considering the z < 0.06 subsample of
GAMA galaxies with visual morphological classifications
presented in Kelvin et al| (2014]). For these sources we
find the overall distribution of SFR at fixed stellar mass
to be statistically indistinguishable for a sample selected
by our adopted proxy, as well as by the available visual
classifications (even under the inclusion of S0/Sa galax-
ies).

Although the performance of the selection method
has been demonstrated on the parent population of
spiral/disk galaxies, the use in this work of galaxy
samples differentiated by environment requires the
consideration of a further difficulty. For a spiral galaxy
consisting of a predominantly ol bulge component,
and a younger star-forming disk, a quenching of the
star formation will lead to a secular passive fading of
the disk with respect to the bulge which might cause
a spiral galaxy to be shifted out of the selection by
changing the resulting value of n or r., although its
actual morphology remains unaltered. Thus, although
the recovery of the SFR distribution appears largely
unbiased, the possibility of slight remaining bias against
quenched systems remains. As the group environment
may cause a cessation or decline of star formation in
member galaxies, the possibility of the environment
exacerbating the possible small bias induced by fading,
and impacting the recovery of the group spiral/disk
population arises. However, as we show in detail in
Appendix [A] even for the higher range of bulge-to-disk
ratios represented by the higher stellar mass range of
our samples (B/T =~ 0,3) we only expect shifts of ~ 0.1
over timescales of several Gyr, i.e. not out of the range
of B/T values encompassed by the selection method of
Grootes et al| (2014), so that passive fading will not
significantly bias our sample selections.

In our analysis we have used the parameter com-
bination (log(n),log(r.),M;) to provide a sample of
morphologically late-type/disk galaxies. A detailed
discussion of the morphological selection is provided
in Appendix [A] Applying the morphological selection
to the sample of 16791 galaxies previously selected we
obtain a sample of 7988 disk/spiral galaxies.

4.3. The Field Galazy Sample

From the sample of disk/spiral galaxies we select a
so-called ’field’ sample for reference purposes in this

32 As shown in |Grootes et al.| (2014) the rate of recovery de-
creases for very small and very bulge dominated systems.
33 In terms of its stellar population.
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paper (and the following papers in this series) by
selecting those galaxies which have not been grouped
together with any other spectroscopic GAMA galaxy
in the G3Cv5 to the apparent magnitude limit of
rag < 19.4mag. Furthermore, we impose the require-
ment, that the galaxy not host an AGN. This results in a
sample of 5202 galaxies, referred to as the FIELDGALAXY
sample. As a comparison, a total of 9606 galaxies from
the parent sample are non-grouped in the G3Cv5, and
we refer to these as the field galaxy parent sample.

It should be emphasized that the FIELDGALAXY sam-
ple does not strictly represent a sample of truly isolated
galaxies, as potentially galaxies below the magnitude
limit may be associated with its constituent galaxies (i.e.
rendering them grouped). However, given the stellar
mass completeness of GAMA to M, =~ 109‘5M@ at
z = 0.13 as well as the high spectroscopic completeness
achieved by the GAMA survey it is nevertheless very
likely that the FIELDGALAXY sample galaxies lie at the
center of their DMH and are the dominant galaxy in it,
as for normal mass-to-light ratios it is unlikely that they
are actually the satellite of a more massive but r-band
faint galaxy. As such, the galaxies in the FIELDGALAXY
sample can be thought of as representing a highly pure
sample of largely isolated spiral central galaxies.

The fraction of the field galaxy parent sample included
in the FIELDGALAXY sample, i.e. the field spiral fraction,
varies as a function of stellar mass M,, as shown in
Fig. [B] We find the spiral fraction to decrease from
~ 65% at M, ~ 109° Mg to < 30% at M, ~ 10107 M.
In terms of frequency, the distribution of M, for the
FIELDGALAXY sample is peaked at the lower bound of
the volume limited mass range (see Fig. , with the
frequency gradually declining towards higher values of
M, and only ~ 2% of the sample being more massive
than 10107 M.

Finally, the distributions of stellar mass M,, SFR and
sSFR 1, as a function of redshift z for the FIELDGALAXY
sample are shown in Fig. [] and evidence the presence
of the previously discussed Malmquist bias. Figs.
&4 also demonstrate, that the GALEX NUV coverage
is sufficiently deep so as to ensure that the median,
and quartiles of the distributions of SFR and sSFR are
defined by actual detections, rather than by upper limits.

4.4. The Group Galaxy Sample

The sample of field spiral galaxies is complemented
by our sample of spiral/disk-dominated galaxies within
galaxy groups as characterized by the G3Cv5 of
Robotham et al| (2011)) (see also Section [3), referred
to as the GROUPGALAXY sample. In constructing this
sample, we proceed by selecting from the sample of 7988
disk/spiral galaxies all those which are assigned to a
group with 3 or more members (of any morphology),
each with M, > 1095M. This selection ensures, that
the groups considered in our analysis can be selected
over the full redshift range considered, thus avoiding
any implicit bias in 1, as a function of group properties,
which could result from the Malmquist bias in the galaxy

0.8 1
§ 0.6 B
° N
S
£ 04f .
g ot :
@ 02F i E
oWBE 1 =
Py E ]
2 0.15F 3
g E ]
> E ]
o 0.10— =
LL_ . FIELDGALAXY sample 7
& 0051 E
0.00F .|
0201 =
N ]
2 0150 E
g F
o E 7
S 0.40F E
t E GROUPGALAXY sample
g o.os;—zJ ) |
0.00F £ Z Z: : ]
0.151 |
z L ]
S C ]
3 0.10F .
&) E CPGALAXY sample ]
5 0.05 E
r . ]
0.00E 770 1
9.0 95 10.0 10.5 1.0
log(M./ Mg
Figure 3. Spiral fraction (i.e. fractional contribution of the

spiral sample in question to the relevant parent sample) for the
FIELDGALAXY, GROUPGALAXY, and CPGALAXY samples in sliding
tophat bins containing 40 galaxies as detailed in Section @ The
shaded area indicates the (Poisson) uncertainty in each bin. Col-
ored dashed-dotted lines indicate the stellar mass above which the
bins can be considered to be complete. The lower panels show
the distribution of stellar mass M, for the FIELDGALAXY, GROUP-
GALAXY, and CPGALAXY samples. Line-filled histograms show the
stellar mass distributions of sources with NUV upper limits. The
spiral fraction as function of stellar mass and the stellar mass dis-
tributions are available online as ’data behind the figure’.

sample. Obviously, groups selected in this manner thus
may actually consist of more members, some having
M, < 109'5M@, due to the flux-limited nature of the
GAMA survey.

From this selection, we discard all galaxies residing
in groups in which the velocity dispersion is dominated
by the total error on the velocity dispersion E and
furthermore impose the requirement that the galaxy not
host an AGN.

In using the galaxies in our samples as test-particles
and their SFR as a probe of gas-fuelling, it is essential
to exclude close pairs of galaxies, as the effects of
galaxy—galaxy interactions are known to boost the
rate at which galaxies convert their ISM into stars
(e.g. Barton et al|[2000; [Robotham et al.||2013} [Davies
et al.[2015)). Although these galaxy—galaxy interactions,
which are likely to be present in close pairs, are an
important and interesting aspect of galaxy evolution
in the group environment, they will be superimposed
on the galaxy—IHM effects which are the focus of this
work. We therefore discard galaxies which are a member
of a close pair, i.e. have a neighbor galaxy within
1000kms~! and a projected separation < 50kpch~1.

To verify that the minimal separation chosen in

34 As discussed in [Robotham et al.| (2011) no estimate of the
dynamical mass is possible in groups in which the total error on the
velocity dispersion, composed of the uncertainties on the individual
redshifts, is comparable to the measured velocity dispersion.
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Figure 4. Distributions of stellar mass M, (top), SFR (middle), and sSFR %, (bottom), as a function of redshift z for the FIELDGALAXY
sample (left) and the GROUPGALAXY sample (right). Galaxies for which only 2.5-c upper limits in the NUV are available are shown in red.
The effects of the Malmquist bias on the population of galaxies with M, < 10%-° are clearly visible. Above this mass no indication of a bias
is present. The vast majority of sources are detected by GALEX in the NUV, ensuring that the median and quartiles of the distributions

are defined by detections rather than upper limits.

the exclusion of close pairs of galaxies is sufficient to
isolate galaxy-IHM interactions from galaxy—galaxy
interactions we consider the offset of the sSFR 1, of
the galaxies in the GROUPGALAXY sample from the
median value of @, for FIELDGALAXY sample galaxies
of the same mass, Alog(t¢.) as defined in Eq. [3| of
Section [6] as a function of stellar mass M,, and of
the projected distance to the nearest group member
galaxy 7pro5NN, as shown in Fig. [f|  No systematic
dependence of Alog(®.) on 7TpjNn is visible for
Tproj,NN = 50kpch™!, implying that environmental
effects on 1, as a function of group parameters are
unlikely to be contaminated by the effects of recent
interactions. For galaxies within our exclusion limit,
we do see signs of an enhanced star formation at low
projected distances, in particular for M, > 10°M, in
line with the results of the dedicated investigation of star
formation in close pairs presented by |Davies et al.[ (2015)).

Applying this selection, the resulting GROUPGALAXY
sample consists of 971 galaxies drawn from 532 distinct
galaxy groups as identified by the G3Cv5. As a com-
parison, a total of 4419 galaxies from the parent sample
reside in galaxy groups with 3 or more members (this
number includes close pair galaxies, as well as AGN host
galaxies). We refer to these galaxies as the group galaxy
parent sample.

In terms of the spiral fraction as a function of stellar
mass for group galaxies, we find that the trend found

for the FIELDGALAXY sample is approximately mirrored
by the GROUPGALAXY sample over the full range in M,.
However, the actual fraction of spiral galaxies embodied
by the GROUPGALAXY sample is lower by 30 — 40% over
the entire range in M, considered. Furthermore, the
distribution of M, for the GROUPGALAXY sample, as
shown in Fig. is more skewed towards intermediate
and higher mass galaxies than that of the FIELDGALAXY
sample, displaying a peak in the relative frequency
distribution at M, ~ 1019 — 10192°M and increased
relative weight above this stellar mass with respect to
the FIELDGALAXY sample. This increase in relative
weight can be attributed to the requirement that a
group contain > 3 galaxies with M, > 10%°My in
order to enter the GROUPGALAXY sample, leading to a
selection of more massive halos than those sampled by
the largely isolated central galaxies of the FIELDGALAXY
sample. These relatively more massive halos can and
do host relatively more massive galaxies, skewing the
stellar mass distribution.

Finally, as for the FIELDGALAXY sample, the distri-
butions of M,, SFR, and sSFR for the GROUPGALAXY
sample are depicted in Fig [4] and show evidence of the
expected Malmquist bias below M = 105 M.

4.5. Group Central & Satellite Spiral Galazxies

As outlined in the Introduction the distinction between
a galaxy being a central or a satellite galaxy may be
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Figure 5. The top panel shows the fraction of galaxies classified
as spirals as a function of M for the FIELDGALAXY sample (black),
the satellite galaxies in the GROUPGALAXY sample (blue), and the
central galaxies in the GROUPGALAXY sample (red). Fractions have
been determined in the sliding tophat bins containing 40 and 25
galaxies in the case of the satellites and centrals, respectively, as
described in Section[6] The shaded areas indicate the (Poisson) un-
certainties. The dash-dotted colored lines indicate the mass above
which the population of the tophat bin can be considered mass
complete. The bottom panels show the distribution of M, for each
galaxy category, with the distribution of the sources with upper
limits in s« shown as a line-filled histogram. The dotted verti-
cal gray line indicates the mass limit beyond which the samples
considered represent a volume limited sample. The spiral fraction
as function of stellar mass and the stellar mass distributions are
available online as ’data behind the figure’.

fundamental to its SFR and star formation history. For
the purpose of our detailed investigation of the impact
of the group environment on the SFR of spiral/disk
galaxies, we further divide the GROUPGALAXY sample
into satellite and central spiral group galaxies, which we
will refer to as satellites and centrals, respectively. This
distinction is based on the identification of the group
central galaxy supplied by the G3Cv5.

In total, we find 892 group satellite spiral galaxies,
and 79 group central spiral galaxies. The spiral fractions
of the satellites and centrald®] as a function of M, are
shown in Fig. 5} With the satellites constituting ~ 91%
of the GROUPGALAXY sample, the spiral fraction of the
satellites unsurprisingly mirrors that of the GROUP-
GALAXY sample both in trend and absolute values.
However, we find that the spiral fraction of the centrals
not only also displays the same trend with stellar mass
as the satellites and the FIELDGALAXY sample, but that
the actual spiral fraction of centrals is comparable to
that of satellites over the full mutual mass range, i.e.
30 — 40% suppressed with respect to the FIELDGALAXY
sample.

35 Spiral fractions for centrals and satellites are defined as the

fraction of group central/satellite galaxies in the relevant parent
sample which are in the central/satellite subsample of the GROUP-
GALAXY sample.

Fig. 5| also shows the distributions of M, for the group
satellite and group central spiral galaxies. As for the
GROUPGALAXY sample, the sample of satellite spiral
galaxies is more skewed towards intermediate values of
stellar mass with respect to the FIELDGALAXY sample
(cf. panel 2 of Fig. , with the distribution of M,
peaking at M, = 101°—101925 M, as shown in the third
panel from the top in Fig. [f] The relative frequencies
of the satellites and the GROUPGALAXY sample agree
within their uncertainties, although the satellites appear
slightly more weighted towards lower values of M, (see
Figs. [3] i , as expected given the distribution of M,
for centra (see bottom panel of Fig. [5). The latter,
namely, is skewed toward high mass galaxies, with the
distribution of M, for the sample of centrals peaking at
M* — 1010.5 _ 1010'75M®.

4.6. The Close Pair and Merging Galaxy Samples

We have constructed our FIELDGALAXY and GROUP-
GALAXY samples to exclude close pairs of galaxies,
defined as being grouped with Av < 1000kms~' and a
projected separation less than 50k~ 'kpc, and merging
galaxies, in order to safe-guard against contamination
by the effects of galaxy—galaxy interactions on the SFR
of our sample galaxies. To qualitatively understand
whether this exclusion is necessary/justified, we have
constructed a sample of close pair galaxies, referred to as
the cPGALAXY sample, which meet all the morphological
and photometric requirements of the GROUPGALAXY
sample (including not hosting an AGN) but are a
member of a close pair of galaxies E In total, this
CPGALAXY sample contains 680 galaxies. Of these,
50 have been visually classified as merging galaxies.
We have removed these from the CPGALAXY sample,
and designate these 50 galaxies to be the MERGER
sample. At this point we emphasize that for these
samples derived properties such as SFR may suffer
from systematic physical effects impacting our ability
to recover intrinsic SFR. The purpose of these samples
is solely to gain a qualitative measure of the potential
impact of galaxy—galaxy interactions on the SFR of
spiral galaxies.

In terms of the distribution of stellar mass and
the spiral fraction of the cpPGALAXY sample Fig. [3|
shows that the CPGALAXY sample is more skewed
towards intermediate and high stellar masses than the
FIELDGALAXY sample, similar to the GROUPGALAXY
sample. However, the peak at intermediate values of
M, is less pronounced. While, the spiral fraction of
the CPGALAXY sample also approximately mirrors the
trend with stellar mass found for the FIELDGALAXY
and GROUPGALAXY samples, in terms of the actual
fraction of spirals, at a given stellar mass the CPGALAXY
sample fraction lies between the FIELDGALAXY and
GROUPGALAXY samples, being lower than that of the
FIELDGALAXY by 10 — 30% over the full range in M,.
These trends are in line with expectations, given the
CPGALAXY being composed of galaxies in groups as well

36 Unlike for the GROUPGALAXY sample no requirement on the
multiplicity of the group has been applied, i.e galaxies in groups of
two galaxies have been included.
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Figure 6. M., as a function of the projected distance to the near-
est group neighbor, r,.j NN. Galaxies in the GROUPGALAXY sam-
ple as shown as stars, with galaxies which are the central galaxy of
their respective group marked by a circle. The offset from the me-
dian value of v, for field sample galaxies of the same stellar mass as
the satellite (Alog(t)«)) is color coded from blue (enhanced) to red
(suppressed) as shown in the figure. The vertical solid black line
indicates the minimum projected separation required for inclusion
in the GROUPGALAXY sample. Galaxies which would have been in-
cluded in the GROUPGALAXY sample save for having a (group mem-

ber) neighbor within 50 h~1kpc are shown as colored filled circles,
with centrals again indicated by black circles.

as in very low multiplicity systems.

4.7. Selection of Groups

No explicit selection of the galaxy groups on the
basis of group properties has been made in this anal-
ysis. Instead, groups and their member galaxies have
been included by virtue of their hosting a spiral/disk-
dominated galaxy of the GROUPGALAXY sample as
detailed in Sect. [£4] with the only requirement being
that the group consist of at least three member galaxies,
each with M, > 109'5M®, in order to guarantee that the
sample of groups be volume limited.

Inside of z = 0.13 the G3Cv5 contains 824 galaxy
groups for which an estimate of the dynamical mass
is possible and which consist of at least three member
galaxies (of any morphology), each with M, > 10%° M,
and science quality redshifts. Of these, a total of 631
groups (77%) contain at least one spiral galaxy. In 99 of
these the (only) spiral galaxy is a member of a close pair,
resulting in a total of 532 (65%) of all possible galaxy
groups being probed by the GROUPGALAXY sample.
Although |Grootes et al| (2014) cite a completeness of
~ T0% for the morphological selection criteria we have
adopted, and it is accordingly possible that some of the
groups not sampled by the GROUPGALAXY sample do in
fact contain a spiral galaxy (in addition to those in which
the spiral is in a close pair), it is nevertheless conceivable
that the selection applied to define the GROUPGALAXY
sample (in particular the morphological selection) might
introduce a bias into the population of galaxy groups
considered. In the following we will briefly consider
potential biases in the distribution of group parameters
of groups included in the GROUPGALAXY sample, com-
pared to the full volume-limited sample of galaxy groups.

The top panel of Fig. [7] shows the distribution of
group dynamical mass for all 824 groups (black), as

200[

a
o
T
1

Frequency
=)
o o
)

)

1 1

,,I::r: *7* - 77*7;7777
Ob=a 72", R R e
115 120 125 130 135 140 145
log(Myg,/M¢)
[e N<4 ' " g
1'0>* 5<N<7 q
¥ 8<N<10 ]
§ 0.8f= f0<N * - E
k1 - . - sok oo wowe e
S 0.6 * *x * i
“_(; B *
L T T ",‘::- M-
[ Pk Wity e = . gy ¥
0.0f e ot sl

115 120 125 13.0 135 140 145
log(Myg,/M¢)

Figure 7. Top: Distribution of the estimated dynamical mass
of the galaxy group Mgy, as provided by the G3Cv5 for all 824

galaxy groups with > 3 member galaxies with M, > 109> Mg and
science quality redshifts for which an estimate of the dynamical
mass is possible (black solid line). The distribution of Mgy, for the
532 groups sampled by the GROUPGALAXY sample (i.e containing a
spiral) is shown in blue, while that of the 292 groups not sampled
(i.e not containing a spiral galaxy) is shown in red. Bottom:
Spiral fraction (i.e. fraction of group members in the GROUPGALAXY
sample) as a function of Mgy, for the galaxy groups sampled by the
GROUPGALAXY sample. The number of group members is encoded
in the color and plotting symbol used (purple circle: N < 4; blue
star: 5 < N < 7; green inverted triangle: 8 < N < 10; red square:
N > 10).

well as for the 532 (blue) and 292 (red) groups probed,
respectively not probed, by the GROUPGALAXY sample
(top panel), while the bottom depicts the fraction of
group member galaxies which are spirals as function of
the dynamical mass of the group (for the 532 groups
probed by the GROUPGALAXY sample. We find the
distribution of group dynamical mass for groups sampled
by the GROUPGALAXY sample to be skewed towards
more massive groups than that of the groups without
a spiral galaxy. This, however, results from the fact
that, although the average spiral fraction decreases with
group mass, the multiplicity increases. This increase
in multiplicity is more rapid than the decrease in the
spiral fraction, so that higher mass groups are slightly
more likely to host at least one spiral galaxy and
thus be included in the GROUPGALAXY sample. Any
bias towards higher mass, however, is mild and the
selection of the GROUPGALAXY sample does not appear
to introduce any significant bias into the population of
groups considered in our analysis.

5. THE SSFR - M, RELATION FOR FIELD SPIRAL
GALAXIES

It is well documented that the main observationally
accessible property influencing the sSFR of galaxy is
its stellar mass M, (Noeske et al.|[2007; Peng et al.
2010; (Whitaker et al.|[2012). Therefore, in aiming to
identify the influence of environmental effects on the
sSFR of a galaxy, we require a means of accounting
for this dependence and separating out the effects of
the environment from galaxy specific effects. Here, we
make use of the relation between the sSFR v, and
the stellar mass M, for spiral/disk-dominated galaxies
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thought to be free of major environmental influences,
i.e. the largely isolated central spiral galaxies of our
FIELDGALAXY sample, as shown in Fig. [§] as a baseline
from which to identify environmental effects.

Fig. [§] also clearly reiterates the need to make use
of the intrinsic (i.e corrected for the affects of atten-
uation by dust) ¢, — M, relation, as a comparison
of the corrected and uncorrected relation shows that
attenuation due to dust both significantly increases
the scatte@ (0.53dex vs. 0.36dex for the intrinsic
relation), and changes the (high stellar mass) slope of
the relation. Furthermore, Fig. |8| (and also Fig. , in
which the 5% most inclined galaxies in each mass bin
have been highlighted, demonstrates the importance of
accounting for the inclination of the galaxy as discussed
in Section[3.4] as it is apparent that a significant fraction
of the apparently red high mass galaxies are highly
inclined and actually have 'normal’ sSFR.

Applying the attenuation corrections obtained using
the method of |Grootes et al.| (2013) (as detailed in
Appendix [B)), we find the intrinsic ¢,—M, relation for
the spiral/disk galaxies of the FIELDGALAXY sample,
to be well described by a power law 1, o< M, with
a slope of v = —0.45 £+ 0.01 over the entire range of
9.0 < log(M./Mg) < 11.25. The values of scatter
and the coefficients of the power law fits before and
after applying attenuation corrections are compiled in
Table Because of the morphological selection which
makes no use of any parameters linked directly to star
formation, the relation presented here represents a
real unbiased specification of the ,—M, relation for
spiral/disk galaxies in the field, including spiral galaxies
with little or no SF. We note that this consideration
of morphologically selected spirals, rather than a star
formation driven selection, leads to our derived slope
being considerably steeper than that found by |[Peng
et al| (2010) (who selected visibly blue galaxies) and
comparable to that of e.g. |Whitaker et al.| (2012)) who
used a more encompassing selection of star-forming
systems. We refer the reader to|Grootes et al.| (2014) for
a more detailed discussion.

It is quite likely that much of the remaining scatter
may be intrinsic and not due to dust, as the accuracy
of the systematic dust corrections is supported by the
reduction in scatter. Furthermore, we draw attention to
the fact that although the scatter in the v,-M, plane
is reduced, due to the rarefication of the population of
galaxies with low values of sSFR after the application
of the attenuation corrections, a population of quiescent
galaxies with very low sSFR remains. These quiescent
galaxies are predominantly of intermediate and high
stellar mass, as can be seen from a comparison of the
middle and top panels of Fig. Accordingly, as we
have considered largely isolated central spiral galaxies,
this result may imply the existence of a secular shut-off
mechanism for star formation in spirals in isolated

37 All measurements of scatter were calculated as the difference
between the quartiles of the distribution in ., averaged over equal
sized bins in M, of 0.25 dex in width, and weighted by the number
of galaxies in each bin.

halos, linked only to the properties of the galaxy and its
surrounding THM.

5.1. Quantification of the Malquist Bias for Low Mass
Galazies

While our samples of spiral galaxies, i.e. the
FIELDGALAXY and GROUPGALAXY sample, are volume
limited at M, > 10%°Mg, below this mass, driven by
the relation between galaxy color and the mass-to-light
ratio, the distribution of galaxy colors, and hence
sSFR, may be subject to Malmquist bias, biasing the
distributions towards bluer colors and higher sSFR. To
quantify the impact this bias may have below the mass
completeness limit of M, > 1095Mg, and to verify that
there is indeed no bias at greater stellar masses, we
consider the FIELDGALAXY sample, split into a local
and distant sample at z = 0.06 as shown in Fig. [0
Considering the median sSFR for subsamples of the local
and distant samples with 109M@ < M, < 109‘5M®7 we
find that in the local sample it is ~ 0.16 dex lower, and
the interquartile range is ~ 0.05 dex smaller, than in the
distant sample. A similar consideration of the local and
distant sub-samples of the FIELDGALAXY sample limited
to 1010M® < M, < 1010'5M@, and thus expected to
be complete for both redshift ranges, displays a shift of
~ 0.06 dex towards lower values for the low z sample,
with similar interquartile ranges (~ 0.4dex) in both
samples. Fitting power laws to the local and distant
sub-sample in the range M, > 10°5Mg (see Table ,
we find the fit to the local sample to be offset towards
lower sSFR by 0.07 — 0.1 dex with respect to the fit
to the distant sample, while the slopes agree within
their uncertainties. We will discuss this shift in the
context of the evolution of the main sequence of star
forming galaxies in section The additional shift of
< 0.09dex in the low mass range, however, can thus be
attributed to the Malmquist bias affecting the sample
below M, = 1095 M.

We complement this test by comparing the distribution
of the intrinsic g — color, derived by Taylor et al.[(2011])
in parallel to the stellar mass estimates and based on
stellar population synthesis modelling, for the local and
distant subsamples of the FIELDGALAXY sample using a
Kolmogorov-Smirnoff test. The distributions of the g —i
color are considered in a sliding bin of 0.2dex in M.,.
While the distributions in the bins up to and including
109'3M® < M, < 109'5M® are statistically consistent
with having been drawn from different parent distribu-
tions at above the 95% confidence level (p =~ 0.01), the
higher mass bins show no statistical evidence of having
been drawn from different parent distributions p ~ 0.545.

We have applied analogous tests to the GROUP-
GALAXY sample using the same subsample definitions,
and find shifts of 0.1dex and 0.05dex towards lower
values of ., for the local sub-samples in the low
and high mass ranges, respectively. For the range
10°Ms < M, < 1095M the null hypothesis that the
g — i color distributions have been drawn from the same
sub-sample can be (marginally) rejected (p = 0.042),
while for the high mass bin there is no significant
evidence of the g — i distributions having been drawn
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Table 2
Compilation of power law fits to the ¥, — M, relation
Sample (un)corrected (u/c) scatter [dex] 1-0 Equiv. [dex]* v A section
FIELDGALAXY u 0.53 0.39 —0.78 £0.02 —10.30£0.03 5
FIELDGALAXY c 0.36 0.27 —0.454+0.01 —9.86 +0.02 5
FIELDGALAXY (z < 0.06) c 0.35 0.26 —0.424+0.06 —9.94£0.03 5
FIELDGALAXY (z > 0.06) c 0.36 0.27 —0.45+0.01 —9.85+0.02 Bl
GROUPGALAXY u 0.77 0.57 —0.74 £0.04 —10.44+£0.02 o
GROUPGALAXY c 0.59 0.44 —0.43+£0.03 —9.99 £ 0.02 g

Power law fits of the form log(¢«) = A + « - (log(My) — 10) to the ¥« — M, relations for different samples of spiral galaxies.
The column (un)corrected signifies whether attenuation corrections have been applied (c) or not (u). Scatter is calculated as

detailed in section

The uncertainties reflect the formal uncertainties of the fit.

“ The weighted mean interquartile range is converted to an equivalent 1-o scatter under the assumption of a Gaussian distri-

bution.

from statistically different parent samples (p = 0.52).

Overall, these results imply that, as expected, the
galaxy samples suffer from a mild bias towards blue,
star-forming galaxies below M, = 109°M,, with a
systematic upward bias of < 0.06dex in the median
sSFR. of these objects, but that above this mass the
samples are indeed complete and volume limited.

5.2. The .—M, relation for Spiral galazies vs. the
Main Sequence of Star-forming Galazies

The 9,—M, relation for spiral /disk-dominated galaxies
considered here is closely related to the well established
so-called main sequence of star-forming galaxies (SFMS)
(e.g. Noeske et al.[[2007; [Peng et al|[2010; Whitaker et al.
2012)). As shown by Wuyts et al. (2011)), out to z ~ 2.5
the locus of star forming galaxies in the SFR—M, plane,
commonly referred to as the SFMS, is dominated by
galaxies whose light profiles can be well described by an
exponential disk with a Sérsic index of ~ 1. As such,
as the majority of our spiral galaxies are star forming
(albeit that we observe a non-negligible population of
quiescent spirals), the ¥,—M, relation for spiral galaxies
is likely to form the dominant backbone of the SFMS,
at least in the local universe. In turn, this implies that
the ¢,—M, relation for spirals, which may arguably
be more constrained in terms of the physical drivers
(Grootes et al.||2014), may be used to gain insight into
the physical drivers of the SFMS. Here we briefly touch
on two such uses.

5.2.1. Redshift Evolution

In our above consideration of the Malmquist bias
affecting our sample we have spilt the FIELDGALAXY
sample into two redshift ranges (0 < z < 0.06
& 0.06 < z < 0.13). For the stellar mass range
M, > 109°M, i.e. not affected by the Malmquist bias,
we have found the normalization of the relation to shift
by ~ 0.1dex while the slopes of the power law fits in
both redshift ranges agree within uncertainties. This
shift can be attributed to a real evolution of the ¥,—M,
relation over this small redshift baseline. Comparing
these results with the recently published fit of the red-
shift evolution of the SFMS provided by (Speagle et al.
2014), we find the shift of ~ 0.1dex to be in line with
the evolution predicted for the SFMS over this redshift

baselind®®l  As the evolution over the small redshift
baseline for the isolated central spirals of our sample can
only readily be attributed to a smooth evolution of the
available amount of fuel for star formation, this lends
support to the idea (e.g. [Keres et al.[[2005; [Davé et al.
2011; |Lilly et al.|2013; [Saintonge et al./[2013]) that the
smooth evolution of the SFMS over much longer redshift
baselines, as observed by |Speagle et al.| is also driven
by gas supply processes. In this context we will consider
the gas-fuelling of central spiral galaxies in more detail
in a subsequent paper in this series.

5.2.2. Impact of Galaxy Morphology on the SFMS

Over the last decade, the main sequence of star-
forming galaxies has generally been considered to be
well described by a single power law with a fixed slope
and a normalization evolving with redshift (Noeske
et al.|2007; Peng et al.[[2010). However, more recently,
a number of authors have found that at the high stellar
mass end, the slope of the SFMS appears to flatten
(Karim et al.| |2011; |Whitaker et al.||2012; [Schreiber
et al.|[2015; |Lee et al||2015; |Erfanianfar et al.|2016).
This break, located at M, > 10'Y — 1019 is generally
attributed to the increasing contribution of a passive
bulge component to the stellar mass of a galaxy (e.g.
Schreiber et al.|[2015; [Lee et al.||2015; [Erfanianfar et al.
2016)), in line with the findings of Wuyts et al.| (2011)).

As shown above, the v,—M, relation for our
FIELDGALAXY sample, consisting of a morphologi-
cally selected pure sample of disk dominated systems,
shows no indication of a break over its entire stellar
mass range of 109Mg — 101 My. As we will show in
section [0] this is also the case for the .M, relation
of the GROUPGALAXY sample, with both findings being
consistent with previous work on the ,—M, relation of
spiral galaxies (Grootes et al.[2014). As a result, we thus
conclude that our findings supply strong evidence that
the observed break in the SFMS can be attributed to
more bulge-dominated galaxies entering/dominating the
sample at higher stellar mass. In essence the occurrence
of the break is then linked to bulges and disks differing
in the amount of star formation they can support per
unit stellar mass, which may potentially be linked to
their different kinematics as argued in |Grootes et al.

38 For comparison purposes, we have used the median redshift of
the galaxy population in the high stellar mass local and distant bins
which are z = 0.05 and z = 0.1, respectively. We then calculate
the expected shift using Eq. 28 of |Speagle et al.| (2014).
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Figure 8. 1. as a function of M, for the FIELDGALAXY sample,
before (middle) and after (top) application of attenuation correc-
tions. The median of the distribution in bins of 0.25dex in M is
shown as a solid line with the errorbars and the light gray shaded
region indicating the interquartile range and the uncertainty in
the median (estimated by bootstrapping) shown as a gray shaded
region. Median measurement uncertainties are shown at bottom
left. The red dashed lines indicate single power law fits to the
binwise median values of 9, in the range of M, > 1095Mg. The
5% most inclined galaxies are denoted by stars. A comparison of
the corrected and uncorrected sSFR of these galaxies shows that a
significant fraction of red galaxies actually have normal sSFR. For
ease of comparison the bottom panel shows both the corrected and
uncorrected median relations, as well as the corresponding fitted
power laws. The corrected and uncorrected FIELDGALAXY «—M
relations, including interquartile range and uncertainty of the me-
dian, are available online as 'data behind the figure’.

(2014). We will return to this question in the context
of a more detailed analysis of the SFMS, decomposed
by morphology, in an upcoming paper (Davies et al., in
prep.)

6. THE SSFR - M, RELATION FOR SPIRAL GALAXIES IN
THE GROUP ENVIRONMENT

For the GROUPGALAXY sample we derive the median
. — M, relation in exactly the same manner as used for
the FIELDGALAXY sample. This is illustrated in Fig.
where we plot the relation for the GROUPGALAXY sample
before (top panel) and after (middle panel) applying
attenuation corrections, using the same binning in
stellar mass M, as for the FIELDGALAXY sample shown
in Fig. In both cases the scatter in the relation is
larger than that for the field sample. This may result
from a larger intrinsic scatter in the relation or be

Pt Total Field Sample 1

r z<0.06 Field Sample 1

r z>0.06 Field Sample

-9.5 r ]

é‘ 10 0: ]

= [ . ]

kel r N

-10.51- 7

-11.0L . . . \ ]
9.0 9.5 10.0 10.5 11.0

log(M./My)

Figure 9. . as a function of M, for the FIELDGALAXY sample
(gray), and the local (blue) and distant (red) subsamples. The
median of the distribution in bins of 0.25dex in M, is shown as
a solid line with the shaded region indicating the bootstrapped
uncertainty in the median. The power law fits tabulated in Table|z|
are plotted as black dashed lines.

due to differential effects of the environment on the
dust content of and hence attenuation of emission from
galaxies. However, as we show in Appendix[B] the latter
explanation appears unlikely, so we attribute the finding
to a true increase in the scatter of the SFR of spiral/disk
galaxies at fixed M, in the group environment.

As for the FIELDGALAXY sample, we find that the
attenuation corrected v,—M, relation of the GROUP-
GALAXY sample can be, to first order, well described by
a power law 1, oc M, . The results of this fit are listed
in Table 2] After applying attenuation corrections we
find a value of v = —0.43 £ 0.03 over the full range in
M, considered, with a scatter of 0.59 dex interquartil
(see Table [2)). Thus, the slope of the relation is close to
that found for the FIELDGALAXY sample, although the
scatter is twice as large, indicative of an influence of the
group environment on the sSFR, of group member spiral
galaxies.

A comparison of our results for the power law fits
to the ¢, — M, relation of the FIELDGALAXY and
GROUPGALAXY samples, as listed in table with the
power law fit by [Grootes et al| (2014) to the .M.,
relation of a morphologically selected sample of galaxies
analogous to ours but without distinction between
group and field galaxies (v = —0.5 £ 0.12) finds them
to be consistent. The slopes of the fits agree within
the uncertainties, and while |Grootes et al| (2014) find
a scatter of 0.43 dex inter-quartile rather than 0.35 dex
as for the FIELDGALAXY sample, as we find ~ 22% of
spiral galaxies of a given stellar mass M, are not in the
FIELDGALAXY sample, this is entirely consistent with
the expected contribution to the scatter arising from
grouped spiral galaxies.

For the purposes of considering the influence of the
group environment on the SFR of spiral/disk galaxies,
a rigid stellar mass binning such as hitherto employed
may blunt the sensitivity of the analysis to differential
effects as a function of stellar mass, in particular if
the binning is relatively coarse (due to small sample
sizes). For this reason, in the rest of the paper, we

39 The scatter has been determined as for the FIELDGALAXY sam-
ple relation.
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Figure 10. . as a function of M, for the GROUPGALAXY sample,
before (middle) and after (top) application of attenuation correc-
tions. The median of the distribution in bins of 0.25dex in M, is
shown as a red solid line with the errorbars indicating the interquar-
tile range and the bootstrapped uncertainty in the median shown as
a shaded region. For comparison the average measurement uncer-
tainties (1-o0) for an average galaxy are shown at bottom left.The
relation for the FIELDGALAXY sample is over-plotted for comparison.
Dark green dashed lines indicate single power law fits to the binwise
median values of 1. for the GROUPGALAXY sample in the range of
M, > 10%5Mg. As in Fig. the 5% most inclined galaxies are de-
noted by stars, demonstrating that also in the group environment
a significant fraction of apparently red low sSFR galaxies actually
have normal sSFR. The bottom panel shows the median ¥, — M,
relation for the GROUPGALAXY sample determined in a sliding top
hat bin containing 40 galaxies. The resulting median relation is
shown as a solid red line, with the uncertainty on the median and
the interquartile range shown as dark, respectively light, shaded
regions. The 1), — M, relation from Fig.[§]is over-plotted, as is the
power law fit to the attenuation corrected GROUPGALAXY sample
from the top panel (see also Table[2] The stellar mass limit above
which the tophat bins can be considered mass complete is shown
as a vertical red dash-dotted line. The ¥«—M, relations for the
FIELDGALAXY and GROUPGALAXY samples, including interquartile
ranges and uncertainties of the median (both for fixed and tophat
binning), are available online as ’data behind the figure’.

have chosen to adopt a slightly different approach to
identifying the median v, — M, relation for our samples
of group galaxies. Rather than using a fixed binning
in stellar mass, we make use of a sliding tophat bin
containing 40 galaxies, and determine the median and
quartiles of the sSFR %, in this bin, plotting the derived
values against the median stellar mass of the galaxies
in the bin. The choice of 40 galaxies is dictated by
the need for the span in mass to be small enough for
the systematic shift of ¢, arising from gradients in the
source density of the sample as a function of stellar
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GROUPGALAXY sample
CPGALAXY sample
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Figure 11. 1. as a function of M, for the FIELDGALAXY sample
(grey), the GROUPGALAXY sample (red), and the CPGALAXY sample
blue. For the GROUPGALAXY and CPGALAXY samples, the median
value of ¥ in a sliding tophat bin containing 40 galaxies is shown
as a solid line. The wider shaded area indicates the bootstrapped
uncertainty on the median. For the FIELDGALAXY sample the re-
lation is shown in bins of equal size in M, as in Fig. [§] with the
shaded area again corresponding to the uncertainty in the median.
The stellar mass limit above which the samples can be considered
mass complete (M, = 10%°Mg) is indicated by a dotted gray
line. Colored dash-dotted lines indicate the stellar mass above
which the galaxies in the moving tophat bins are all above the
mass completeness limit. The galaxies in the MERGER sample have
been over-plotted as dark green stars. The .—M, relations for
the FIELDGALAXY,GROUPGALAXY, and CPGALAXY samples, includ-
ing uncertainties of the median, are available online as ’data behind
the figure’.

mass to be small over the extent stellar mass sampled
by the bin. The result of this approach is shown in
the bottom panel of Fig. where the median is
shown as a solid red line, and the uncertainty on the
median and the interquartile range are depicted as dark
and light shaded regions, respectively. Its advantages
are immediately apparent, as the undulation of the
binned ,—M, relation around the power law fit for the
attenuation corrected GROUPGALAXY sample seen in the
top panel of Fig. is revealed as most likely arising
from statistical fluctuations.

6.1. Comparison with the FIELDGALAXY sample

In order to quantify the effect of the group envi-
ronment on the star formation of spiral/disk galaxies,
we begin by comparing the median ¥,—M, relation
of the GROUPGALAXY and FIELDGALAXY samples as
shown in Fig. (see also Fig. . The median ,—M,
relation for the GROUPGALAXY sample in a sliding
tophat bin of 40 galaxies in width is shown in red,
with the uncertainty on the median indicated by the
shaded area, while the reference relation defined by the
FIELDGALAXY sample is shown in black/gray. Although
the scatter is large, it is apparent that the median
relation of the GROUPGALAXY sample is suppressed
with respect to the reference relation for galaxies
with stellar mass M, > 10%7My. This suppression,
while only mild (0.1 — 0.2dex), is quite marked with
no readily discernible dependence on galaxy stellar mass.

Although the median represents a statistically robust
characteristic of a sample, very different distributions
may result in the same median value. Therefore, to com-
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plement our consideration of the median ,—M, relation
which collapses the range of ¥, for a narrow bin of stellar
mass M,, we also consider the full distribution of ¢, in
two disjoint ranges of M, separated at M, = 10%M.
Specifically, we investigate the effect of the group en-
vironment on the sSFR of spiral galaxies by consider-
ing the offset of a galaxy’s sSFR v, from the median
value found for galaxies of comparable stellar mass in
the FIELDGALAXY sample, defined as

Alogth, = log(¥«) — log(vs fiera (M=) , (3)

where 1, fe1a (M) is the median value of 9, for a field
galaxy of mass M,. . fea(M,) as used in Eq. |3| has
been defined as a piecewise continuous function obtained
by the linear interpolation of the binned median values
of 1, as shown in Fig.

Fig. shows the distributions of Alog(¢.) for the
FIELDGALAXY (top), GROUPGALAXY (middle), and
CPGALAXY (bottom) samples in the low (left) and
high (right) stellar mass range. For the FIELDGALAXY
sample, we find that the distribution is strongly peaked
around its median in both stellar mass ranges, with a
small asymmetrical tail extending to values of Alogw.,
corresponding to very low sSFR. This tail is more pop-
ulous in the higher stellar mass range (M, > 101°M),
encompassing 18% of the sample in this range of M,
compared to 7% in the low stellar mass range, in
agreement with Fig.

Similarly to the FIELDGALAXY sample, the distribu-
tion of Alog(#,) for the GROUPGALAXY sample displays
a pronounced peak in both ranges of stellar mass,
coinciding with that of the FIELDGALAXY sample. How-
ever, the population of galaxies in the GROUPGALAXY
sample with very low values of Alogi,, i.e. strongly
suppressed sSFR with respect to the median of the
FIELDGALAXY sample, is significantly larger in both
stellar mass ranges, with 2> 20% of the population
with 109 < M, < 109‘5M@ having Alogy, < —0.5 in
comparison to 7% for the FIELDGALAXY sample, and
30% of the GROUPGALAXY having Alogy, < —0.5,
compared to 18% of the FIELDGALAXY sample in the
range M, > 10'°My. Thus, the small shift observable
in the median 1, — M, relation can be attributed to
an increase in the minority population of galaxies with
strongly suppressed sSFR.

A more rigorous quantitative statistical investigation
of of the similarity of the distributions of Alog(w.),
and thus, by extension, also of the significance of the
observed shift in v, — M,, is complicated by the fact
that the measurements of v, include upper limits at
the 2.50 level (NUV upper limits derived for the
GALEX-GAMA photometry) in addition to reliable
detections ﬂ Accordingly, in quantifying the (lack of)
similarity of the samples it is necessary to make use of a

40 Given that the distribution of the actual measurements of
sSFR of undetected objects is likely to follow a Poisson distribu-
tion, the inclusion of these data at the 2.5 0 upper limit level may
significantly alter the shape of the distribution (with this being of
increasing importance for samples with a potentially suppressed

Table 3
Comparison of the FIELDGALAXY, GROUPGALAXY, and
CPGALAXY samples

bl
>
Z o Z
=) = <
< —_
v = =
9 < o
jo] 0} [a)]
) 5 2
g O 3
log(M,) < 10 1. <10~° | <107?
GROUPGALAXY oM > 10 | 1L 0024 | <105
log(M,) <10 | <107° 1 0.87
CPGALAXY log(M,) > 10 | 0.024 1. <107°
log(M,) <10 | <107? 0.87 1.
FIELDGALAXY log(M*) S 10 < 10,5 S 10,5 1.

Significance (p) values of Peto tests performed between the
FIELDGALAXY, GROUPGALAXY, and CPGALAXY samples. For
each combination Peto tests have been performed in two dis-
joint bins of stellar mass spilt at M, = 10'9Mg (the low
stellar mass bin has been limited to the mass complete sam-
ple, i.e My > 10°°Mg.

non-parametric test capable of accounting for censoring
in the data. We have, therefore, adopted the generalized
Wilcoxon test as suggested by [Peto & Peto| (1972),
applied to the case of upper limitsby |Avni et al.| (e.g.
1980); [Pfleiderer & Krommidas| (e.g. [1982); |Feigelson
& Nelson (e.g. [1985), and available in the statistical
analysis package STSDA@ In the following we will refer
to this test simply as the Peto test. It should be noted
that any such test, by necessity, applies a weighting
scheme to the upper limits, making the test more or
less sensitive to different regions of the distribution, and
cannot recover the information discarded by the use of
upper limits.

Applying Peto tests to compare the distributions of
Alog(t),) for the FIELDGALAXY and GROUPGALAXY
samples supports our previous findings in the sense
that the distributions are found to differ significantly in
both stellar mass ranges (p < 107°). A summary of the
Peto tests comparing the distributions of Alog(v.) for
the FIELDGALAXY and GROUPGALAXY samples in both
stellar mass ranges is presented in Table

When comparing the distributions of Alog(¢,) in
wide bins of M, one must, in principle, also consider
the relative distributions of M, within the relevant bins.
However, as the differences in the relative weighting in
M, in each range of M, between the samples are small
and the offset in the median relation is largely uniform
over the full stellar mass range, the comparability of
the distributions of Alog(t).) for the FIELDGALAXY and
GROUPGALAXY samples is not strongly biased.

Finally, the main systematic uncertainty in the
absolute shifts in 1, found for the members of the
GROUPGALAXY sample is likely to be due to envi-
ronment dependent effects on the dust content and
distribution of spiral galaxies as discussed in Ap-
pendix However, shifts of the magnitude required

41 The STSDAS is a data analysis package based on the IRAF
environment and developed and maintained by the software divi-
sion of the Space Telescope Science Institute, Baltimore, Maryland,
USA.
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Figure 12. The distributions of Alog(ts) for the FIELDGALAXY,
GROUPGALAXY, and CPGALAXY samples in the low (left) and high

(right) stellar mass range, separated at M, = 1010Mg. For the
low mass range we only consider the range over which the sam-
ples can be deemed mass complete (10%-° Mg < M, < 10'°Mg) in
constructing the histograms.The distribution of upper limits is in-
dicated by the line-filled histograms. The distributions of Alog(tx)
of the FIELDGALAXY,GROUPGALAXY, and CPGALAXY samples in both
stellar mass ranges are available online as ’data behind the figure’.
to increase the population of galaxies with strongly
suppressed sSFR seem unlikely, as they would require
systematic changes in the dust surface density of the
spiral galaxies by factors of a few, compared to the
relation calibrated by |Grootes et al. (2013). This is
discussed further in Appendix [B]

In summary, we find that for the GROUPGALAXY
sample, i.e. spiral/disk galaxies in galaxy groups, the
median sSFR v, at a given stellar mass is suppressed
by only 0.1 — 0.2dex compared to similar objects in the
FIELDGALAXY sample. Furthermore, this shift is the
result of an increase in size of the minority population
of galaxies with strongly suppressed sSFR with respect
to the median of the FIELDGALAXY sample, while the
majority of galaxies in the GROUPGALAXY sample
have sSFR comparable to their FIELDGALAXY sample
counterparts.

6.2. SFR of Spiral Galazies in Close Pairs

While the members of close pairs of galaxies have been
excluded from the GROUPGALXAY sample for the
purposes of our main investigation we briefly consider
the CPGALAXY sample and the MERGER sample in terms
of its median v, — M, relation and distribution of

Alog(1),).as shown in Figs. [11{ & E

42 Even though strong perturbative galaxy-galaxy interactions
are likely to lead to morphological transformations, a subset of
these close pair and merger galaxies will still have a largely spi-

As expected (e.g. [Barton et al| |2000; Robotham
et al||2013; |Davies et al.|2015)), we find that the sSFR
of merging systems is, on average, enhanced, even
with respect to field spirals as shown by the green
stars in Fig. [[I] There seems to be little stellar mass
dependence of this enhancement over the range of
9.5 <log(M,./Mg) < 10.5. Above log(M,./Mg) = 10.5,
however, the sSFR of merging spirals appears to no
longer only be enhanced, with some galaxies also
showing a strongly suppressed sSFR with respect to
the FIELDGALAXY reference sample, resulting in a huge
spread in the sSFR of merging spiral galaxies at these
masses.

For spiral galaxies which are members of close pairs
of galaxies but not merging, we find that the median
1,—M, relation, shown in blue in Fig.[I]] is comparable
to the field reference relation, and may even be elevated
for galaxies with a stellar mass below ~ 10'°M,. Fig.
shows the distributions of Alog(v,) for the CPGALAXY
(blue) and FIELDGALAXY (black) samples in the low (left
column) and high (right column) stellar mass ranges.
Performing a Peto test comparing the distributions of
Alog(1.) of the CPGALAXY and FIELDGALAXY samples
in the low stellar mass range, one finds that the null
hypothesis is not rejected (p = 0.87; see Table. 3] for
the results of Peto tests comparing the CPGALAXY,
GROUPGALAXY, and FIELDGALAXY samples in both
ranges of stellar mass), however, a closer inspection
does find the relative weight of the tail of galaxies with
suppressed sSFR in the CPGALAXY sample to be greater
than for the FIELDGALAXY sample, albeit slightly less so
than for the GROUPGALAXY sample, as well as finding
the CPGALAXY sample to be more skewed towards high
values of Alogw,, i.e. increased sSFR, including a slight
shift in the position of the peak. In line with these
findings, we also find the distributions of Alog(w,) of
the CPGALAXY sample and the GROUPGALAXY sample
to differ significantly (p < 107%) in the low stellar mass
range.

In the high stellar mass range we find the distribution
of Alog(v,) for the CPGALAXY to be peaked at the
position of the peak of the FIELDGALAXY sample.
However, in this mass range, the population of galaxies
with strongly suppressed sSFR in the CPGALAXY sample
is fully comparable to that of the GROUPGALAXY
sample. Nevertheless, the CPGALAXY sample is slightly
skewed towards increased sSFR with respect to the
FIELDGALAXY sample. As a result, although the distri-
butions of Alogy, for both samples differ significantly
(p < 107°), the median 1, — M, relation, lying between
that of the GROUPGALAXY sample and the FIELDGALAXY
sample, as shown in Fig. [[T} is generally comparable to
the field reference relation. Regardless of the increased
similarity of the CPGALAXY and GROUPGALAXY samples
in the range of M, > 10°Mg, the distributions of
Alog(,) are found to differ significantly, as in the low
mass range, in summary retroactively justifying the

ral/disk structure. In so far as these are identified as spirals,
they have been treated analogously to the spiral galaxies in the
FIELDGALAXY and GROUPGALAXY samples. The attenuation correc-
tions and SFR estimates may, however, be less accurate for these
perturbed systems.
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exclusion of close pairs from our analysis.

Overall, we find that merging activity has a strong
affect on the sSFR of spiral/disk galaxies, leading
to a significant enhancement of the sSFR in spiral
galaxies with M, < 1095M, and to a very large
scatter above this mass. This effect is markedly stronger
than any more general environmental impact. The
sSFR of galaxies in close pairs appears to be only
marginally affected by the fact of having a neighbor
in the direct vicinity. However, for the adopted def-
inition of a close pair (a neighbor within 50kpch~!
projected distance and 1000 kms™!), it is likely that a
large fraction of the close pairs identified in this man-
ner are by no means interacting, diluting possible effects.

7. SPIRAL GALAXIES IN THE GROUP ENVIRONMENT:
CENTRALS AND SATELLITES

Hitherto we have considered the GROUPGALAXY
sample as a whole, i.e. we have considered all
spiral/disk-dominated galaxies in galaxy groups, re-
gardless of their being a satellite galaxy in the group,
or of being the central galaxy of the group. However,
as mentioned in the introduction, this distinction may
be fundamental to the ability of galaxies to accrete
gas and fuel on-going star-formation. In the following,
we therefore separate the GROUPGALAXY sample into
central and satellite spiral group galaxies as described
in Section

7.1. Group Central Spiral Galazies

Using the ., — M, relation of the FIELDGALAXY
sample, i.e. largely isolated central spiral galaxies,
as a reference, we consider the impact of the group
environment on the star formation, respectively the
V. — M, relation, of group central spiral galaxies. As
shown in Fig. the sample of group central spiral
galaxies is skewed toward high mass galaxies, as ex-
pected given the nature of these objects as the central
galaxy of a group encompassing at least three galaxies
with M, > 109'5M@. In terms of the median v, — M,
relation, however, that of the group centrals is very close
to that of our reference sample over the full mutual range
in M,, as shown in red in Fig. Nevertheless, there
is a hint that the slope in the relation may be slightly
steeper for group central spiral galaxies than for the
FIELDGALAXY sample, with galaxies at M, ~ 10'04M
having slightly higher median sSFR than the reference
relation, while those with M, > 10! appear to have a
minimally suppressed median value of ..

Considering the distributions of Alog(w,) (shown
in red in Fig. for the low and high stellar mass
ranges, respectively), the centrals strongly resemble the
FIELDGALAXY sample, with a pronounced peak at the
position of the peak of the FIELDGALAXY sample and a
negligible tail of galaxies with strongly suppressed sSFR
with respect to the median relation of the FIELDGALAXY
sample (13% in the stellar mass range M, > 10'°M).
As a total of four central spiral galaxies have masses
below M, = 10'°M; we ignore the low stellar mass
range in our comparisons. As summarized in Table [4]

the null hypothesis that the distributions of Alog(t,) for
the group central spiral galaxies and the FIELDGALAXY
sample in the mass range M, > 101°M, are statistically
similar cannot be discarded.

In summary, our analysis finds that the sSFR of
group central spiral galaxies is comparable to that of
largely isolated field central spiral galaxies matched in
stellar mass, with almost no evidence of any influence
of the group environment on the sSFR of central spiral
galaxies. We will return to this result and our findings
on the evolution of the ¢, — M, relation of the central
spiral galaxies of the FIELDGALAXY sample in a subse-
quent paper in this series considering the gas-fuelling of
central spiral galaxies. In this paper, we will continue
by focussing on the star formation and gas-fuelling of
satellite spiral galaxies.

7.2. Group Satellite Spiral Galazies

Given the expected differences in the physical cir-
cumstances of central spiral galaxies (in general) and
satellite spiral galaxies vis a vis their ability to accrete
gas, we consider the ¢, — M, for satellite spiral/disk-
dominated galaxies, contrasting it with our reference
relation defined by the FIELDGALAXY sample. As
shown in Fig. the median v, — M, relation for
satellite spiral galaxies (shown in blue) is suppressed
with respect to the reference relation over the full
range in stellar mass. The suppression of the median
is found to be moderate, increasing very mildly from
~ 0.1 — 0.2dex for M, < 10%™ Mg, to ~ 0.2 — 0.3 dex at
a given M, for M, > 10'9Mg. Overall, the offset of the
Y. — M, relation for satellite spiral galaxies from the
FIELDGALAXY sample reference relation appears to be
largely independent of stellar mass, albeit possibly with
a very weak dependence in the sense that the offset is
smaller at lower stellar mass.

Considering the distributions of Alog(v.) for the
satellites (blue) with M, < 10°My (left column),
respectively M, > 10'°Mg (right column) as shown in
Fig. and comparing with the distributions of the
FIELDGALAXY sample (black) shown in the same figure,
one finds that the satellites’ distributions show a strong
peak at the position of the peak in the FIELDGALAXY
sample distribution. However, the population of galaxies
with strongly suppressed sSFR is larger in the satel-
lite sample (in both stellar mass ranges) than in the
FIELDGALAXY sample. In the low stellar mass bin,
18% of the satellite galaxies have Alog(y,) < —0.5,
compared to 7% for the FIELDGALAXY sample, while the
difference in the distributions is even more pronounced
in the high stellar mass range, with 32% of the satellites
having Alog(¢,) < —0.5, compared to 18% for the
FIELDGALAXY sample. This is mirrored in the results
of Peto tests comparing the distributions (the results
of Peto tests comparing the distributions of satellites,
centrals, and the FIELDGALAXY sample are summarized
in Table , which find them to differ significantly in
both ranges of M*E

43 As for the FIELDGALAXY and GROUPGALAXY samples, the lack
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Table 4
Comparison of Satellites, Centrals, and the FIELDGALAXY
Sample
i) 3}
< h=t @)
[} < —
O 0 =
Tog(M,) < 10 1 0.18 0.69
Centrals ) (M) > 10 1. <10~° | 0.19
. log(M,) <10 | 0.18 1. <10~°
Satellites 1 C(ML) > 10 | < 1075 1. <105
log(M,) <10 | 069 | <107° 1.
FIELD log(M,)>10 | 0.19 | <107° 1.

Significance (p) values of Peto tests performed between
the central and satellite galaxy sub-samples of the GROUP-
GALAXY samples and the reference FIELDGALAXY sample.
For each combination Peto tests have been performed in
two disjoint bins of stellar mass spilt at M, = 1019Mg,.
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Figure 13. 1. as a function of M, for the FIELDGALAXY sample
(grey), the satellite galaxies in the GROUPGALAXY sample (blue),
and the central galaxies in the GROUPGALAXY sample (red). For
the satellite and central galaxies in the GROUPGALAXY sample the
solid line shows the median value in a sliding tophat bin containing
40, respectively 25, galaxies . The wider shaded area indicates
the uncertainty on the median. For the FIELDGALAXY sample the
relation is shown in bins of equal size in My as in Fig. @ with the
shaded area again corresponding to the uncertainty in the median.
The stellar mass limit above which the samples can be considered
mass complete (M. = 10°°Mg) is indicated by a dotted gray
line. Colored dash-dotted lines indicate the stellar mass above
which the galaxies in the moving tophat bins are all above the mass
completeness limit. The .—M, relations for the FIELDGALAXY
sample as well as for the central and satellite subsamples of the
GROUPGALAXY sample, including uncertainties of the median, are
available online as ’data behind the figure’.

Overall, we find the majority (= 70%) of satellite
spiral galaxies to be forming stars at a rate comparable
to their counterparts in the FIELDGALAXY sample. The
mild suppression of the median .—M, relation for these
group satellite spiral galaxies can be attributed to a
minority population (< 30%) of galaxies with strongly
suppressed sSFR with respect to the FIELDGALAXY
reference.

of stellar mass dependence of the offset of the median ¥.—M, for
satellite galaxies, combined with the similarity of the relative dis-
tributions of M, within the broad mass ranges considered lends
confidence in the comparability of the distributions of Alog(tx)
for the FIELDGALAXY and satellite spiral samples.
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Figure 14. Histograms of the distribution of Alog(t)s) for field,
satellite, and central spiral galaxies with M, < 101° Mg (left) and
M, > 1019 Mg (right) respectively. The distribution of upper lim-
its is indicated by the line-filled histograms. The distributions of
Alog(1)«) for the FIELDGALAXY sample as well as for the central
and satellite subsamples of the GROUPGALAXY sample are available
online as ’data behind the figure’.

8. STAR-FORMATION AND STAR-FORMATION
HISTORIES OF SATELLITE SPIRAL GALAXIES

In the previous section we have shown that the vast
majority of satellite spiral/disk galaxies display sSFR
comparable to those of their field counterparts, with the
observed moderate suppression of the median v, — M,
relation for group satellite spiral galaxies being caused
by a minority of galaxies with strongly suppressed sSFR,
as shown in Fig. [[4 Thus, it appears that while the
group environment in terms of galaxy—ITHM interactions
has a strong impact on a minority of satellite spiral/disk
galaxies, the majority population remains unaffected
and behaves nigh identically to their central counter-
parts in the field.

This observed similarity between the sSFR of satellite
and field central spiral galaxies is highly surprising, since,
as outlined in Sect. [1} satellite galaxies are expected to
be largely unable to accrete gasto resupply/fuel star for-
mation activity, while field central galaxies are thought
to experience on-going gas-fuelling. This is exacerbated
by the fact that, as shown in Fig. 5] the spiral fraction
as a function of stellar mass for satellite galaxies has
only decreased by 30-40% with respect to galaxies in
the field, and accordingly a substantial fraction of spiral
satellites have likely resided in the group environment
as satellite galaxies for several Gyr. As the majority
of the spiral satellite galaxies (= 70%) display sSFR
comparable to that of their field counterparts, it seems
inevitable that a substantial fraction of these actively
star forming spiral satellites have resided in the group
environment for an extended period. The question one
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has to consider is thus whether gas-fuelling is on-going
for group satellite spiral galaxies.

As a first step to answering this question we consider
the gas exhaustion timescales for spiral galaxies with stel-
lar masses in the range of 9.5 < log(M./Mg) < 10 and
10 < log(M./Mg), respectively. We cannot do this di-
rectly for the GAMA sample as measurements of the gas
masses are not available, however, we can make use of
the relation between stellar mass and gas mass for late-
type galaxies compiled by [Peeples et al.|(2014]) and the
1. — M, relation for the FIELDGALAXY sample presented
in Fig. [8to obtain a conservative estimate of the exhaus-
tion timescales

Texhaust — Mgas/SFR . (4)

Adopting this approach, one finds values of 2.8 Gyr and
2.7Gyr for the mass ranges 9.5 < log(M,/My) < 10
and 10 < log(M./Mgy), respectivelyiz_zl Although quite
substantial, these timescales represent the timescale on
which all gas (atomic and molecular hydrogen) of the
galaxy has been consumed by star formation alone, also
ignoring any potential outflows of gas from the galaxy
which may considerably reduce the actual exhaustion
timescale (see also McGee et al.|[2014)). Thus, it seems
difficult to explain the lack of a large shift in the star
formation activity of the majority of the satellite spiral
galaxies simply in terms of the depletion of the gas
reservoir (even if these were to be retained in a form
comparable to the largely non-grouped galaxies in the
sample of [Peeples et al. [2014). Nevertheless, these
exhaustion timescales of ~ 3 Gyr are not really decisive,
as they are only comparable to the expected time spent
as a satellite by the galaxies considered.

To approach the question in a more quantitative
manner, we therefore consider a number of simple pa-
rameterized star formation histories (SFH) for galaxies
in the group environment which can be readily related
to their gas-cycle (see section E[) and have been chosen
to bracket the range of plausible SFH for these objects.
These SFH are schematically illustrated in Fig. For
the SFH in these models we predict the distributions of
Alog(1),) and compare these with our empirical results.
This approach enables us to identify the SFH elements
most applicable to our data, and to subsequently (see
Section interpret our results in the physical context
of the gas-cycle of galaxies, including quantitative esti-
mates of the in- & outflows of gas to and from the galaxy.

Full details of our modelling procedure are provided
in Appendix [C] In brief, however, we proceed by
creating samples of galaxies infalling into groups and
becoming satellites which we evolve forwards in time to
observation at z = 0.1 following the parameterized SFH
of our models. This approach requires knowledge of the
time a galaxy has been a satellite, i.e the infall time, as
well as of the stellar mass and SFR at the time of infall,
and we have, as far as possible, adopted an empirically
driven approach to determining these quantities. In

44 We have used stellar mass values corresponding to the median
stellar mass in each range; M, = 10973 Mg and M. = 10193 M),
respectively.

creating our samples of infalling galaxies we Monte
Carlo sample the z ~ 0.1 FIELDGALAXY sample
distributions of stellar mass and SFR (in bins of M)
and evolve the galaxy back to its infall time following
the empirical parameterization of the SFMS presented
by |Speagle et al.| (2014)). An empirical determination
of the infall time distribution, however, is not possible.
Therefore, in determining the distribution of infall
times for our model samples we have made use of the
distribution of infall times found for satellite galaxies in
the mock GAMA-survey light-cones produced using the
Millennium dark matter simulation (Springel et al.|2005)
and the GALFORM semi-analytic galaxy formation
model (Bower et al.[2006; Merson et al.|[2013)).

As shown in Fig. the spiral fraction of satellite
galaxies is 30-40% lower than that of the FIELDGALAXY
sample, and on average we find a satellite spiral fraction
of 30%. The observed decrease in spiral/disk fraction is
often linked to the more frequent occurrence of galaxy-
galaxy interactions in the group environment, which can
morphologically transform disk(-dominated) galaxies to
more bulge-dominated systems. However, quenching of
star-formation in spiral (satellite) galaxies may also give
rise to an apparent morphological transformation even
without any galaxy-galaxy interaction, as a result of
different degrees of fading for the largely passive bulge
and the (previously) star forming disk, and may lead
to disk systems no longer being identified as such (e.g.
Carollo et al||2016). Although the selection method
of |Grootes et al.| (2014)) is designed to allow quenched
systems to enter the selection and we expect the
impact of fading to be limited as previously discussed
in Section [f.2] we have nevertheless adopted a very
conservative approach to account for this possibility, i.e.
in drawing infall times from the distribution found in
the mock GAMA-lightcones for our modelling purposes
we assume that the spiral group member satellites
correspond to the 30% youngest group members and
draw only from the corresponding fraction of the infall
time distributio A full discussion of the modelling is
provided in Appendix [C}

8.1. Omne-Parameter Models
8.1.1. The ’Infall-Quenching’ Model

The simplest model is the ’infall-quenching’ model
shown in Fig. In this model, the star formation rate
of a galaxy declines exponentially on a timescale Tquench
upon the galaxy becoming a satellite at tingan, i-€.

SFR(t) = SFR(tingay e~ (! tinfai)/ Tavencn (5)

The predicted distributions of the present day star
formation of group satellite spiral/disk galaxies for this
model in the stellar mass ranges log(M,./Mg) > 10 and
9.5 < log(M,/Mg) < 10 are shown in the top left panel
of Figs. [16] & [I7] respectively, overlaid on the observed
distribution in that mass range. In order to simplify the
characterization of the distribution of Alog(v.) we make

45 This approach is conservative in the sense that it places the
smallest requirements on the gas reservoirs of the satellite spiral
galaxies.
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use of three robust characteristics , the first quartile,
the median, and the third quartile. For the observed
distributions each of these is over-plotted. The bottom
left panels of Figs. [16] & [I7] show the locations of three
characteristics of the Alog(v.) distribution as a function
of Tquench for the mass ranges log(M,/Mg) > 10 and
9.5 < log(M,/Mg) < 10, respectively. It is immediately
apparent that the infall-quenching model is incapable
of simultaneously reproducing the locations of the
characteristics of the distribution. Furthermore, the
shape of the full distribution obtained for the value
of best reproducing the median is very different from
that of the data. In particular, the peak of the model
distribution is shifted towards lower values of Alog(w.),
while displaying a smaller dispersion than the observed
distribution.

8.1.2. The Stochastic Quenching Model

In the second one parameter model, referred to as the
‘stochastic-quenching’ model, a galaxy becoming a satel-
lite at time tjpe continues to form stars as if it were
still a field (central) galaxy. However, with a probability
per unit time Pyyench, the star formation of the galaxy
is instantaneously completely shut off at a time tquench
with tquench > tinfall, and the galaxy remains dormant
thereafter, i.e.

SFRfe1a(t)

SFR(t) = {0 07 ¢ < Lavench

(6)

t> tquench .

As for the ’infall-quenching’ model, the locations of
the second quartile, the median, and the third quartile
of the predicted distribution of Alog(.), here as a
function of Pyyench, are shown in Figs. [16] & For very
low values of Pyuench the stochastic model is nearly able
to reproduce the location of all three characteristics of
the distribution simultaneously. However, considering
the full predicted distribution, one finds that, while the
location of the main peak is correct, the ’stochastic-
quenching’ model gives rise to a far too large population
of galaxies with very strongly suppressed sSFR, and
lacks the moderately suppressed galaxies found in the
observational data.

In summary, neither of the one parameter models
considered is thus capable of satisfactorily reproducing
the observed distributions of Alog(w.).

8.2. Two-Parameter Models

The family of two parameters models depicted in
Fig. encompasses three models. Unlike for the one
parameter models, for two parameter models, the loca-
tions of the characteristics of the Alog(t).) distribution
can no longer easily be directly depicted as a function of
the parameter values. Instead, we consider the topology
of the expression

Agi(p1,p2) = |iobs — Gi,moa(P1,P2)] 5 (7)

where g; obs Tepresents the it" quartile of the observed
distribution of Alog(t.) and ¢; mod (p1, p2) represents the

i*™? quartile of the model distribution for the parameters
p1 and po. This is done separately for each characteristic,
and a parameter combination corresponding to a good
fit will simultaneously minimize the expressions for all
three characteristics.

In the following, to quantify the ability of a model to
simultaneously reproduce the characteristics of the ob-
served Alog(t),) distribution, we will consider the quan-
tity

Qi(p1,p2) = {gl — Agi(p1,p2)] - 0.373

otherwise

o )
for each characteristic and formulate a composite figure
of merit for the performance of the model as

Q(p1,p2) :HQi(th)» 9)

which can take values between 1, for a perfect recovery
of all characteristics, and 0, for strong a discrepancy
between model and observed distributions of Alog(i)
(even in only one characteristic).

Figs. & show the topologies of the three
characteristics (Ag;(p1,p2)), as well as the whole distri-
bution of Alog(v.) for the preferred values of p; and
po overlaid on the observed distribution, for each of
the models in the high and low stellar mass ranges,
respectively. Fig. shows the topology of the figure
of merit Q(p1,p2) for each model in both stellar mass
ranges, while the preferred parameter values, as well
as the attained values of Q(pi1,p2), are provided in
table[pl In the following, we will discuss all three models
individually.

8.2.1. The ’Delayed-Quenching’ Model

The first of the two parameter models shown in Fig.
is referred to as the ’delayed quenching’ model. In this
model a galaxy becoming a satellite at time tj,¢,) contin-
ues to form stars as if it were still a field (central) galaxy
for a fixed time tdelay until tquench = tinfanl + tdelay af-
ter which the SFR declines exponentially on a timescale
Tquench- 1hus, the functional form of the SFR is given

by

SFRge1a(?)
SFR(t) - ~(t—tquench)
SFRgela (tquench)e Tquench

fort < tquench

fort > tquench -
(10)

As shown in Fig. (left column) the three charac-
teristics of the distribution of Alog(t,) for the mass
range M, > 101°M,, (from top to bottom first quartile,
median, and third quartile) can each be reproduced
by a number of combinations of tgelay and Tquench-
However, the topology of the quantity €(Tquench; tdelay)
shown in the top left panel of Fig. shows that
only a very limited region of parameter space around
Tquench = 0.5 Gyr and tqelay = 2.5 Gyr provides a good
fit to all three characteristics simultaneously (Q = 0.83).

for Ag;(p1,p2) <0.3
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Figure 15. Schematic depictions of the parameterized SFH models (relative to a comparable field galaxy) considered, split into one and
two parameter families as shown. Each model name is shown on the plot above the depiction of its characteristic SFH. In all cases the
dashed vertical lines shows the infall time ¢j,¢a)1, i-€ the time at which the galaxy became a satellite for the first time, as well as the incidence
of a ’quenching event’, i.e either the complete shut off of star formation (stochastic quenching model, re-fuelling model) or the onset of a
gradual decline (the other three models).

Table 5
Summary of preferred model parameter values for 2 parameter models

) . Del. Q. Stoch. Del. Q. Refuel.
bnfall dist. M ranse tdelay [Gyr} Tquench [Gyr] Q Pquench [Gyr_l] Tquench [Gyr} Q Pquench [Gyr_l} Tfuel [Gyr] Q
con. M, < 10"9Mg 2.9 0.5 0.87 0.3 1.5 0.79 0.7 0.58 0.93
M, > 1010M@ 2.5 0.5 0.83 0.3 0.9 0.78 0.9 0.85 0.92
full M, < 100Mg 4.7 3.7 0.63 0.1 3.1 0.71 0.5 0.45 0.79
M, > 10"0Mg 4.9 1.5 0.75 0.1 1.5 0.84 0.98 0.5 0.92

preferred parameter values and associated figure of merit @ for the delayed quenching model (Del. Q.), the stochastic delayed quenching model
(Stoch. Del. Q.), and the refuelling model (Refuel.) in both disjoint ranges of stellar mass considered. Values are supplied for the conservative
infall time distribution (con; see Sect. |8} Appendix [C|and Fig. , as well as for the full distribution (full; see Sect. and Appendix .

Nevertheless, for this very narrow range of parameter Overall, the ’delayed quenching’ model provides a
space, the top panel of Fig. [I§| illustrates that these good approximation of the observed distribution over
parameters provide not only a good fit of the character- the full range in stellar mass. However, the ranges in
istics, but also of the distribution of Alog(v.) as a whole. ldelay and Tquench for which all three characteristics

can be reproduced are extremely narrow, with the
For the stellar mass range 109°M, < M, < 10'°M solution being largely trivial, as the preferred delay time
Fig. (bottom left panel) shows the parameter space corresponds to significant fraction (or even the whole)

conducive to a simultaneous recovery of all three of the satellite lifetime for a large fraction of the model
characteristics to be similarly limited as for the high group galaxies.

stellar mass range. For the low mass range, however,

the preferred parameter values are Tquench = 0.5 Gyr

and tgelay = 2.9 Gyr, i.e while the preferred quenching 8.2.2. The ’Stochastic Delayed Quenching’ Model

timescale is the same, the preferred delay time before

the onset of star formation quenching is slightly longer

than for high mass galaxies. As for the high stellar mass stochastic de.layed quenching 1o del, e xpands on .t.he
range, the preferred parameters provide a good fit to first by replacing the fixed delay time with a probability

e . per unit time Pguench that gradual quenching of the
the full Alog(y.) distribution. SFR of the galaxy begins; L.e. a galaxy becoming a

satellite at time tijran continues to form stars as if it

The second two parameter model, referred to as the
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Figure 16. Top: Observed distribution of Alog(ts) for the stellar mass range M. > 10'° Mg in gray with the first quartile, median,
and third quartiles the observed distribution indicated by a dashed, solid, and dashed-dotted vertical, respectively. The average Alog(v«)
distribution as obtained from 50 realizations of the infall-quenching model (right), respectively of the stochastic quenching model (left), is
shown in red. The red shaded regions correspond to range between the 16*" and 84" percentile in each bin in Alog(¢).) as found for the
50 realizations considered. The parameter value of the model depicted (chosen to best reproduce the position of the observed median) is
shown at top left. Bottom: Position of the first quartile, median and third quartile (from bottom to top) of the Alog(ts) distribution
of the model (infall-quenching left, stochastic quenching right) as a function of the model parameter in the mass range M. > 101°Mg in
red. The red shaded regions indicate the range between the 16" and 84" percentile at each trial value of the model parameter as found
from 50 realizations. The locations of the three characteristics of the observed distribution are over-plotted in gray, with the first quartile,
median and third quartile indicated by dashed, solid, and dashed-dotted lines, respectively.

were still a field (central) galaxy. However, with a
probability Pyuench, the SFR of the galaxy begins an
exponential decline on a decay timescale of Tquench. As
such, the functional form of the time dependence of the
SFR is identical to that given in Eq. with the dif-
ference lying in the stochastically determined delay time.

As shown in the middle panels of Fig. the pa-
rameter space conducive to a simultaneous recovery
of all three characteristics is very limited, with this
only being possible in the vicinity of Tquench = 0.9 Gyr
and Pyuench = 0.3 Gyr~! for the stellar mass range
M, > 10'%Mg, and for Tquemen = 1.5Gyr and

Pyuench = 0.3 Gyf1 in the low stellar mass range.
As shown in the top panels of Figs. [18] & these pa-
rameters not only recover the three characteristics, but
also the distribution of Alog(t).) as a whole. However,
the values of ) in both stellar mass ranges are lower than

those achieved by the delayed quenching model, indica-
tive of a poorer recovery of the distributions (see table|5)).

An important feature of the ’stochastic delayed
quenching” model, is highlighted by the second, third
and fourth panels from the top in Figs. &
Considering the distributions of Ag; for all three char-
acteristics shown in these panels, it is apparent that
the preferred solution becomes degenerate in Pguench for

Pyyench 2 1.5 Gyr_l. This results from the fact that at
and above this frequency nearly every modelled infalling
galaxy will experience a quenching event. Conversely,
at the preferred value of Pyyench =~ 0.3 Gyr_l, a sizeable
fraction (2 50%) of the infalling population does
not experience a quenching event. Overall, therefore,
although the stochastic delayed quenching model is
capable of closely reproducing the observed distributions
of Alog(t),), the solution is largely trivial.



26 Grootes et al.

infall quenching

Tquench=3'40 1 i

o

Y

(&)
T

rel. Frequency
o
=
T

0.05-

0.00L
-3
1F
0
= |
o -1
o r
<
_2;
_35\ L L L L

Tquench [Gyr]

Figure 17. As Fig. but for the stellar mass range 1095 Mgy < M.

8.2.3. The ’Re-fuelling’ Model

The final two parameter model is referred to simply as
the 're-fuelling’ model. In this model, a galaxy becom-
ing a satellite at time ¢;,g,; continues to form stars as
if it were still a field (central) galaxy. With a probabil-
ity per unit time Pyyench the SFR of the galaxy is in-
stantaneously completely shut off at a time tquench With
tinfall < Lquench , followed by an inversely exponential re-
covery to the level it would have had as a field galaxy on
a timescale Tgue1. Unlike the other models with a quench-
ing probability, where although the occurrence of the in-
stantaneous or gradual quenching was stochastic it could
only take place once, in the re-fuelling model we include
the possibility of multiple such events as illustrated in
Fig. i.e. this model explicitly includes a resuscitation
of previously quenched star formation, and the evolution
of the SFR is given by

SFRﬁeld(t)
SFRﬁeld(t)(l — €

_ (t*tquench,i)

SFR(t) = {
(11)

As shown in the right column of Fig. the re-
fuelling model can simultaneously reproduce the three

fort < tquench, 1

Tquench ) fort > tquench,ia

stochastic inst. quenching
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< 1019Mg.

characteristics of the Alog(t,) distribution for a wide
range of values for the parameters gyl and Pauench in
both the ranges of stellar mass considered. Furthermore
the re-fuelling model achieves values of ) higher than
the other two parameter models in both stellar mass
ranges (Q > 0.92, see table , indicative of a better
simultaneous recovery of the observed distribution of

Alog(t.).

For the high stellar mass range, the preferred parame-
ter values are Tryel = 0.85 Gyr and Pyuyench = 0.9 Gyrfl,
with these values also providing a good fit to the
distribution of Alog(t).) as a whole, as shown in the top
right panel of Fig. However, unlike for the other two
parameter models, there is a pronounced degeneracy
between the model parameters, with the models with
Truel = 1.9Gyr and Pyuench = 0.5 Gyr™', respectively
Truel = 0.3 Gyr and Pyuench = 2.1 Gyrfl, also performing
similarly well.

;. For the low stellar mass range the results are

qualitatively similar (as shown in Figs. & [19),
albeit with preferred values of 7, = 0.58 Gyr and
Puuench = 0.7Gyr™ . Overall, the re-fuelling model is
capable of closely reproducing the observed distributions
of Alog(¢,) for a wide range of parameter values,
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common to both ranges of stellar mass. Finally, it also
remains to be noted that the majority of these solutions
are non-trivial, as for the higher values of Pyyench the
majority of the model satellites experiences at least one
quenching and re-fuelling cycle.

In summary, we thus find that all three two parameter
models considered can reproduce the observed distri-
butions of Alog(t,), albeit that the re-fuelling model
performs best. Independent of the chosen SFH model
however, we find a prolonged (or indefinite) period of
star formation at the level of a comparable field galaxy
while already a satellite to be required in order to
recover the observed distributions.

9. IMPLICATIONS FOR THE GAS-FUELLING OF
SATELLITE SPIRAL GALAXIES

In the previous sections we have presented a detailed
empirical analysis of the star formation in satellite spi-
ral/disk galaxies considering the distributions of sSFR
and Alog(1,). Making use of simple models for the
star-formation histories (SFH) of satellite spiral galaxies
we have shown that the empirical distributions of
Alog(1,) favour SFH for satellite spirals with extended
periods of star formation at the level of comparable
field spiral galaxies and rapid quenching of star forma-
tion, respectively a rapid recovery of star formation.
In the following we will consider the implications of
these findings in the context of the gas-cycle of spiral
satellite galaxies and use them to broadly constrain the
gas-fuelling of these objects.We begin by outlining our
methodology, followed by a derivation of estimates for
the in- an outflows in the context of our model SFH.
Finaly, we discuss the implications of our results with
respect to the reservoirs form which gas-fuelling can
potentially be sourced.

9.1. Constraining the Gas-Cycle

To obtain broad quantitative constraints on the flows
of gas into and out of the ISM we will make use of the
equations describing the gas-cycle of galaxies. Here
we present an overview of our methodology, while a
full detailed derivation and discussion is supplied in

Appendix

In a general form, the ISM gas content of a galaxy, re-
spectively its time-dependent evolution, can be expressed
as

MISM = Min - Mout - (1 - Oé)(I)* ; (12)

where Mj, is the inflow rate of gas into the ISM of the
galaxy, Myt is the outflow rate of gas from the ISM of
the galaxy, @, is the current SFR, and « is a positive
constant less than unity which accounts for the recycling
of gas from high mass stars back into the ISM (as de-
tailed in appendix [C} a = 0.3 throughout). Assuming a
volumetric star formation law

&, = Mgy (13)

following [Krumbholz et al.| (2012), and that the outflow
rate can be re-expressed in terms of the ISM content and

a typical residence time 7,5 of a unit mass of gas in the
IS Eq. [12| can be written as

M
Mgy = Min TISM — (1 = a)kMism
. M,
= Min ISM — HMISM . (14)
Tres

As k = 1/Toxhaust; Where Toxhaust corresponds to the ex-
haustion timescale of the ISM in a closed box model,
Eq. [I4] can be reformulated and simplified as

Mism

7

Mgy = My, — (15)
using an effective timescale 7 = TiesTexhaust/(Tres +
Texhaust). For our analysis, we assume that &, respec-
tively Texhaust and Tres, is set by galaxy specific processes
alone, i.e. is independent of environment. As detailed
in Appendix this quantity has been individually
calibrated for both stellar mass ranges considered in
our analysis using the model of Popping et al.| (2014
and our median ,—M, relation for the FIELDGALAXY
sample.

For spiral galaxies in the field, the SFR is found to
evolve only very slowly with redshift and is thought to
be determined by a very gradually evolving self-regulated
balance between inflow, outflow, and consumption of
ISM via star formation (e.g.|Keres et al.[2005; Davé et al.
2011} |Lilly et al.|[2013; [Saintonge et al./[2013) such that
at any given time their SFR can be considered quasi-
constant. As we show in detail in Appendix this
quasi-steady state allows an estimate of the inflow rate
to be derived as

_ Mism  Ds

Min"“ = == 16
T KT (16)

given knowledge of the effective timescale 7 and the
SFRIZ_7| . As shown in Appendix the corresponding
outflow rate in the steady state can then be estimated
as
Mout :é_(l_a): Min

P, RT P,
where M;, is determined using Eq. This approx-
imation will hold as long as the rate at which the
inflow changes is small compared to the timescale 7.
As discussed in Appendi¥D| the deduced values for 7
are < 1Gyr, retroactively justifying our use of this
approximation.

-(1-a)), (17)

As the volumetric star formation law - Eq.[I3]- linearly
couples the SFR and ISM mass (at a given stellar mass),
in the following, we will proceed by identifying solutions
of Eq. [I5] which correspond to the parameterized SFH of
the models and directly interpret the preferred values of
the model parameters identified in section [8.2] in terms
of mass flows into and out of the ISM. Specifically,
we make use of the evolution of the SFR during the

46 we note that this formulation is equivalent to the widely used

mass-loading approximation for parameterizing outflows.
47 We note that the estimate of the inflow rate given by Eq.
represents a conservative estimate in our derived framework.
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mass range 109° Mg < M, < 10'°Mg. From left to right the columns shown the results for the delayed quenching model, the stochastic

delayed quenching model, and the refuelling model.

quenching, respectively the refuelling, phases of the two
parameter models to constrain 7, enabling us to use
Eq. to estimate the value of M;j, required during the
prolonged periods of star-formation activity comparable
to that of field galaxies observed for all these models.

At this point, we note that we will take the term
M;, to represent a pure inflow term, i.e. mass coming
into the ISM from outside of the volume of the galaxy
occupied by its stellar component. In reality, the ISM
of a galaxy will also be fuelled by the mass loss from
evolved intermediate and low mass stars (e.g. TP-AGB
stars) not included in the definition of k. For the Milky
Way bulge, where the mass return is dominated by
these evolved stars, studies find stellar mass normalized

mass return rates of O(101)yr=! (e.g. |Ojha et al.

2007). Comparing this to the sSFR of even the higher
stellar mass galaxies (i.e. those with a larger old stellar
component), one finds that the mass return rate which
must be considered is likely < 10% of the observed
sSFR. In the following, we have therefore chosen to
ignore this contribution, but will return to and justify
this choice later.

9.2. Estimates of In- and Outflows

In the following we present the results of applying the
approach to constraining the gas-cycle outlined above to
the two parameter model family. The estimated in- and
outflow rates for each model are listed in table

9.2.1. The Delayed Quenching Model

Inserting the SFH of the delayed quenching model into
Eq. [13] we find

Mism fera (t)
Mism (t) = ~(t—tquench)
MISM,ﬁeld (tquench)e Tquench

fort < tquench

fort > tquench
(18)

corresponding to the balance between inflow, outflow,
and consumption of the ISM via star formation - assumed
to be in place for field galaxies - being maintained upon
infall of a galaxy for the time fgelay until ¢ = tquench, fol-
lowed by an exponential decline of the ISM mass. Solving
Eq. [15] for this scenario, i.e. with the inflow being cut off
for ¢ > tquench (Min(t > tquench) = 0), we find a solution
of the form
*tq?cnch )

MISM (t > tquench) = MISM(t = tquench)e_( ’ .
(19)

With the balance between inflow, outflow, and consump-
tion of ISM being maintained as for a corresponding
field galaxy while tinfan < t < finfan, We can identify
Mism(t) = Misum fietd(t) VE € (tinfall, tquencn]. Comparing
Eqgs. [19 & [18] we can then immediately identify

T = Tquench - (20)

Inserting Eq. 20]into Eq.[I6 we can estimate the rate of
inflow from our observations. As previously, we consider
the stellar mass ranges 109°M, < M, < 101%Mg
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and M, > 1010M® separately. In this fashion, we
thus estimate an inflow rate of 4.46 (4.56) times
the SFR for the high (low) stellar mass range, and
find a corresponding outflow of 3.76 (3.86) times the
SFR. The estimated in- and outflows are listed in table[6l

9.2.2. The Stochastic Delayed Quenching Model

The basic functional form of the stochastic delayed
quenching model corresponds to that of the delayed
quenching model as discussed above, with the only
difference being that the fixed delay time tqelay is
replaced by a probability per unit time that quenching
occurs Pyyench. Accordingly we estimate the in and
outflows based on the preferred parameter values as for
the delayed quenching model, finding a required inflow
of 2.38 (1.46) times the SFR in high (low) stellar mass
range, and a corresponding outflow of 1.68 (0.76) times
the SFR as listed in table [6l

As previously discussed, for the stochastic delayed
quenching model we find the preferred solution for
each characteristic to become degenerate in Pyuench
for Pyuench 2 1.5 Gyr_l. As argued above, for the
preferred value of Pyyench = 0.3 Gyr~! (for both stellar
mass ranges) this implies that 2 50% of the infalling
population does not experience a quenching event, and
hence must continue to maintain the balance between
inflow, outflow and star formation at the level of a com-
parable field galaxy over their entire satellite lifetime.
In turn this enables us to interpret the preferred value
of Pyuench in terms of an effective requirement on the
duration of the extended period of star formation for
satellite galaxies in the group environment. Based on
the value of Pyyench = 0.3 Gyr~! and using the extremely
conservative distribution of infall times adopted in our
modelling, we find that 30% ( 20%, 10%) of the satellite
galaxies have resided in the group environment without
quenching for 2 2 Gyr (2 2.5 Gyr, 2 3Gyr).

9.2.3. The Re-fuelling Model

As for the delayed quenching model, we insert the SFH
embodied by the re-fuelling model - Eq. [T1] - in Eq.
finding the re-fuelling model to correspond to a case in
which the assumed balance between inflow, outflow, and
star formation is initially maintained by galaxies upon
becoming satellites, albeit with a probability per unit
time Pyuench that at least a large fraction of the ISM of
the galaxy is quasi-instantaneously removed. However,
even with the occurrence of a quenching event the inflow
continues as for a comparable field galaxy, so that the
self regulated balance eventually reinstates itself. Solving
Eq. for these boundary conditions, i.e. M;, = const.

and Mism (tquench,i) = 0Vi, we find a solution of the
orm

. - (t*f'quench,i)

MISM(t > tquench,i) = Mln%(l —€ v ) ) (21)

48 In this derivation we at all times assume the rate of change of
the inflow to be small compared to the other timescales (quenching

and replenishment) involved, and treat M;, as (quasi-)constant.

where we have identified Mism fiela = MinT by making
use of the special case of the occurrence of only a single
quenching event and taking the limit £ >> fquench,1-

This enables us to identify 7 = 74,01, and we make use
of Eqs. [16] & [17] to estimate the in- and outflow rates for
both mass ranges, finding an estimated inflow of 2.52
(3.78) times the SFR and an associated outflow of 1.82
(3.08) times the SFR for the high (low) stellar mass
range, as listed in table [0}

In summary, for all our disparate models, we find a
requirement of a rapid cycle of gas into and out of the
ISM, with inflow rates well in excess of the SFR (ranging
up to 2 3 times the SFR), accompanied by similarly
high outflow rates. Comparing these inflow rates with
the estimate of the mass return rate from evolved
intermediate and low mass stars of < 10% of the SFR,
we see that ignoring their contribution to the fuelling is
retroactively justified for all models considere

9.2.4. Dependence on the choice of infall time distribution

In considering the implications of the preferred param-
eters of our models in terms of the gas flows in satellite
spiral/disk-dominated galaxies, we have adopted an
extremely conservative assumption concerning the
distribution of infall times, i.e. that only the youngest
satellites retain a spiral morphology. The other possible
extreme assumption on the distribution of infall-times is
to sample the full distribution, assuming that the time
spent in the group environment does not influence the
probability of the morphological transformation of a
galaxy. This is almost certainly not the case. Instead,
the true distribution of infall times will fall somewhere
between these two extremes.

The results of adopting this latter extreme distribution
of infall times are shown in Figs. [25] & [26]in Appendix|[E]
with the composite figure of merit ) shown in Fig.
(the preferred parameter values and associated figure of
merit for each model are listed in table . In the high
stellar mass range, all three models are formally capable
of reproducing the observed distribution of Alog(.).
However, while the re-fuelling model (unsurprisingly)
favors parameters comparable to those previously found
(Truet = 0.98Gyr, Pyuench = 0.5Gyr™!) and achieves
@ = 0.92, comparable to that previously obtained, the
delayed quenching model and the stochastic delayed
quenching model favor a longer quenching timescale
(Tquench = 1.5Gyr in both models) as well as longer
delay times (4.9Gyr)/lower quenching probabilities
(0.1Gyr~!). While the stochastic delayed quenching
model performs as previously in terms of recovering the
distribution and characteristics, even achieving a higher
value of @, the performance of the delayed quenching
model is considerably worse, only attaining @ = 0.75. In

49 Even when considering the total gas return rate from stellar
populations, i.e including the contribution from short-lived stars
absorbed in the value of k, this rate is generally found to be at
most several tens of percent of the SFR, both for young lower mass
galaxies such as the LMC and SMC (Matsuura et al.[2009} |2013)),
as well as for more massive & mature spiral galaxies (T1elens|2005)),
and thus well shy of the required fuelling rates.
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Table 6
Summary of Estimated In- & Outflow Rates

Inflow (M;i,/SFR)

Outflow (Mout/SFR)

Model tinfann dist. M, < 1019Mg M, > 101°Mg M. < 101°Mg M, > 1010Mg
Del. Q con. 4.56 4.46 3.86 3.76
e full -« 1.43 -« 0.73
. 1.46 2.38 0.76 1.68
Stoch. Del. Q. T Lo 1.43 Lo 0.73
Refuel con. 3.78 2.52 3.08 1.82
: full 4.87 2.18 4.17 1.48

Inflow and corresponding outflow rates as multiples of the star formation rate SFR for the delayed
quenching model (Del. Q.), the stochastic delayed quenching model (Stoch. Del. Q.), and the
refuelling model (Refuel), as determined under a quasi-steady state assumption following Eqs.|16|&

con; see Sect. |8) Appendix [Cland Fig. [24]), as well as the full distribution (full; see Appendix

p as detailed in Sections[9.2.1]9.2.2] a Both the conservative distribution of infall times
0

are considered. In- and outflows have been estimated separately for the stellar mass ranges

109°Mg < M, < 10'°Mg and M, > 101°Mg.

@ Assumption that quenching timescale is short w.r.t rate of change of inflow violated. Estimate

not possible.

terms of required inflow rates, the preferred parameter
values imply a rate of 1.43 times the SFR for the delayed
and stochastic delayed quenching models and a rate of
2.18 times the SFR for the refuelling model, as listed
in table [§] Again, it is immediately apparent that
these inflow rates cannot be supported by mass return
from evolved intermediate and low mass stars, hence
justifying the treatment of M, as a pure inflow.

In the low stellar mass range, the models struggle
to reproduce the observed distribution of Alog(t,)
(see fig. 27). Of the three models, only the re-fuelling
model reasonably recovers the observed distribution,
achieving a value of @ = 0.79, compared to @ = 0.63
and @ = 0.71 for the delayed and stochastic delayed
quenching models, respectively. The preferred parame-
ter values for the refuelling model are 7g,; = 0.45 Gyr,
Pyuench = 0.5 Gyr~!, again comparable to those pre-
viously obtained. Both the delayed quenching model
and the stochastic delayed quenching model, on the
other hand, over-predict the relative number of largely
unquenched galaxies, and in the case of the delayed
quenching model, markedly under-predict the number
of strongly quenched galaxies, i.e. both fail to recover
the observed distribution. This is a result of the long
preferred quenching timescales of Tqyenen = 3.1 Gyr and
Tquench = 3.7 Gyr (for the stochastic delayed and delayed
quenching models, respectively), as well as of the low
quenching probability Pyuench = 0.1 Gyr~! and the long
delay time tgclay = 4.3 Gyr - driven by the large peak
of unquenched galaxies - which result in the satellite
galaxy population largely mimicking the evolution of
a comparable field galaxy. Furthermore, these delay
timescales are longer than the previously discussed gas
exhaustion timescales.

Converting the preferred model parameters into in-
and outflows rates for the re-fuelling model, one obtains
a required inflow rate of 4.87 times the SFR with a corre-
sponding outflow of 4.17 times the SFR. For the delayed
quenching models, however, the basic requirement, that
the timescale on which the inflow rate changes be large
compared to Tyes and 7gp is violated, making a estimate
of the inflow rate using Eq. [16| unreliable.

Overall, we thus find our result of a rapid cycle of

gas into and out of the ISM with inflow rates in excess
of the SFR to be upheld even under the assumption of
the opposite extreme infall time distribution, lending
confidence that this finding is robust w.r.t the actual
infall time distribution.

9.3. Sources for Replenishment

In general, we find the observed distributions of
Alog(1,) for satellite spiral/disk-dominated galaxies to
imply that, upon becoming satellites, these objects must
experience star formation at the level of comparable
field galaxies for prolonged periods (several Gyr) if not
continuously. In turn, this requires a replenishment of
the ISM consumed by star formation, naturally raising
the question as to the nature of the gas reservoir from
which the replenishment is fuelled. In particular we
wish to establish whether the reservoir can be entirely
comprised of gas associated with the galaxy upon infall,
i.e the ISM and the more loosely bound circum-galactic
medium (CGM), or must instead/also be sourced from
the THM of the galaxy group. As mechanisms to replen-
ish the HI reservoirs of galaxies from ionized hydrogen
have been put forward (e.g. [Hopkins et al.|[2008), we
include the dominant ionized component of the CGM
in our considerations. For the ISM, where the mass
fraction of ionized gas is generally found to be < 10% in
spiral galaxies such as those in our sample, we consider
the cold/neutral gas mass as representative of the total
ISM mass.

9.3.1. Gas associated with the galaxy upon infall

We begin by considering the gas associated with the
galaxy at the time it first became a satellite as a possible
reservoir from which to the observed on-going star for-
mation might be fuelled. This reservoir consists of the
ISM of the galaxy, distributed on scales of ca. 10kpc, as
well as of the more loosely bound CGM. Recent work on
the CGM of isolated typical L*-galaxies out to z = 0.35
has found that it may contain a gas mass comparable to
the stellar mass of the galaxy within a physical radius of
150 kpc (e.g. [Tumlinson et al.|[2011} [2013)), with 1 —10 %
of this gas being cold neutral and/or molecular hydrogen.

Based on our results, we rule out the ISM of the
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galaxy upon infall as the sole reservoir of fuel for star
formation. All disparate models which recover the
observed distributions of sSFR require strong flows
of gas both into and out of the ISM (see Table [6].
These findings are in conflict with the ISM being
the only source of fuel, because the outflows reduce
the residence timescale of the ISM to around a Gyr,
and because in any case the models require inflows
originating exterior to the ISM. Furthermore, if the ISM
were the only reservoir of fuel for star formation, the
Schmidt-Kennicutt relation would lead one to expect a
gradual decline of the SFR, beginning upon a galaxy
becoming a satellite. Such a SFH, however, would
correspond to the infall-quenching model rejected in
Sect. and not to the preferred two parameter models.

Although our empirical results favour significant flows
of gas into and out of the ISM it is possible that these
outflows remain bound to the galaxy, i.e have their end-
point in the CGM, and can be recycled into the ISM at
a later time. Accordingly, we consider the ability of the
combined ISM and CGM to support the required star-
formation, initially assuming all gas to remain bound,
and the complete CGM and ISM to be retained upon
infall. To this end, we begin by comparing the stellar
mass growth of the satellite galaxies during the period of
on-going star formation to the expected total ISM and
CGM mass at infall, again distinguishing between the
low and high stellar mass ranges. To estimate the stellar
mass growth, we consider our fiducial galaxies with
M, = 109'75M® and M, = 1010'3M® and assume a star
formation rate for these galaxies based on the v, — M,
relation defined using the FIELDGALAXY sample. We can
then estimate their stellar mass growth over the period
of a characteristic delay time by evolving the galaxies
backwards in time as detailed in Appendix [C] For the
purposes of this estimate we conservatively adopt a
delay time of 2.5Gyr as a fiducial time for sustained
star formation at the level of a field galaxy. This time
corresponds to the shortest fixed delay time preferred
by the models considered.

Estimating the stellar mass growth in this fashion, we
find the lower stellar mass galaxy to have increased its
stellar mass by 2.2 x 10° Mg (80%; M. intan = 10945 M)
over the 2.5 Gyr prior to observation, and the stellar
mass of the higher stellar mass galaxy to have increased
by 5.4 X ].OgM@ (37%, M*7infall = 1010‘17M@).

As current satellite galaxies first became satellites at
an earlier time (corresponding to a higher redshift) when
galaxies were relatively more gas rich, the initial mass of
the ISM upon infall may have been larger than that still
present at the redshift of observation. In fact, recent
work modelling the evolution of the total gas fraction of
star-forming disk galaxies indicates that the total (cold)
gas fraction fgqs = (Mur + Mu,)/(Mur + Mu, + M,
was ~ 1.5times greater at z 2 0.5 then at z = 0(Lagos
et al| |2011; [Popping et al|[2014) for a given stellar
mas Following [Popping et al.| ([2014[)|E| we estimate

50 While the evolution of the total cold gas fraction is mild,
[Popping et al| (2014) predict the molecular gas fraction to evolve
strongly with redshift, in agreement with observations

an ISM mass of 2.1 x 10° M, (0.75 X M, intan) for the low
stellar mass galaxy at infall and a mass of 5.3 x 10° M,
(0.36 X M, infan1) for the ISM of the high stellar mass
galaxy. Combined with an estimate of the CGM mass
at infall being equal to the stellar mass at that epoch,

5 x 10°M, and 2 x 10'9M, in the low and high stellar

mass case, respectively. Contrasting these masses with
the stellar mass growth, we find that 41%, respectively:
27%, of the gas associated with the galaxy at infall
would be required to fuel the stellar mass growth,
making fuelling of the required star formation from
the joint ISM and CGM at infall a seemingly feasible
roposition.

In_thi imation h m hat _th fl

from the ISM remain bound to the galaxy in their
entirety. However, at least of order 10% of outflows
from the ISM of the galaxy are likely to be unbound and
escape (e.g. [Loeb|[2006). Taking this additional mass
loss into consideration, i.e. assuming that 10% of the
outflows from the galaxy are lost and making use of the
atios of outflow to star formation rate as determined
from our models and listed in Table [6] we find that in
the low stellar mass range 49 — 69% of the combined
CGM and ISM must be retained in order to replenish
the mass loss due to star formation and outflows, while
for the high stellar mass range the figure is 33 — 41%.
Nevertheless, 1t thus appears potentially feasible that
the mass of gas associated with the galaxy at infall is
sufficient to support the required inflows, outflows and
star formation, provided it can be retained and can cool
etficiently.

[9.3.2. Stripping and Dependence on Galazy mass/Sub-halo |
[ TaSS ]

Our previous estimate that the gas initially bound
to the galaxy at infall in the form of the CGM, as
well as the ISM cycled into the CGM as a result o
outflows, suffices to support the observed on-going star
formation 1s predicated on this diffuse component of gas,
distributed over scales of ~ 100 kpc, remaining bound
to the galaxy upon its becoming a satellite, i.e. falling
into the more massive DMH of an other galaxy/galaxy
group. Thus, the question arises to what extent this
extended diffuse reservoir of gas can be retained when
the galaxy to which it is initially bound is moving
relative to the pressurized diffuse IHM of the satellite
spiral’s host galaxy group, 1.e. to what extent ram
pressure and/or tidal stripping will unbind and remove
this gas reservoir.

We begin by addressing this question empirically,
making use of the observed distributions of Alog(w.).
As we have shown in Section |8 these are only weakly
dependent on the mass of the galaxy, with, if anything
stronger effects observed in higher mass galaxies. As
the ability of a galaxy to retain gas against the effects

let al.||2010; |Geach et al.|2011).

°1 "We make use of the total cold gas fraction as a function of
stellar mass at different redshifts provided in|Popping et al.| (2014),
interpolating between these to a redshift of z = 0.35.
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of ram-pressure stripping is expected to increase with
the depth of its potential well, i.e with its mass, one
would expect higher mass satellite spiral galaxies to
be better able to retain their CGM than lower mass
galaxies. Furthermore, the probability for a low mass
system (M, < 101°My) to experience a tidal stripping
encounter with a higher mass system which can remove
gas from the lower mass partner is greater than that for
a higher mass system (M, > 10'°M). As a result, if
retained and recycled CGM and ISM were to constitute
the main source of replenishment of the ISM, one would
expect shorter delay times tgelay and higher quenching
probabilities Pyuench in lower mass galaxies/sub-halos
than in higher mass systems, as well as a higher rate of
the occurrence of strongly quenched galaxies at lower
galaxy stellar mass. In other words, one would expect
the distribution of Alog(v,) to be more strongly skewed
towards low values for low stellar mass galaxies than
for high stellar mass galaxies. Our empirical results,
however, are completely contrary to this expectation.
Comparison of the distribution of Alog(w),) for satellite
spiral galaxies and field galaxies in Fig. shows that
the group environment actually has a stronger effect
on the sSFR of higher mass galaxies: the distributions
of Alog(v.) for low stellar mass galaxies are also less
skewed towards low value of Alog(¢,) than those of
higher mass galaxies. In terms of our modelling in
Sect. [§] this translates into delay times for low mass
galaxies which are equal to, or longer than those for
higher mass galaxies, and quenching probabilities which
are smaller for low mass galaxies than for high mass
galaxies. The delay timescales (direct and implied
by the quenching probabilities), moreover are longer
than the expected time to group pericentric passage
(1.5 — 2 Gyr; [Hester| 2006), which is the point in the
orbit at which stripping effects will be strongest. Thus,
we find our empirical results to disfavour retained
CGM as the dominant source for the replenishment
of the ISM. At this point we reiterate that we have
previously shown that our sample of spiral galaxies
is mass complete and volume-limited, even in the low
stellar mass range (Sects. and recovers the parent
sSFR distribution well (Section 4] and Appendix [A]) .
Therefore, the empirical basis for these findings should
be considered robust and physical in nature.

Further support for the findings disfavouring the
CGM as the dominant reservoir is also provided by a
range of theoretical work considering the ram-pressure
stripping of satellite galaxies in galaxy groups and
clusters (e.g. Hester|[2006; McCarthy et al.|2008; Bahé &
McCarthy|[2015). While the temperature and pressure
of the diffuse IHM of the galaxy group, responsible
for the ram-pressure stripping, is expected to increase
with group halo mass, thus enhancing the stripping, the
ability of a satellite galaxy to retain its gas reservoirs is
expected to increase with increasing depth of its poten-
tial well, i.e. with increasing stellar mass, respectively
DM sub-halo mass. As shown by [Hester| (e.g 2006|) the
ram-pressure stripping process is not scale-free, so that
the degree of stripping depends both on the ratio of
satellite to group/cluster DMH mass, as well as on the
absolute DMH mass of the group/cluster.

Hester| (2006) has considered the case of satellite spiral
galaxies subjected to ram-pressure stripping in groups
and clusters of galaxies using a multi-component semi-
empirical model, finding that ram-pressure stripping is
expected to completely remove any extended gas halo
by the first pericentric passage of the satellite (i.e within
1.5 = 2 Gyr), even in the galaxy group environment with
DMH masses of ~ 103 M, (but see also McCarthy et al.
2008)). In fact, Hester| (2006) shows that depending
on the mass ratio of the satellite galaxy DM sub-halo
and the group DMH even the extended ISM disk of
the galaxy may be partially stripped in both group
and cluster environments. These predictions are also
supported by recent detailed simulations presented by
Bah¢ & McCarthy| (2015]).

Splitting our sample of satellite spirals into two mass
ranges (109°Mg < M, < 101°Mg and M, < 10'°M)
we find the median dynamical masses of the galaxy
groups hosting the satellite spirals to be 10'%4Mg for
the low stellar mass galaxies, and 10'3°M for the
high stellar mass galaxies. As our fiducial galaxies
with M, = 109'75M@ and M, 1010-3 correspond
to the median stellar masses for systems in the low
and high stellar mass range respectively, we can use
these stellar masses to estimate the median mass of
the DM sub-halos by making use of the average stellar
mass to halo mass relation presented by Moster et al.
(2010). This results in estimated DM sub-halo masses
of 10*° My, and 10! for the low and high stellar mass
range, respectively, corresponding to logarithmic DM
sub-halo to group halo mass ratios of —1.9 and —1.6.
For these ratios of DM sub-halo to group halo mass
Hester| (2006]) predicts that by pericentric passage, even
in galaxy groups and low mass clusters, the extended
ISM disk of the galaxy will be affected by ram-pressure
stripping in approximately its outer third to half, with
~ 50% of its total mass being stripped, in addition to
the complete removal of the diffuse gaseous halo. For
the low and high stellar mass ranges of our sample, the
removal of the CGM alone would reduce the fraction of
gas retained to to 43% and 27%, respectively, i.e. below
the required levels as previously estimated. Moreover,
the expected outflows predicted in our models would
easily suffice to cycle > 50% of ISM into the CGM
within the delay time of 2.5 Gyr.

Thus, we find that the results of recent work consid-
ering the ram-pressure stripping of satellite spiral galax-
ies in the group environment disfavour the retention of
a large fraction of the diffuse CGM and recycled ISM,
in line with our empirical finding. Accordingly, although
the mass at infall of the CGM and ISM of a spiral galaxy
becoming a satellite may, in principle, be sufficient to
sustain the required inflow and star-formation over pro-
longed periods of the galaxy’s satellite lifetime, it seems
likely that only an insufficient fraction of this reservoir
can actually be retained in the group environment and
contribute to the fuelling of the galaxy. Accordingly, it
is probable that at most part of the fuel required for the
observed on-going star formation of satellite spiral galax-
ies can be sourced from gas which was associated with
the galaxy upon infall, with at least a significant fraction
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being sourced from gas not initially associated with the
galaxy.

9.3.3. Replenishment from the IHM

With our empirical results disfavouring the combined
CGM and ISM as the source for the inflow of gas
required, instead favouring a further reservoir not
associated with the galaxy, by process of elimination we
conclude that our empirical analysis implies an inflow
of gas from the THM of the group into the ISM of
the satellite spiral galaxy as a mechanism to meet the
demands of the extended period of star formation at the
level of a comparable field galaxy implied for satellite
spiral galaxies. Although the exact rate of inflow from
the THM required depends on the degree to which the
CGM can be retained, as well as the fraction of ISM
mass lost to winds or while being cycled through the
CGM, it nevertheless appears that an inflow from the
IHM of order the SFR is required, contrary to the
standard paradigm.

Before discussing the physical implications we first
consider whether a possible factor to at least partially
ameliorate this conclusion may lie in our simplifying
assumption in our modelling that the residence time
Tres (1-.e. the the time a unit mass of gas spends in the
disk of a spiral galaxy before being expelled, introduced
in Sect. |§| and Eq. of Appendix @[) is independent
of environment, depending only on galaxy specific
properties, in particular galaxy mass. For satellite spiral
galaxies in galaxy groups, the surrounding medium may,
in fact, be more pressurized than for a similar stellar
mass galaxy in the field, decreasing the outflows from
the satellite galaxy and increasing 7yes. However, if
the medium surrounding the galaxy were sufficiently
pressurized to fully suppress wind-driven outflows from
the ISM, this medium would also act to enhance the
efficiency of the removal of the CGM via ram-pressure
stripping (Hester| 2006). As discussed in Sect.
ram pressure stripping is likely sufficient to remove
not only the CGM of spiral satellite galaxies, but also
part of the ISM of these systems, even in groups of
the mass scale considered. The resulting requirement
of fuelling from sources external to the ISM, most
notably the THM is further compounded by the fact
that the estimated total ISM mass associated with the
galaxy upon infall is less than the increase in stellar
mass over the fiducial 2.5 Gyr delay timescale for both
fiducial galaxies considered as detailed in Sect.
Nevertheless, the suppression of outflows is potentially
amenable to testing by considering the metallicity of
satellite spiral galaxies (Pasquali et al|e.g. [2012), and
will be pursued for this sample in future work. We
note, however, that e.g. [Peng & Maiolino| (2014) have
investigated the gas-phase metallicity of star-forming
satellite and field galaxies, interpreting their results in
the sense of a metal-enriched inflow onto star forming
group satellite galaxies, in agreement with our presented
results.

Having identified the IHM as a plausible source of
fuel to support the inflows and star formation of spiral
satellite galaxies, we investigate the viability of this
option, considering the IHM as the sole reservoir for the

sake of argument. Making use of our group dynamical
mass estimates and assuming a universal baryon mass
fraction of Q,/Qpr = 1/6, we can estimate the THM mass
for the galaxy groups in our samplelﬂ Comparing this
with the total (current) star formation rate associated
with the member satellite spiral galaxies of each group
contained in the GROUPGALAXY sample, we find that
the timescale on which the IHM would be consumed by
this star formation activity is 2 500 times the Hubble
time. As, however, not only satellite spiral galaxies in
the GROUPGALAXY sample will be forming stars, as a
hypothetical limiting case, we also consider the total
star formation of all member galaxies of a each group,
assuming star formation rates based on their stellar
mass and the 1, - M, relation for the FIELDGALAXY
sample. Nevertheless, even in this case, the median
exhaustion timescale of the THM is 2 150times the
Hubble time.

Furthermore, numerical simulations indicate that
ambient dark and baryonic matter is being accreted
onto the dark matter halos of galaxy groups (e.g.
McBride et al. |2009; van de Voort et al.[[2011; |Wetzel
& Nagail|2015). As a result, the IHM of galaxy groups
is constantly being replenished. For the galaxy groups
in our sample, we estimate the inflow rate of baryons
using Eq. 9 of McBride et al| (2009), equating the
group dynamical mass estimate to the group halo
mass and applying our universal baryon mass fraction.
Contrasting this inflow rate with the estimate of the
total star formation rate of the GROUPGALAXY satellite
spirals in the group, we find the star formation to
equate, on average, to ~ 1% of the baryon inflow. Even
considering the hypothetical limiting case for the total
star formation of group member galaxies, we find that
the star formation equates to ~ 10% of the baryon inflow.

In summary, the rate of replenishment of the IHM as
well as the size of the reservoir imply that, if even only
a small fraction of the IHM can cool and be accreted,
this reservoir is easily sufficient to support the inflows
and prolonged star formation in satellite spiral galaxies
required by our empirical results, making the required
fuelling from the IHM a viable option.

9.3.4. Variability of SFR of satellite spiral galazies

Finally, in the context of the replenishment of the ISM
of satellite spiral galaxies it is interesting to consider the
variability of the SFR of these objects. If the required
fuelling of satellite galaxies is indeed sourced largely
from the IHM of the group, it may be expected to
take place indefinitely, rather than only occurring for a
limited time. In such a scenario both the quenching and
the fuelling of star formation, and as a result the SFR,
might be expected to vary on timescales comparable
to the orbital timescale of the galaxy as it transits
regions in which gas-stripping of the ISM/CGM and the
accretion of gas from the IHM into the ISM, respectively,

52 We equate the dynamical mass of the system to the halo mass
and estimate the total baryonic mass using the universal baryon
fraction. We then subtract the total stellar mass of all group mem-
bers to obtain an estimate of the THM mass.
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are more/less efficient, e.g. via a dependence on the
density and temperature profile of the THM. Indeed,
for the refuelling model we find preferred quenching
probabilities of ~ 0.8 — 1.2 Gyr—!, corresponding to the
inverse of the typical dynamical timescales and which
might be related to pericentric passage of the satellite.
This would introduce an additional intrinsic scatter in
the ¥,—M, relation at fixed M, which would potentially
offer an explanation to our empirical result that the
intrinsic scatter of this relation is higher (at 0.59 dex;
0.44dex 1 — o equivalent) for grouped spirals than for
field spirals (at 0.36 dex; 0.27 dex 1 — o equivalent).

Overall, in a statistical sample, one thus might expect
to find satellite galaxies with increasing and declining
star formation rates, rather than only such with declin-
ing SFR as would be expected if fuelling were sourced
from a gas reservoir tightly associated with the satellite
galaxy and being slowly depleted. We have shown that
a refuelling model is indeed consistent with the distribu-
tion of Alog(t,) for satellites and indeed provides the
best fit to the data of the models considered. A ready
means to investigate the refuelling hypothesis further
in future work would be to consider the distribution
of short wavelength colors of the galaxy sample, e.g.
FUV — NUV or NUV — u. Provided the timescale the
color is sensitive to is short enough, a population of
galaxies with increasing star formation should have
different colors than one with gradually declining SFR,
potentially enabling a distinction between the scenarios.

10. DISCUSSION

Overall, our investigation of the star formation and
gas-fuelling of spiral/disk-dominated galaxies in the
local universe has found that these objects are char-
acterized by a rapid cycle of gas into and out of the
ISM replenishing the gas consumed by star formation.
Based on our consideration of satellite spiral galaxies
and regardless of the details of the gas-fuelling model
considered, we conclude that the fuelling of spiral
galaxies is largely independent of environment, with
substantial flows of gas into and out of the ISM of the
satellite galaxies on timescales of several Gyr while the
galaxy is a satellite. Furthermore, consideration of the
reservoirs of gas available to these satellite galaxies on
infall and the dependence of SFH on galaxy mass favor
scenarios in which this sustained accretion is fuelled
from the IHM of the DM halo of their host galaxy group,
rather than from gas associated with the galaxy before
it became a satellite.

10.1. Implications for the IHM

The fundamental question posed by our findings, is
that of the nature of the mechanism which enables
the accretion of gas from the IHM into galaxies in
general and into satellite galaxies in galaxy groups in
particular. In the mass range of our groups, the virial
temperature is generally > 106K, yet IHM gas must
be at least as cool as Tgas S 10°K in order to accrete
directly onto the ISM of massive spiral galaxies in our
sample and cooler still to if the accretion occurs first
onto the CGM. Our results also require THM fuelling

of the low mass galaxies in our sample, for which even
lower IHM temperatures are required. Thus our findings
fundamentally require the THM of galaxy groups to be
a two phase medium, encompassing a cold phase, as
well as a warm/hot phase, with fuelling of the galaxies
occurring more or less continuously in small increments
from this THM, largely independent of the galaxies’
environment. This is unlike the standard picture of cold
mode accretion with its associated dominant streams
and halo mass dependence (Keres et al.||2005; Dekel &
Birnboim| 2006}, (Torrey et al.||2012] but see also (Keres
et al|[2009)). Further indirect observational support
for a multiphase IHM in galaxy groups may also be
supplied by the recent findings that the distribution
of Mg II absorption around ’isolated’ central galaxies,
indicative of a cold clumpy component, is self-similar
as a function of dark matter halo mass, extending
to halos of mass Mpae ~ 1014M@ (Churchill et al.
2013), impling that a multiphase medium can exist in
halos of the mass scale of the galaxy groups studied here.

This cold phase of the THM, by necessity, must have
a relatively small volume filling factor and pervade the
volume sampled by the orbits of the satellite galaxies,
rather than be associated with the CGM of the individ-
ual galaxies, as we have previously argued. Future work
will have to focus on understanding the origin of this two
phase medium, and in particular that of the cold phase.
One possible solution is that the hot gas atmosphere
does not extend to the group virial radius, but rather
ends at much lower group-centric distances due to
cooling processes operating in the IHM of galaxy groups
spanning the mass range from ca. 10*'"t010'*4 M of
the groups considered in this work. This in turn would
imply that the tipping point for the free fall timescale
of the groups to exceed the cooling timescale of the
IHM in the groups occurs at higher group masses than
expected, due to some cooling mechanism operating in
the THM that has not previously been considered.

One possibility is cooling of the IHM due to inelastic
collisions of ions and electrons in the plasma with dust
particles. This process is the most efficient coolant for
hot gas with 7' > 105K, (see e.g. Dwek & Werner
1981). Simulations by Montier & Giard| (2004) show
that dust cooling exceeds gas phase cooling processes if
the for dust-to-gas ratio in the IHM exceeds ca. 10~ by
mass, (ca. one percent of the value in the ISM). There
is some observational evidence that there is sufficient
dust in the THM for this mechanism to be operating in
Stefan’s Quintet compact galaxy group (Natale et al.
2010). The mechanism requires a continuous injection
of dust into the IHM to balance losses of grains through
sputtering in the hot plasma. Possible sources for dust
can be the injection via stars released from galaxies
into the THM during galaxy-galaxy interactions (Natale
et al.[2010), or through winds driven out of satellite
galaxies depositing dust along their orbits. Support for
the latter is provided through observations of individual
edge-on spiral galaxies in the field revealing copious
amounts of dust in their CGM scattering non-ionising
UV light from massive stars in the disk (Hodges-Kluck
& Bregman| 2014) and [Seon et al. [2014). If, as we have

argued in Sects. & the CGM will be stripped
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from the host galaxy on entry into a group, the dust
in the CGM would thereby be injected into the ITHM
(see also [Popescu et al.[2000). Future analysis of diffuse
FIR emission of groups on scales of 0.1 — 1 Mpc could
in principle determine the total cooling rate of the hot
component of the THM due to dust.

10.2. Implications for the color—density relation

Having controlled both for morphology and environ-
ment in our analysis, we can also leverage our results
to shed light on the mechanisms underlying the color
density relation (e.g [Pimbblet et al.|2002; Lewis et al.
2002 |Gémez et al|2003; [Kauffmann et al.[2004; [Balogh
et al.|[2004; Baldry et al.||2004; [Blanton & Roweis 2007}
Bamford et al.|[2009; |Cucciati et al.||2010; [Zehavi et al.
2011) . This relation simply states that the colors of
galaxies are redder (indicative of less star formation
activity) in denser environments. Since the pioneering
work of [Hubble & Humason| (1931)); Dressler| (1980), it
is also known, that early type galaxies predominantly
reside in denser regions, and it has also been shown,
that color/SFR and morphological type of a galaxy
are correlated (James et al||2008)). Finally, although
local density (as measured in fixed apertures or out
to a specified n!" neighbor) and host dark matter
halo mass are correlated, mapping from one to the
other is non-trivial, in particular in the regime of galaxy
groups, due to the considerable scatter (Haas et al.|2012]).

The question thus arises whether the color density
relation is driven by galaxy-galaxy interactions or some
other process changing the morphological mix of galax-
ies, or whether it is driven by a changed thermodynamic
state of the IHM leading to a decrease in availability
of gas sufficiently cold to be accreted onto galaxies and
fuel star formation. Since we have controlled for mor-
phology, we can differentiate between these scenarios. In
particular, we have presented evidence in favour of the
on-going gas-fuelling of a highly pure morphologically
selected sample of disk-dominated galaxies in the group
environment, with this fuelling being sourced from
reservoirs extraneous to the galaxy - in particular the
IHM. We therefore conclude that the color-density
relation is not predominantly due to the gas-fuelling
rate as determined by the host DMH mass, but rather,
to a large part, is due to a change in the morphological
type of galaxies towards more bulge-dominated systems
(a comparison of spiral fraction for field and group
galaxies is shown in the upper panel of Fig. Most
particularly for satellite galaxies in groups, there seems
to be no obvious reason why the rate of inflow of
gas on > 100kpc scales from the IHM onto a galaxy
should be influenced by whether the galaxy is disk- or
spheroid-dominated. As such, the underlying physical
mechanism of the colour-density relation likely links the
ability of a galaxy to retain gas and convert it into stars
to its morphology, i.e. to the relative importance of the
bulge. This is in line with findings that galaxies with
prominent bulges (which we have deliberately excluded
from our analysis) are driving the downturn in slope
of the SFMS at higher stellar mass. In this picture,
the rate at which star formation is decreased over time
within the group environment is controlled by the rate

at which the galaxy morphology is transformed, in
which case one might expect the bulge-to-disk ratio to
increase with decreasing group centric distance (since
the latter is a proxy for lookback time since a galaxy
first entered the group). Indeed, |George et al| (2013))
find exactly this, even amongst the quenched popula-
tion (but see|Carollo et al.|2016|for a contrasting vie .

If morphological transformation is indeed mainly
driven by galaxy—-galaxy interactions, the interpretation
of the colour-density relation presented is entirely
consistent with the idea that galaxy—galaxy interactions
are the main factor driving the evolution of galaxies in
the group environment, as often argued in recent works
(e.g. [Robotham et al.[2013, [2014; Davies et al. [2015]
Alatalo et al.||2015; |Bitsakis et al. |2016)). It seems to
be the morphological transformations (in the sense of
an increase of the bulge component) triggered by these
events, rather than the increasing dominance of hot gas
in collapsing structures, which is the main factor causing
the star formation of the galaxy population to switch off
in the present epoch on the Mpc scale of the composite
haloes of galaxy groups.

Nevertheless, we have also shown that there are also
(rare) events by which the star formation of a spiral /disk
can be quenched without it undergoing morphological
transformation, as evidenced by our population of
quenched spiral/disks. These findings are in line with
Masters et al.| (2010), who also identify a population
of red spirals with intrinsically low sSFR. However,
these will be primarily of interest in what they can
tell us about the process of gas-fuelling, rather than
in their direct effect on the observed properties of the
galaxy population in groups, which as we have shown, is
relatively small.

Finally, we may also note that the more complex
shorter term variations in SFR exhibited by interacting
galaxy pairs, which are observed to die down as a
function of separation (e.g. [Davies et al.|[2015]), are also
consistent with, and may require, a recovery of gas
fuelling to its pre-interaction level relatively soon after
an interaction event has changed the amount and/or
distribution of gas in the ISM of a galaxy. In this

53 |Carollo et al| (2016) find the morphological mix amongst
quenched galaxies in the group environment is constant as a func-
tion of group centric distance. Based on this finding they argue in
favour of a process linked to the large-scale group DMH halo driv-
ing the quenching of satellite galaxies, with the efficiency in terms
of number of affected satellites increasing towards the group center,
and identifying secular differential fading of the disk component in
quenched galaxies as being responsible for the differences in the
morphological mix between star-forming and quenched satellites.
Considering the implications of the scenario suggested by |Carollo
et al.| (2016) in the context of our empirical analysis, we find that,
as our morphological selection should be robust to disk fading on
the timescale of several Gyr (see Appendixm and the differential
fading mechanism proposed by |Carollo et al.| (2016) is predicated
on a rapid quenching of star-formation, under this alternative sce-
nario we would expect a substantial population of disk galaxies
with very highly suppressed SFR in the group environment, in ex-
cess of that found in our analysis. Furthermore, we note that the
steep radial age gradients in the stellar population required in terms
of the differential fading model appear to be in conflict with the
shallow gradients observed in local spiral galaxies (e.g. MacArthur
et al.||2009; |Sanchez-Blazquez et al.|[2011}2014)).
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sense, it would appear that galaxy-galaxy interactions
may only be able to manifest as the dominant process
influencing SFR due to the surprising constancy of the
gas fuelling process in all non-interacting systems, inde-
pendent of the larger scale environment, as evidenced
by the present analysis.

10.3. Implications for the morphological transformation
of satellite galazies

Although the morphological transformation of galax-
ies from disk- to bulge-dominated systems is generally
ascribed to galaxy-galaxy interactions and the secular
fading of the disk component after quenching of star
formation, the prolonged, substantial accretion (see
table @ of group THM onto satellite galaxies will im-
pact the morphology of these galaxies and may provide
an additional pathway for morphological transformation.

Unlike for central galaxies, where angular momentum
is added coherently from the angular momentum of
the group, for satellite galaxies accreting gas from the
IHM, the accreted gas will have no preferred angular
momentum vector with respect to that of the galaxy,
resulting in a net angular momentum of zero for the
accreted THM. Considering our fiducial high and low
stellar mass galaxies over the characteristic delay
time of 2.5Gyr the on-going accretion will result in
between 3.4 and 6.5 (2.2 and 6.9) times the ISM mass
upon infall being accreted into the ISM of the galaxy
in the high (low) stellar mass ranges, and between
2.4 and 5.4 (1.2 and 5.9) times the ISM mass being
expelled. This will clearly suffice to obliterate the
original angular momentum of the gaseous ISM disk.
Thus, the fact that star-forming disks are observed
in satellite spirals would seem to imply that angular
momentum from some reservoir can be transferred to
the accreted gas. For satellite galaxies being fuelled from
the THM the available reservoirs of angular momentum
are (i) the stellar disk, and (ii) the dark-matter sub-halo.

If the angular momentum of the ISM is (partly)
replenished from that of the stellar component, then the
specific angular momentum of the stellar and gas disks
will decrease with continuing accretion. In addition,
the formation of additional stars, potentially in part
from gas accreted with zero net angular momentum,
will further reduce the specific angular momentum of
the stellar disk. One consequence of such a decrease in
specific angular momentum is that the gas of the galaxy
will settle more towards the center of the galaxy. Thus,
the more centrally concentrated distribution of gas in
satellite galaxies (Cayatte et al. 1994} Koopmann &
Kenney| 2004} |Cortese et al.|2010; Bretherton et al.|2013;
Dénes et al.|[2016) may, at least in part, be the result of
the continued inflow of gas rather than of the stripping
of gas due to environmental processes. Furthermore,
this will potentially result in less star formation and
redder colors in the outer disks of satellite spiral galaxies
than in comparable field galaxies, i.e in different color
gradients for these two categories of spiral galaxies.

In addition, a decrease in the specific angular mo-
mentum of the stellar component (primarily built up

when the galaxy was a central and subsequently diluted
by stars formed from accreted gas with low angular
momentum), will cause the stellar disk of the galaxy
to shrink and the old stellar population to compactify
(see also [Elmegreen et al.| 2014). As a result, at
given stellar mass, satellites with on-going accretion
of THM material would be predicted to have a more
dominant bulge component and smaller disks than
comparable field galaxies, driving them towards more
lenticular/early-type morphologies. As such, on-going
accretion onto satellite galaxies may represent a further
secular pathway for the morphological evolution of a
galaxy from late- to early-type.

To obtain a simple conservative order of magnitude
estimate of the reduction in specific angular momentum
of the composite gas + stellar system we consider the
effect of mass growth as a result of accretion with zero
net angular momentum, disregarding, in first instance,
the effects of mass outflows and the probable stochastic
nature of gas fuelling from the ITHM. We consider two
cases making use of our fiducial galaxies by (i) adding
the total cycled gas mas@ to the gas 4+ stellar mass
at infall and (ii) by adding (only) the mass of newly
formed stars. Assuming the size of the disk of a galaxy
is proportional to the specific angular momentum (e.g.
Bullock et al.|[2001) one would expect a decrease in
disk size by (i) ~ 0.29dex (~ 0.54dex) in the high
(low) stellar mass range, respectively by (ii) of 0.1dex
(0.16 dex) for the high (low) stellar mass range, over a
period of 2.5 Gyr.

In the light of the ongoing accretion of gas from the
IHM implied by our study, this would seem to imply
that the specific angular momentum of the ISM and
stellar component would need to be replenished from
the DM sub-halo of the satellite galaxy. As shown in
Fig. 23] which displays the distributions of galaxy size
as a function of stellar mass for the GROUPGALAXY
and FIELDGALAXY samples, the median size of the
GROUPGALAXY sample is smaller, though only by
~ 0.03dex (at all stellar masses). In light of the result
of ongoing accretion this may imply that the specific
angular momentum of the ISM and stellar component
is replenished from the DM sub-halo of the satellite
galaxy. However, theoretical studies indicate that strong
stellar feedback and outflows from galaxies may enhance
the effective retention of specific angular momentum in
galaxies by preferentially removing low angular momen-
tum gas (e.g. Sommer-Larsen et al.||1999; |Governato
et al|[2007; [Agertz et al.|[2011} |Dalla Vecchia & Schaye
2012; [Vogelsberger et al.|2013; [Ubler et al.||2014; |Genel
et al.[|2015), in which case our simple consideration of
case (i1) might be more appropriate, mitigating the need
for angular momentum transfer from the DM sub-halo.
A detailed consideration of these processes for satel-
lite galaxies is beyond the scope of this paper, and
will require future detailed theoretical and empirical
consideration. Here, we limit ourselves to drawing
attention to the possibility that that the inflow of
IHM gas onto satellite galaxies at the rate implied

54 We make use of the inflow rates derived for the re-fuelling
model.
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by our measurements of SFR represents a secular
process through which disk-dominated galaxies can
evolve into spheroid-dominated ones. Moreover, as
discussed in Sect[I0.2] our analysis of the gas flows
required to reproduced the observed distributions of
SFR in our very pure sample of disk-dominated satellite
galaxies show that it is most likely a change in the
mix of galaxian morphologies in the group environment
compared to the field, rather than a reduced propensity
of the ITHM to cool and fuel star formation, that is
primarily responsible for the reduction in star formation
activity of the galaxy population as a whole in groups
compared to the field. It therefore follows, somewhat
paradoxically, that the ongoing gas fuelling of disk
galaxies in the group environment may itself lead to a
secular quenching of the star formation of galaxies after
falling into groups. This route for the quenching of star
formation in disk galaxies would be tantamount to death
by gluttony, in marked contrast to a death by starvation
which most previous studies have invoked. Future
work will place further constraints on the efficacy and
timescales for this secular quenching mechanism and the
relative importance to mechanisms for morphological
transformation and quenching related to galaxy-galaxy
interactions by considering the star-formation rates and
star-formation histories of group galaxies divided into to
finer morphological classifications, most particularly in
the range SO to Sa.

11. SUMMARY & CONCLUSIONS

Making use of morphologically selected samples of
disk-dominated/spiral galaxies we have conducted
a detailed investigation of the impact of the group
environment on the star formation activity of central
and satellite group spiral galaxies, as well as of a
sample of largely isolated field (central) spiral galaxies,
isolating the effects of galaxy-IHM interactions from
those of galaxy—galaxy interactions. We have described
the samples in detail and present the results of our
analysis as an empirical reference for current and future
theoretical work aimed at understanding the importance
and impact of galaxy—IHM interactions, including
gas-fuelling, for the evolution of galaxies in the group
environment.

This analysis has made use of the NUV emission of
a galaxy as a tracer of its SFR, rather than Ha. In
addition to reliably sampling the total star formation
activity of the galaxy (which may be inhomogeneously
distributed), this choice also renders our analysis largely
robust against uncertainties of the IMF as well as against
stochastic variations in the SFR, while providing enough
time resolution to resolve (in time) processes linked
to the environment and its characteristic timescale of
~ 1Gyr. Furthermore, we have employed newly devel-
oped radiation transfer based techniques to account for
the effect of dust on the ratio between observed and
intrinsic NUV emission, enabling the intrinsic SFR of
the galaxy sample to be determined with great pre-
cision, including the SFR of a full set of quenched spirals.

Having made the isolation of the effects of galaxy—IHM
interactions from those of galaxy—galaxy interactions

a main objective of our sample construction, we have
been able to interpret our empirical results on the
SFR distribution of our galaxy sample in terms of the
gas cycle of these galaxies via implementation of the
Schmidt-Kennicutt relatio with particular focus
on their gas-fuelling, i.e the accretion of gas from the
IHM onto the galaxy. This has led us to a number of
new results, some of which force us to question our
knowledge of the process and regulatory agents of gas
accretion by galaxies in the group environment. In the
following, we briefly summarize our main results and
conclusions as presented and discussed in the preceding
sections.

e Central spiral galaxies
In our analysis we have considered the isolated
field central spiral galaxies and group central spi-
ral galaxies separately. In doing so, we have found
that:

— the ¥,—M, relation for largely isolated central
spiral galaxies is well characterized by a single
power law 1, oc M with v = —0.45+0.01 and
a very low scatter of 0.36 dex interquartile (1-
o 0.27 dex) around the relation (see Fig.[§land
table [2). This also implies that the turnover
in the main sequence of star-forming galax-
ies reported by other authors (e.g. [Schreiber
et al.|[2015} |Lee et al.||2015} [Erfanianfar et al.
2016|) is due to an increase of (more) bulge-
dominated galaxies at higher mass in their
samples of star-forming galaxies.

— the existence of a remaining population of
strongly quenched field spiral galaxies, pre-
dominantly at higher stellar mass, in spite of
the reduction in scatter, implies the existence
of a possibly mass dependent secular quench-
ing mechanism for field spiral galaxies.

— the normalization of the ,—M, relation for
largely isolated central spiral galaxies evolves
gradually but noticeably over the short red-
shift range of z = 0.05—0.1 (see Fig. E[) This
evolution is shown to be in agreement with
that predicted by the empirical fit to the evo-
lution of the main sequence of star-forming
galaxies presented by |Speagle et al.| (2014).

— the ¢,—M, for group central spiral galaxies
is very close to and largely coincides with
that for field central spiral galaxies over the
full mutual range of stellar mass, implying a
lack of environmental dependence of the gas-
fuelling of central spiral galaxies (see Fig.

A further discussion of these findings is deferred
to a future paper in this series.

55 Although our inferences are thus, by necessity indirect, they
will be testable by SKA pathfinders - e.g. the DINGO survey of
the ASKAP will provide HI data of sufficient depth covering the
GAMA regions to test if and how the gas content of spiral galaxies
reflects the NUV based sSFR.
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e Satellite Spiral Galaxies

Considering the ¥,—M, relation for satellite spiral
galaxies we find the median relation to be offset
from that of the field and group central spiral
galaxies by ~ 0.1 — 0.2 dex at all M, (see Flg.
and table . Making use of the full distribution
of the offset of ¢, around the median for a given
stellar mass M,, we find the offset in the median
to arise from a minority population of galaxies
with strongly suppressed sSFR with respect to
that of comparable field spiral galaxies, while
the majority of satellite spiral galaxies at all M,
displays sSFR akin to those of comparable field

spiral galaxies (see Fig .

Contrasting the observed distributions of sSFR for
group spiral galaxies with those obtained from a
number of empirically informed models of the star
formation history of spiral galaxies in the group
environment designed to bracket the range of p au—
81b1e star formation histories (see Figs. |18 i

, we find that:

— The gas-cycle of spiral/disk galaxies is charac-
terized by a rapid cycle of gas into and out of
the ISM, with rates of inflow and outflow com-
parable to or larger than the star formation
rate. Furthermore, this rapid cycle is largely
independent of the galaxies environment, be-
ing inferred for field, group central, and group
satellite spirals.

— In order to reproduce the observed distri-
butions, contrary to the standard paradigm
of satellite galaxy evolution, we require the
on-going replenishment of the ISM of spiral
satellite galaxies while they are satellites in a
galaxy group. This replenishment must take
place over Gyr timescales and be comparable
to that which is generally assumed to support
the quasi-constant star formation in field spi-
ral galaxies.

— Furthermore, simple conservative considera-
tions of the depletion timescales and gas reser-
voirs for group satellite spiral galaxies favour
the IHM of the host group being accreted into
the ISM of satellite galaxies, rather than ma-
terial associated with the galaxy at the time
it became a satellite, as source of fuel for this
replenishment, also contrary to the standard
paradigm of satellite galaxy evolution.

— The on-going fuelling of spiral satellite galax-
ies implies that the color-density relation is
the result of an increase in the fraction of
morphologically late-type galaxies in denser
environments rather than to an environmen-
tal effect on the gas-fuelling of galaxies. The
dichotomy in sSFR at given stellar mass be-
tween early- and late-type galaxies, accord-
ingly, is driven by galaxy-specific processes
likely linked to their morphology.

— The implied on-going substantial accretion
of gas with zero net angular momentum by

satellite spiral galaxies represents an addi-
tional efficient mechanism capable of facilitat-
ing the morphological transformation of late-
type galaxies to more bulge-dominated earlier
types in the (denser) environment of galaxy
groups. Potentially, therefore, this continued
gas accretion and star-formation will lead to a
gradual build up of spheroidal components in
satellite disk galaxies which, in turn, will lead
to a secular quenching of the star-formation,
representing a ’'death by gluttony’, in sharp
contrast to the ’death by starvation’ scenario
previously invoked for such mechanisms.

Overall, our analysis has returned a number of sur-
prising results which are difficult to reconcile with the
standard picture of galaxy evolution in the group envi-
ronment. The emerging picture is that of an on-going
process of gas-fuelling for both central and satellite
spiral galaxies, largely independent of environment,
supporting spiral galaxies as systems characterized by
a rapid in- and out-flow of gas, cycling the fuel needed
to support star formation in and out of the ISM of the
disk and replenishing it as required. Nevertheless, a
small minority of satellite spiral galaxies with strongly
quenched star formation is observed, whose provenance
remains unclear. Overall, we are left to conclude that
our current understanding of galaxy evolution in the
group environment remains incomplete.
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APPENDIX
APPENDIX A: SELECTION OF DISK/SPIRAL GALAXIES

A main requirement of our analysis is that the sample
of spirals used be selected purely based on morphology,
and provide an unbiased representation of the SFR
distribution of spiral galaxies both in the field and in
groups. Furthermore, the sample used must be as pure
and simultaneously complete as possible. Recently,
(Grootes et al.| [2014) have presented a method of
morphologically identifying spiral galaxies, capable of
meeting these requirements. Their method identifies
the morphology of a galaxy based on its position in a
three dimensional parameter space spanned by a range
of optical wavelength galaxy properties. In our analysis
we have chosen to use the parameters Sérsic index n,
r-band effective radius r. as determined from the single
Sérsic fit, and i-band absolute magnitude M;, i.e. the
combination (log(n),log(r.),M;), which has been shown
to recover highly complete, pure, and unbiased samples
of spiral galaxies.

As emphasized in |Grootes et al. (2014)), their classi-
fication tables have been calibrated using SDSS DR7
photometry, and single Sérsic fits performed by [Simard
et al| (2011) using GIM2D, and researchers using the
classifications are cautioned to check whether their data
are compatible, ideally by using a common sub-sample.
Fig. shows the distributions of log(n),log(r.), and
M; for 5747 galaxies common to GAMA and the data
set used in |Grootes et al| (2014). The agreement in
the parameter values is very good for all parameters,
so that we find the selection scheme to be applicable
as calibrated. While |Grootes et al. (2014) extrapolate
the SDSS DR 7 Petrosian photometry to total Sérsic
magnitudes using the prescription of |(Graham & Worley
(2008), GAMA provides both single Sérsic profile and
fixed aperture i-band photometry. For the purpose of
identifying galaxies using the method of |Grootes et al.
(2014) we have made use of the single Sérsic (total)
magnitudes. However, with the GAMA data used in
our analysis reaching a depth of r < 19.4 and extending
to a redshift of z = 0.13, a non-negligible fraction of
the fainter sources is only marginally resolved. For
these, Sérsic profile fitting may not always provide the
most accurate or reliable estimate of the total galaxy
flux. In selecting our sample, we have therefore inde-
pendently classified our sample using the GAMA i-band
single Sérsic profile and fixed aperture photometry.
Sources with differing classifications have been visually
inspected and manually classified to obtain our final
sample of spiral galaxies. In selecting spiral galaxies we
have chosen to use the calibration of the combination
(log(n),log(re),M;) using threshold values of Fy, > 0.4
and AFsprel < 1 as specified in (Grootes et al| (2014)).
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Figure 21. Top row: Distributions of the parameters log(n),
log(re), and M; for the 5747 galaxies common to GAMA and the
data set used by |Grootes et al. (2014). The values from |Grootes
et al.| (2014) are shown as solid lines and those determined by
GAMA are shown as dash-dotted lines. For the parameter M;
the GAMA single Sérsic magnitudes are shown as a black dash-
dotted line, and the fixed aperture magnitudes are shown as a gray
dashed line. Bottom row: Distributions of the differences of the
parameter values (value |Grootes et al| (2014) - value GAMA) for
common galaxies. For M; the difference to the GAMA single Sérsic
profiles is shown as a black solid line, while the difference to the
fixed aperture photometry is shown as a gray dashed line.

Finally we emphasize that, although largely complete,
as demonstrated in |Grootes et al. (2014)), this selection
places slightly more emphasis on the purity of the spiral
samples.

While |Grootes et al| (2014) have demonstrated the
performance of the selection method on samples with no
distinction of galaxy environment, for the purposes of
defining the GROUPGALAXY sample, we must consider an
additional possible difficulty. If a spiral galaxy consists
of an old stellar bulge component with no (or little) star
formation, as well as a disk in which the bulk of the
star formation takes place, a cessation of star formation
will cause the disk to fade relative to the bulge. In turn,
this might affect the values of n and r., causing a spiral
galaxy to no longer be classified as such without any
actual change in morphology. Importantly, this would
lead to a preferential loss of quenched spiral galaxies.

To gain a simple insight into the potential impact of
this scenario we consider a fiducial spiral galaxy which
consists of a bulge component with luminosity By and a
disk component with luminosity Dy such that the total
luminosity Ty = Bg + Dg. We further assume the age of
the stellar population of the bulge to be such that any
fading over a timescale of several Gyr prior to observation
is negligible, i.e Bfaqe = By, and assume all recent and
mid-term star formation (< 8 Gyr prior to observation)
to have taken place in the disk. For a given quench-
ing/fading scenario we can express the luminosity of the
faded disk component as Dg,q. = 1Dy, which enables us
to estimate the faded bulge-to-total ratio as

(B/T),
Al
rraonmm, Y
following |Carollo et al.| (2016).

(B/T) fade —

Combining the visual morphological classifications of
GAMA sources with z < 0.06 presented by [Kelvin et al.
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(2014)) and the bulge-disk decompositions of this sample
presented by Lange et al.| (2016]) and cross-matching with
our samples using GAMA’s unige source identifier,we
find an average r-band B/T value of B/T = 0.3 (0.18)
in the high (low) stellar mass range of the FIELDGALAXY
sample and a comparable value of B/T = 0.32 (0.19)
for those galaxies in the FIELDGALAXY parent sample
visually classified as S0/Sa — Sd/Irr. As fading will only
act to increase the B/T ratio, we restrict ourselves to
considering the high stellar mass range as our fiducial
galaxy. As such, for the star formation history of our
disk component we adopt an exponentially declining
SFH over the last 8 Gyr prior to observation with a
timescale of 3.5 Gyr, which provides a good fit to the
SFH of our fiducial high stellar mass galaxy evolving
according to the SFMS of [Speagle et al. (2014) over
that time. We use this SFH as our baseline and modify
it in accordance with a range of quenching scenarios.
Subsequently, we make use of STARBURST99 (Leitherer
et al.[[1999] 2014)) to model the (intrinsic) spectral energy
distribution of the disk component and determine the
degree of fading for each scenario.

Assuming an exponentially declining star formation
rate over the 2.5Gyr (1Gyr, 2Gyr, 3Gyr) prior to
observation with a time constant of 0.5 Gyr, i.e a rapid
quenching (e.g. Wetzel et al.|[2013)) , we find = 0.64
(0.82,0.69,0.59) and (B/T)gq. = 0.40 (0.34, 0.38,
0.42). Considering slower declines in the star formation
activity, i.e. longer time constants as favoured by more
gradual quenching models and some quenching models
in our analysis, the change in B/T ratio is even smaller.
For a time constant of 1Gyr we find a (B/T);,q, of
0.37 (0.32, 0.35, 0.39) for 2.5Gy (1Gy, 2Gyr, 3Gy)
evolution, while for a time constant of 1.5 Gyr the B/T
ratio decreases to 0.35 (0.31,0.34,0.36) for an onset
of quenching 2.5Gyr (1Gyr, 2Gyr, 3Gyr) prior to
observation. As such, we do not expect disk fading due
to quenching over timescales of several Gyr to shift a
significant fraction of sources out of the range of B/T
values recovered by the method of |Grootes et al.| (2014))
(see Fig. . Accordingly, we conclude that , while
the secular fading of stellar disks may lead to the loss
of some quenched galaxies from the GROUPGALAXY
sample, this will affect only a minority of potential
sample members and won’t strongly bias the samples.
Furthermore, as the adopted selection method recovers
the underlying SFR distribution of disk galaxies (see
Grootes et al.| 2014 and Section , our conservative
treatment of the infall time distribution can adequately
limit any potential remaining bias.

APPENDIX B: DERIVING ATTENUATION
CORRECTIONS

Dust in the inter-stellar medium of galaxies can
strongly affect the ratio of observed to intrinsic emission
from these objects, typically attenuating the emission
of late-type galaxies by a factor of 2-10 in the NUV.
Thus, in order to make use of the NUV emission of a
galaxy as a tracer of its SFR, it is essential to correct for
this attenuation and make use of the intrinsic emission.
In principle, an accurate correction is only possible
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Figure 22. Distribution of r-band B/T values for GAMA sources
in the FIELDGALAXY (red) and FIELDGALAXY parent sample (gray)
with z < 0.06 as determined by |Lange et al.| (2016). Those mem-
bers of the FIELDGALAXY parent sample visually classified (Kelvin
et al|[2014) as Sab — Sd/Irr galaxies are shown in blue, while the
superset additionally including S0/Sa galaxies is shown in green.
Cumulative distribution functions are overploted as colored lines.
The p-values of Kolmogorov-Smirnoff tests comparing the distri-
butions are shown in the figure.

by modelling the full FUV-FIR SED using radiation
transfer techniques in conjunction with independent
knowledge of the geometry and orientation of the galaxy.
However, the majority of galaxies in our sample are
not detected in the FIR. We therefore make use of the
method of obtaining accurate radiation-transfer-based
attenuation corrections for samples of spiral galaxies
without available FIR data presented by |Grootes et al.
(2013). These authors have shown that the critical
parameter determining the attenuation of emission from
a galaxy, i.e the opacity due to dust, can be accurately
estimated using the stellar mass surface density. As
demonstrated by |Grootes et al.|[(2013) using the GAMA
survey, this technique, which makes use of the radiation
transfer model of [Popescu et al| (2011), enables the
derivation of highly accurate attenuation corrections for
large samples of spiral galaxies.

In determining attenuation corrections we have pro-
ceeded as follows:
The GAMA measurements of galaxy stellar mass and size
have been used to determine the effective stellar mass
surface density . as

— M*
T D% (22,

e,ss,T

s (B1)

where D,(z) is the angular diameter distance corre-
sponding to the redshift z, M, is the stellar mass, and
Oc,ss,r is the angular size corresponding to the effective
radius of the r-band single Sérsic profile. Using this
estimate of p., we have used Eq. 5 of |Grootes et al.
(2013) to determine the central face-on opacity in the

B-band 7‘]];

Next the r-band axis ratio of each galaxy, as measured
by the single Sérsic profile fit, is used to estimate its
inclination. These inclinations are then corrected for
the effects of finite disk thickness as detailed in |(Grootes
et al.| (2013)) and in Section 3 of Driver et al.| (2007)), with

56 le; constitutes a reference value for the radiation transfer

model of [Popescu et al.|[2011l The reader is referred to |Grootes
et al.| (2013) and |Popescu et al.|(2011)) for details of the parameters.
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an assumed intrinsic ratio of scale-height to semi-major
axis of 0.12.

Combining the estimates of the galaxy’s Té and in-
clination, we then determine the attenuation of the
(NUV) emission using the model of [Popescu et al.| (2011)).

The relation between T]J; and pu. presented in |Grootes
et al.|[(2013) has been calibrated on a subsample of spiral
galaxies and accounts for the effect of dust on observed
disk size (e.g. Mollenhoff et al.| |2006; |[Pastrav et al.
2013a) using the corrections of |Pastrav et al.| (2013b)).
As this relation was calibrated on a sample of galaxies
chosen with no regard to their environment, it is likely
to have been dominated by galaxies which would belong
to our FIELDGALAXY sample.

If the size of a galaxy at given mass varies with
environment, this will affect the attenuation corrections
applied in a systematic manner. Fig. shows the
distribution of galaxy size r. as a function of M, for the
GROUPGALAXY and FIELDGALAXY samples, as well as

the distributions of the derived parameter ’Tg and the
attenuation corrections as a function of M,. The cor-
rections distributions are very similar for both samples,
although group galaxies appear to be slightly smaller
at a given stellar mass than field galaxies (< 0.03 dex).
However, the resulting shift in attenuation correction
is negligible, as shown in the right bottom panel of
Fig. Thus, under the assumption that the 7']{; — s
relation is independent of environment, the method of
Grootes et al.| (2013) should supply accurate attenuation
corrections.

However, environment driven shifts in the spatial
distribution of gas and dust with respect to the stellar
component, as observed, e.g. in galaxies in the Virgo
cluster (Pappalardo et al.|[|2012; |Cortese et al.|2012b)),
as well as systematic differences in the dust content of
galaxies of a given mass as a function of environment,
can be envisaged, and represent a major source of
uncertainty in the attenuation corrections applied and
by extension in our analysis.

As discussed in |Grootes et al.| (2013), the underlying

driver of the Té — Wy appears to be the near linear
relation between M, and Mgu. If the dust content of
galaxies is systematically different in the group and field
environment, this will affect the attenuation corrections
applied. However, with the stripping of material from
galaxies by various mechanisms known to affect galaxies
in groups, as seen in the Virgo cluster (e.g.|Chung et al.
2009; Pappalardo et al.[2012)), it appears likely that any
systematic difference will tend towards the ratio of gas
to stars being smaller in groups. This would lead to
over-corrections of the observed emission, making any
observed suppression of star formation activity a lower
limit on the actual suppression. However, it is also
likely that this effect may be balanced by an increase in
metallicity of the ISM of galaxies in the cluster environ-
ment, leading to higher dust-to-gas ratios. This might
account for the empirical result that the dust content
of spiral galaxies in the Virgo cluster shows a lack of
strong variation as a function of cluster-centric radius
(Tuffs et al. |2002; [Popescu et al. 2002)). In addition,
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Figure 23. Distribution of r-band effective radius (top) as a func-
tion of My for the FIELDGALAXY (left) and GROUPGALAXY (right)

samples. The resulting distributions T}’; and of the attenuation cor-
rections applied in the NUV are shown in the middle and bottom
panels, respectively. The median distributions for the FIELDGALAXY
sample are shown as solid gray lines, while that of the GROUP-
GALAXY sample is shown as a solid black line in the right-hand
panels. The errorbars indicate the interquartile ranges in bins con-
taining equal numbers of galaxies (10% of the respective parent
samples).

the observed radial gradients in the dust-to-gas ratio
indicate that gas is much more efficiently removed than
dust (Cortese et al. |2012a; Pappalardo et al.| 2012),
especially within the optical stellar disk. As the dust in
the outer regions of the disk has a smaller effect on the
observed NUV flux than that in the inner regions, this
will mitigate the effect of stripping on the attenuation
corrections.

Unfortunately, a detailed analysis of the Té — Ly rela-
tion for galaxies in different group environments has not
yet been performed, due largely to the lack of FIR data
for these objects. Therefore, in this analysis, we adopt

the assumption that the Té — py relation is (largely) in-
dependent of environment. The systematic uncertainties
due to environmental effects in the attenuation correc-
tions are probably the largest systematic uncertainty in
the study. In this context, we note that to explain a shift
of ~ 0.1dex in NUV flux by a shift via the calibration
of the Té — w4 relation alone, would typically require a

systematic shift in Té by ~ 25%.

APPENDIX C: MODELLING THE STAR FORMATION
HISTORY OF GROUP SATELLITE SPIRAL GALAXIES

In order to gain a quantitative understanding of
the potential requirement of on-going gas-fuelling in
satellite spiral galaxies we have constructed a number of
models with parameterized star formation histories (see
Section [8)) from which the distributions of Alog(v,) can
be predicted, and which we can contrast with those ob-
served for the GROUPGALAXY sample in the mass ranges
109'5M@ < M, < 1010M@ and 1010M® < M.,. Here we
describe how the model populations are constructed.

The construction of a model realization of the group
galaxy population for a given star formation history
as satellite galaxies in the group environment requires
the knowledge of the time since a galaxy first became
a satellite tinan, the SFR of the galaxy at the time
of infall ®,;,, and the stellar mass at time of infall
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M, in. Provided this information we can simply evolve
the galaxy forward in time according to the chosen
parameterized SFH.

Our goal in this modelling is to make as few a priori
assumptions about the underlying physical drivers of
the SFH as possible, and rather to identify the best
fitting parameterized SFH and then in a second step
interpret their physical implications. Therefore, we have
chosen to rely on structure-growth/galaxy evolution
simulations only to determine the distribution of infall
times (which is predominantly linked to the underlying
DM halo merger history) , and to obtain the values of
D, in, and M, iy, using empirical relations.

In order to obtain a distribution of infall times for
satellite galaxies we make use of the mock GAMA
light-cones produced using the Millennium dark matter
structure formation simulation (Springel et al. 2005)
and the GALFORM semi-analytic galaxy evolution
model (Bower et al.[[2006; [Merson et al.|[2013). Fig.
shows the distribution of time since becoming a satellite
galaxy for all satellite galaxies with M, > 10%°My in
the mock GAMA survey out to a redshift of z = 0.13, as
a function of the mass of the halo in which they reside.
We find the distribution of time since infall to be very
broad, with the median time since becoming a satellite
increasing towards more massive host dark matter
halos. Considering the satellite spiral galaxies of the
GROUPGALAXY sample, we find that 68% of these reside
in dark matter halos with masses between 10'29M
and 10'*%3M,, with a median DMH of 10'3-5M, .
Therefore, in order to obtain a conservative estimate of
the infall time distribution for our modelling purposes,
we use mock satellite galaxies rcsidin% in halos in the
mass range 10129My < Mya, < 10133 My, and fit the
resulting distribution of infall times with a third order
polynomial, as shown in Fig.

As is immediately apparent from Fig. [5] showing the
spiral fractions of the FIELDGALAXY sample and of
the satellite galaxies, not all galaxies which fall into
a group as a spiral retain this morphology. Instead,
the spiral fraction of group satellite galaxies decreases
by ~ 30 — 40% with respect to the group environment
over the stellar mass range M, > 109°M. Performing
a weighted average over the spiral fraction of satellite
galaxies in stellar mass bins of 0.2dex covering the
range M, > 10%4 M), we find an average spiral fraction
of 30%. Here, we make the conservative assumption
that only the youngest 30% of all satellite galaxies have
a spiral morphology. Accordingly, in assigning infall
times, we only consider the age range corresponding
to the youngest 30% of the distribution, resulting in a
maximum time since infall of 3.77 Gyr.

Having obtained a distribution of infall times we pro-
ceed in constructing our model group satellite spiral pop-
ulations as follows:

1. Create a Monte-Carlo realization of the observed
FIELDGALAXY sample in terms of stellar mass by
sampling the observed distribution of M,.

2. Assign each galaxy an infall time by sampling from

the infall time distribution.

3. Assign each galaxy a SFR by sampling from the ob-
served SFR distribution of the FIELDGALAXY sam-
ple in bins of 0.2 dex in M,, using the bin which
contains the assigned stellar mass of the galaxy.

4. Assign each galaxy an NUV background value and
an NUV effective exposure time by sampling the
observed distributions of both quantities.

5. Evolve the galaxy backwards to tiuga using the
empirical relation describing the evolution of the
SEMS presented by |Speagle et al.[(2014). Here, we
use a timestep of 107 yr and assume that a fraction
of a = 0.3 of the total ISM mass converted to stars
is immediately returned (e.g. |Calura et al.|2014).
We calculate the stellar mass at t = t;_1 as

M, (ti—1) = M. (t;) — (1 — a)D.(t;) * At (C1)

and the SFR as

S(ti—1, Mu(ti—1))
S(ti, M.(t;))

where S(t, M,) is the empirical relation describing

the evolution of the SFMS provided in Eq. 28 of
Speagle et al. (2014)@

D, (ti—1) = Dul(ts)

(C2)

6. Evolve the galaxy forward in time to the assumed
observation redshift of z = 0.1 according to the de-
sired parameterized SFH, again assuming a return
fraction of o = 0.3. For each galaxy we convert its
SFR into a UV flux by inverting Eq. [I] and assum-
ing it is a pointsource at z = 0.1. We then compare
this with our S/N requirement of S/N > 2.5 using
the assigned background and exposure time val-
ues. Where the predicted flux would lie below the
S/N > 2.5 limit, we have instead adopted an NUV
flux at this level and have converted this back to
a SFR, replacing the original estimate. This treat-
ment is entirely analogous to our treatment of up-
per limits in the observed data.

For each of our one and two parameter models we
create 50 realizations of ~ 1000 galaxies (correspond-
ing to the size of the GROUPGALAXY) sample at 31,
respectively 31 x 31 sampling positions in the 1d and
2d parameter space. These model populations are then
treated completely analogously to the observed satellite
spiral galaxy sample in terms of the construction of the
distributions of Alog(1).).We subsequently average over
the models to obtain an estimate of the distribution as
well as of the variability.

We note that our forward modelling assumes that the
evolution of the gas and stellar content of satellite spiral
galaxies as well as their SFR is not significantly affected
by galaxy interactions and/or merger events. Clearly,
this assumption will not hold for non-spiral satellite

57 |Speagle et al| use the age of the universe in their equation.
For our purposes, we have assumed an age of the universe at time
of observation t,,s = 12.161 Gyr corresponding to a redshift of
z = 0.1 - the median redshift of the GROUPGALAXY sample for
M, > 109°Mg - in our adopted cosmology. The input time to
S(t, M)is then correctly expressed as t; = tops — & * At.
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Figure 24. Top: Time since infall as a function of host dark matter halo mass for all satellite galaxies with M. > 1095 from the mock
GAMA survey light-cones with z < 0.13. The stellar mass of the galaxy is encoded by the color of the symbol as indicated in the figure.
The strong quantization at high halo masses is a result of the scarcity of such objects in the limited volume of the mock survey, however,
this does not impinge on the mass range relevant to this analysis. The light gray shaded are indicates the range between the 16t*¢ and
84the percentiles (both shown as black dash-dotted lines), in a moving bin of 0.2dex width in My,), with a step size of 0.05dex. The
median in these bins is shown as a solid black line. Superimposed on this is the dark gray shaded area showing the range of dark matter
halo mass from which the distribution of infall times has been constructed. Bottom: Distribution of time since infall for satellite galaxies
residing in host dark matter halos with 12.9 < log(Mpaio/Me) < 13.3 in bins of 0.3 Gyr width. The blue solid lines shows the result of
a third order polynomial fit (ap = 0.01668,a1 = 0.00314,a2 = 0.00041,a3 = —7.1 x 1075) to the distribution (assuming Poisson errors on
each bin). The vertical blue line at 3.77 Gyr corresponds to the 30% shortest times since infall, the extremely conservative limit used in
our modelling.
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galaxies, but is reasonable for morphologically classified
spiral galaxies. Indeed, Robotham et al.| (2014) show
that, on average, the growth of stellar mass in galaxies is
dominated by continuous accretion rather than (minor)
mergers for galaxies with M, < 10'97Mg. This will
only be exacerbated for our sample of spiral galaxies
not in close pairs, as the average merger rate for these
objects will be lower than that determined for the close
pairs of galaxies on which the analysis of [Robothaml
et al.| (2014)) is based. In essence, we thus assume that
the mass accretion history of the galaxies in our sample
is dominated by smooth continuous accretion of gas and
that any galaxy - galaxy interaction which significantly
affects the stellar mass, gas mass, and star formation
of a galaxy alters its morphology sufficiently to remove
it from our sample. The second assumption, is that
the we have assumed the SFR and M, distributions of
field galaxies currently on the SFMS and of present day
satellites were the same at the epoch when the present
day satellites first became satellites. Given the only
very weak dependence of infall time on stellar mass, this
seems to be sufficiently fulfilled for the purposes of our
simple models.

APPENDIX D: CONSTRAINING THE GAS-CYCLE OF
SATELLITE SPIRAL GALAXIES

In a general form the ISM content of a galaxy and its
time-dependent evolution can be expressed as a balance
between an inflow of gas into the ISM with a rate Min,
an outflow of gas from the ISM with a rate Myt and the

consumption of ISM by star formation as
MISM = Min - Mout - (]- - a)cb* ) (Dl)
where the factor (1 — «) accounts for the (instantaneous)

recycling of gas from high mass stars back into the ISM.

Departing from Eq. it is reasonable to assume that
the outflow rate My, is proportional to the ISM mass of
the galaxy, i.e. can be re-expressed as

1

Mout = MISM ) (DZ)

Tres

where the constant of proportionality is cast in terms
of a typical residence time 75 of a unit mass of gas in
the ISM@ In the following we assume Ty to be deter-
mined by galaxy-specific processes, i.e. to be constant
for galaxies of a given stellar mass. 7..s may, however,
be expected to vary as a function of stellar mass, e.g. as
result of variations in the ratio of the feedback energy
per unit mass to the depth of the potential well. Making
use of Tyes as defined above, we can reformulate Eq. [D]]
as

Mgy = My, — —(1-a)®,. (D3)

Empirically, it is well known that star-formation and
galaxy gas-content are connected, with star-forming
galaxies, and in particular star forming spiral galaxies,

58 We note that for a volumetric star formation law, as we will
motivate in the following, this formulation is equivalent to the

widely used mass-loading parameterization Mout = \D,.

being found to follow the Schmidt-Kennicutt relation
(Schmidt| |1959; Kennicutt| [1998b), i.e. ¥, o« X" with
n = 1.5. Although this empirical relation connects the
surface densities of gas and star formation, recent the-
oretical work (e.g. Krumholz et al.|[2012, and references
therein) suggests that this results from an underlying vol-
umetric star formation law. Specifically, Krumholz et al.
(2012)) argue that the underlying physical relation has

the form p. x p/Teol, Where 7o = 1/37/32Gp is the
timescale for the star forming cloud to collapse under

its self-gravity. In terms of extragalactic observations,
where only surface densities are available, this becomes
Y X X/Teol- In fact, [Krumholz et al.| (2012) show that
in this formulation objects from giant molecular clouds
to high-redshift star-burst galaxies all fall on the same
relation. In the redshift range considered in this analy-
sis the typical locus of star formation may be assumed to
be molecular clouds, for which, to first order, the density,
and hence 7., can be assumed to be constant (Krumholz
et al.|2012). Thus, in a spatially integrated form, we can
assume

‘b* = RMISM B (D4)

and indirectly obtain information on a galaxy’s gas
content by measuring its SFR.

A caveat to this, however, is the fact that [Krumholz
et al| (2012) considered only Hy, while our analysis
considers the total HI + Hs in the ISM. The ratio of
molecular to total neutral hydrogen will vary with, e.g.
galaxy stellar mass, and even if that were not the case,
the numerical value needed to link Mgy to @, would
differ from that provided by Krumholz et al. (2012]). For
the purpose of our analysis, we have therefore chosen
to recalibrate k£ for the two mass ranges considered,
using the fiducial stellar mass for the relevant range in
each case (10%75Mg, resp. 10193My). To determine
the total HI + Hs gas mass for both values of M,
we make use of the model of Popping et al. (2014)
which shows good agreement with the measurements
of [Leroy et al. (2008])/Saintonge et al.| (2011)),Catinella
et al.| (2013), and [Boselli et al.| (2014). We then use the
average SFR derived from our FIELDGALAXY sample
at the appropriate masses to empirically determine the
constant of proportionality, finding # = 0.46Gyr—' and
& = 0.47Gyr~! for the low and high stellar mass ranges,
respectively.

Inserting Eq. [D4] into Eq. we obtain

) ) M
Mism = My, — TISM — kMism (D5)
=My, — AD, — (1 — )®, (D6)

where we have defined k = (1 — a)& in Eq. and
A = 1/(7esk) in Eq. D6} A volumetric star formation
law enables the general time-dependent evolution of the
ISM content of a galaxy to be equivalently formulated
in terms of ISM mass and star formation rate.

Finally, considering the last term in Eq. we can
express the constant of proportionality x in terms of a
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timescale Texhaust, Where

1 1
T X W= — = = D7
exhaust (1 — Oé)li ( )
corresponds to the exhaustion timescale of the ISM in a
closed box model, i.e due to star formation alone. In-
serting Eq. [D7] in Eq. and introducing the effective
timescale

7 Tres Texhaust (D8)
Tres T Texhuast
we obtain
. . Mism
Mism = Min — = (D9)

i.e. Eq. [I5] of section

As stated in Section [0.1} for spiral galaxies in the field,
the SFR is found to evolve only very slowly with redshift,
and is thought to be determined by a self-regulated bal-
ance between inflow, outflow, and consumption of the
ISM via star formation which only evolves very grad-
ually (Keres et al. [2005; [Davé et al.|[2011; [Lilly et al.
2013; |Saintonge et al.[2013) such that at any given time
their SFR can be considered quasi-constant. Via the vol-
umetric star formation law this implies a constraint on
Mgy which can be used to enable estimates of M;, from
Eqgs. & [D6}

As suggested by [Lilly et al.|(2013) a good description
of the quasi steady state is given by the requirement

(D10)

i.e. that the ISM mass per unit stellar mass, and
accordingly the sSFR be constant. As these authors
show, this formulation allows for the dependence of gas
metallicity on SFR in line with observations. However,
as the stellar mass increases, the galaxy will also change
its position along the ,—M, relation, shifting towards
a higher value of M, and an accordingly lower expected
value of the sSFR. Considering a period of time over
which the accumulated stellar mass is negligible, an
alternative implementation of the quasi steady-state is
that the ISM mass remains constant, i.e. Mgy = 0.
Clearly, these scenarios bracket behaviour of Mgy
which can be expected in the quasi steady-state. In the
following we will derive an estimate of the inflow rate
using the requirement given by Eq. following [Lilly’
et al.|(2013), and subsequently compare it to the result
obtained using Mgy = 0.

We begin by considering the total time derivative of u
given by

d 1 OMism — Migm OM,
= D11
at"' T M, ot M2 ot (D11)
1 OMisy | 1
= ot T M*M(l )¢, (D12)
from which we obtain
. OMism d
M, = = 1— M,—un. D1
ISM T p(l—a)o+ - (D13)

Inserting Eq. into Eq. [Df] and isolating M;, we ob-
tain
d

My =[(1—0) (14 ) + Ao+ M S (D14)
As we assume p to be quasi constant in the (quasi) steady
state, the term %u will be negligible compared to the
other terms in Eq.[DI4] Thus, for the quasi steady state,
the inflow of gas to the galaxy will be given by

Mz~ A+ 1—-a)+pl—0a)]é. (D15)

Comparing the estimate for the inflow given in Eq.[D15]
with that which can immediately be obtained from

Eq. for Mgy = 0, i.e.

. P,
My, =2+ (1—-0a)] P, == (D16)
(where we have made use of Egs. & |13 for the last
equality). It is clear that the inflow given by Eq.
is larger by a factor of u(1 — «), with the end-point o
this fraction of the flow being the (growing) ISM of the
galaxy. As the actual inflow will lie somewhere between
the bracketing cases considered here, we have chosen to
adopt Eq. as a conservative estimate of the inflow
to the galaxy in the quasi steady-state in the context of
this work.

Although we have derived an estimate if the inflow of
gas into the ISM making use of the quasi steady state,
this is still predicated on our knowledge of the outflow,
i.e of the parameters A, respectively 7,.s. To this end, we
consider the effective timescale

Tres Texhaust o 1

T= == : D17
’ Tres T Texhaust K (1 —a+ /\) ( )
from which we obtain
1
A=—+a-—1. (D18)
RT

As discussed in Section independent of any as-
sumptions with regard to the quasi steady state, 7 can
determined from the quenching, respectively, refuelling
phase(s) of the fitted parameterized star formation
histories. Accordingly, the outflow estimate given by
Eq. holds regardless of steady state description
adopted, and if we adopt Eq. as an inflow estimate
and insert it into Eq. [D18| we obtain the expression
given by Eq.[17in Section 0.1}

Finally, we reiterate that the derivation presented
above with the corresponding approximations will hold
as long as the rate at which the inflow changes is small
compared to the timescale 7. For the majority of our
considered cases we find the adopted approximations
to be retroactively justified as we find 7 < 1Gyr
following Eq. Where this is not the case we can no
longer derive meaningful constraints using the equations
derived above.
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APPENDIX E: SAMPLING THE FULL DISTRIBUTION OF
TinraLL - RESULTS FOR TWO PARAMETER MODELS

For the main purpose of our analysis we have adopted
the very conservative assumption that only the youngest
30% of satellite galaxies are spirals (i.e. have retained
their spiral morphology), and have accordingly limited
the maximum time since infall in our modelling to
tintan < 3.77Gyr. The opposite extreme assumption,
is that the group environment has no impact on the
probability of a spiral to transform its morphology, in
which case it would be appropriate to sample the full
distribution of infall times. While this is almost certainly
not the case, the true distribution of infall times will lie
between these two extremes, albeit likely more on the
side of the conservative estimate. Therefore, in order to
gain an understanding of the importance of the infall
time distribution to the performance of our models, it
is informative to consider their performance using the
extreme assumption that the full distribution of #i,gan
is sampled. Figs. 26} 25} and [27] which are analogous to
Figs. [19] & [I8] show the results of the models using this
extreme assumption.

In the high stellar mass range, we find that all
three models are formally capable of reproducing the
observed distributions even under the extreme infall
time distribution. For the delayed quenching model,
the preferred parameter values are Tquench = 1.5Gyr
and tgelay = 4.9 Gyr, while the preferred values for the
stochastic delayed quenching model are Tqyench = 1.5 Gyr
and Pyyench = 0.1 Gyr~!. For both models, the quench-
ing timescales are longer than when assuming the
conservative infall time distribution, notably, however,
the delay time is much longer, respectively the quenching
probability is lower, expanding beyond realistic estimates
of the depletion timescale as discussed in Section
In contrast, the refuelling model prefers parameter
values Truel = 0.98 Gyr and Pyyench = 0.5 Gyr—!, compa-
rable to those previously found, albeit that the refuelling
is slower and the occurrence of quenching is lower.
However, as a comparison of Figs [20] & [27] reveals, the
degenerate parameter space is largely the same under
both extreme infall time distributions.

In the low stellar mass range, the refuelling model best
reproduces the observed distribution of Alog(v.), still
attaining a value of Q = 0.79 for the preferred parameter
combination (g1 = 0.45Gyr, Pyuencn = 0.5Gyr—1),
albeit 0.14 lower than that found for the conservative
distribution of infall times and requiring a high rate of
recovery. In contrast the stochastic delayed quench-
ing model (Tquench = 3.1Gyr,Pguench = 0.1Gyr™!)
and the delayed quenching model (Tquench = 3.7 Gyr,
taelay = 4.3Gyr) struggle to reproduce the observed
distribution under the adopted infall time distribution,
both over-predicting the relative number of largely
unquenched galaxies, and in the case of the delayed
quenching model, markedly under-predicting the num-
ber of strongly quenched galaxies. This is also evident
from Fig. 27 and table 5] where there attained values of
@ are noticeably lower than for the conservative infall
time distribution. Furthermore, the long delay time/low
quenching probability are difficult to reconcile with

realistic gas exhaustion timescales.
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