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ABSTRACT

Recently a number of studies have found a similarity between the passive fraction of central
and satellite galaxies when controlled for both stellar and halo mass. These results suggest
that the quenching processes that affect galaxies are largely agnostic to central/satellite status,
which contradicts the traditional picture of increased satellite quenching via environmental
processes such as stripping, strangulation, and starvation. Here we explore this further using
the Galaxy And Mass Assembly (GAMA) survey, which extends to ~2 dex lower in stellar
mass than SDSS, is more complete for closely separated galaxies (295 percent compared
to 270 percent), and identifies lower-halo-mass groups outside of the very local Universe
(Mpaio ~ 10> Mg at 0.1 < z < 0.2). As far as possible we aim to replicate the selections,
completeness corrections, and central/satellite division of one of the previous studies but
find clear differences between passive fractions of centrals and satellites. We also find that our
passive fractions increase with both halo-to-satellite mass ratio and central-to-second rank mass
ratio. This suggests that quenching is more efficient in satellites that are low-mass for their halo
(i.e. at high halo-to-satellite mass ratio in comparison to low halo-to-satellite mass ratio) and
are more likely to be passive in older groups — forming a consistent picture of environmental
quenching of satellites. We then discuss potential explanations for the previously observed
similarity, such as dependence on the group-finding method.
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formation.
verting gas into new stars, and red quiescent (or passive) systems,
1 INTRODUCTION which have little or no active star formation (e.g. Blanton et al.
Galaxies in the local Universe can be broadly classified into two 2003; Kauffmann et al. 2003a, 2004; Baldry et al. 2004; Balogh
populations: blue star-forming systems, which are actively con- et al. 2004; Brinchmann et al. 2004; Taylor et al. 2015). Our un-
derstanding of galaxy evolution processes suggests that galaxies
initially form and then subsequently grow in stellar mass via star
* E-mail: luke.j.davies@uwa.edu.au formation and mergers, starting as blue star-forming systems and
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then evolving into a quiescent state (e.g. Bell et al. 2004; Faber
et al. 2007; Martin et al. 2007). When selected either in rest-frame
colour (e.g. Baldry et al. 2004; Taylor et al. 2015), or in the specific
star-formation rate (sSFR) or star-formation rate (SFR) vs stellar
mass (M,) plane (e.g. Balogh et al. 2004; Moustakas et al. 2013;
Davies et al. 2016b, 2019), these populations show clear bimodal-
ity, highlighting that the transition from star-forming to quiescent
(quenching) is potentially fast (however, cf. Schawinski et al. 2014;
Bremer et al. 2018) and occurs over a broad range of stellar masses.
Determining the processes that drive this change is essential to our
understanding of galaxy evolution processes.

Current observational evidence suggests that there are two dom-
inant modes of galaxy quenching. The first is secular quenching,
which can occur in all galaxies irrespective of external processes
and is correlated with the internal properties of a galaxy (Kauff-
mann et al. 2003b; Driver et al. 2006; Wake, van Dokkum &
Franx 2012; Lang et al. 2014; Barro et al. 2017). This mode of
quenching appears to be more pronounced at higher stellar masses
(logio[M./Mp] > 10.0), with the quenched fraction correlating
with the presence of a massive bulge (Fang et al. 2013; Bluck et al.
2014; Bremer et al. 2018), high central velocity dispersion (Wake
et al. 2012; Teimoorinia, Bluck & Ellison 2016), and/or an active
galactic nucleus (AGN; e.g. Nandra et al. 2007). However, simu-
lations also require gas outflows that inhibit star formation in the
lowest-mass galaxies (e.g. logjo[M./M@] < 9.0) in order to repro-
duce the observed distribution of low-mass systems (Dekel & Silk
1986). These outflows are generally attributed to stellar feedback
processes (Dalla Vecchia & Schaye 2008), which at logo[M./M@]
2 9.0 do not drive the gas with enough energy to escape the galaxy’s
gravitational potential (e.g. Dekel & Silk 1986). This potentially
indicates that secular quenching is bimodal with stellar mass — af-
fecting both low- and high-mass galaxies but leaving intermediate-
mass systems relatively unscathed (see Davies et al. 2019, and
similar results in the EAGLE simulation from Katsianis et al., in
preparation).

The second mode of quenching is driven by a galaxy’s local en-
vironment. Overdense environments such as clusters, groups, and
even close pairs (see Patton et al. 2011; Robotham et al. 2014;
Davies et al. 2016a) can either remove or inhibit the supply of gas re-
quired for ongoing star formation, leading to a quenching event (e.g.
Peng et al. 2010; Schaefer et al. 2017). There are various physical
processes that drive this quenching, such as starvation/strangulation
(Larson, Tinsley & Caldwell 1980; Moore et al. 1999; Nichols &
Bland-Hawthorn 2011; Peng, Maiolino & Cochrane 2015), tidal
and ram pressure stripping (Gunn & Gott 1972; Moore et al. 1999;
Brown et al. 2017; Poggianti et al. 2017; Barsanti et al. 2018),
and/or harassment (Moore et al. 1996). This mode is more likely to
affect intermediate-to-low-mass galaxies (log;o[M./Ma] < 10.0;
see e.g. Davies et al. 2019), and is found to correlate with local
galaxy density within groups/clusters (Peng et al. 2012; Treyer et al.
2018), and group/clustercentric position (Wolf et al. 2009; Wetzel,
Tinker & Conroy 2012; Woo et al. 2015; Barsanti et al. 2018)
— likely due to the fact that low-mass galaxies moving through
overdense environments cannot retain or accrete star-forming
gas.

However, these environmental processes should only quench
satellites and will not generally affect central galaxies that sit at
the centre of their haloes (thus are not subject to stripping) and
are typically the most massive galaxy in their group (hence tidal
interactions /harassment will be minimal, and they can retain their
gas). As such, we may expect centrals and satellites to undergo
different quenching mechanisms and display different passive frac-
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tions when controlled for all other effects (e.g. van den Bosch et al.
2008; Weinmann et al. 2009; Peng et al. 2012; Wetzel et al. 2012;
Knobel et al. 2013; Robotham et al. 2014; Grootes et al. 2017).
This is the typically accepted model for environmental quenching
processes, where satellite galaxies undergo additional quenching
in overdense environments (e.g. Wetzel et al. 2013; Treyer et al.
2018), especially when a satellite is significantly less massive than
its central/halo. This model is both used in numerous galaxy evolu-
tion models (e.g. Cole et al. 2000; Henriques et al. 2015; Stevens &
Brown 2017; Cora et al. 2018; Lagos et al. 2018b) and observed in
hydrodynamic simulations (e.g. Bahé & McCarthy 2015).

In contrast to this, a number of recent studies have suggested
that centrals and satellites show similar passive fractions when con-
trolled for stellar and halo mass, and thus may undergo similar
quenching irrespective of their current central/satellite status (e.g.
Hirschmann et al. 2014; Knobel et al. 2015). Most recently, Wang
et al. (2018a, hereafter W18) use SDSS galaxies and the group
catalogues of Yang et al. (2007, hereafter Y07) to explore the pas-
sive fraction of central and satellite galaxies as a function of halo
mass when controlled for stellar mass and vice versa. Once con-
trolled, they find that there is no significant difference between the
passive fraction of centrals and satellites, and suggest that prefer-
ential environmental quenching of satellites at a given stellar and
halo mass is not a dominant mechanism in the formation of pas-
sive systems. This contradicts the currently held view of satellite
quenching.

However, W18 do find that their similarity between centrals and
satellites is most apparent in high-mass galaxies (where environ-
mental quenching is likely to be smallest), and also that their choice
of the Y07 group finder may bias their results. For example, Camp-
bell et al. (2015) show that one of the main tendencies of many group
finders is to provide poor designation of centrals/satellites, leading
to increased artificial central—satellite similarity. In a follow-up pa-
per, Wang et al. (2018b) explore the passive fractions of centrals and
satellites in the L-GALAXIES semi analytic model (Henriques et al.
2015) and EAGLE simulations (Schaye et al. 2015) and find weak
to no intrinsic similarity. However, when applying the Y07 group
finder to simulated light cones in both simulations, they observe
consistent passive fractions between the central/satellite popula-
tions. In addition, it is also interesting to note that both Hirschmann
et al. (2014) and Knobel et al. (2015), who find similar results to
W18, also use SDSS galaxies and the Y07 group-finding method.
This may tentatively suggest that any similarity is driven by the
group-finding process and is not a true physical effect. Clearly, this
warrants further study.

In this work we perform a direct comparison to the W18 analy-
sis (aiming to replicate their selection and techniques), in order to
compare our results to these previous studies. While Hirschmann
et al. (2014) and Knobel et al. (2015) use varying analysis tech-
niques, they essentially use the same data and same group-finding
method as W18, and arrive at the same results. Therefore, our di-
rect comparison to W18 serves as a comparison to these previous
studies.

Here we use the Galaxy and Mass Assembly (GAMA) sample to
explore the passive fractions of central and satellite galaxies when
controlled for stellar mass and halo mass in a similar manner to
W18. GAMA extends to ~2dex lower in stellar mass than SDSS
and is more complete to closely separated galaxies (>95 per cent
compared to >70 per cent; see Liske et al. 2015). This allows the
identification and parametrization of both lower-mass groups and
their satellite populations. Importantly, GAMA also uses a com-
pletely different method for group finding than Y07, following

MNRAS 483, 5444-5458 (2019)

610Z 1890190 9| U0 Jasn Aieiqi AlsiaAlun smalpuy 1S Aq $21 | 8ZS/v1S/v/E8Y/10BNSqe-a]dIle/SBIUW/WOo2 dNo dIWapede//:sdly Wol) PaPEOjUMO(]



5446 L. J. M. Davies et al.

the friends-of-friends (FOF) method outlined in Robotham et al.
(2011, hereafter R11) There is one key difference between these
group-finding methods. The Y07 group finder assigns halo masses
to isolated centrals based on abundance matching, while the R11
group finding requires that a halo have at least two members. This
leads to the SDSS Y07 group catalogue being dominated by isolated
centrals, while the GAMA R11 catalogue is largely composed of
satellites. This important distinction may have strong implications
for the observed central/satellite passive fractions at fixed stellar
and halo mass.

Throughout this paper we use a standard ACDM cosmology with
Hy = 70kms~'Mpc~!, Q5 = 0.7,and Qy = 0.3.

2 DATA AND SAMPLE SELECTION

The GAMA survey second data release (GAMA II) covers 286 deg”
to a main survey limit of rag < 19.8 mag in three equatorial (G09,
G12, and G15) and two southern (GO2 and G23 — survey limit
of ixg < 19.2 mag in G23) regions. The spectroscopic survey was
undertaken using the AAOmega fibre-fed spectrograph (Saunders
et al. 2004; Sharp et al. 2006) in conjunction with the Two-degree
Field (2dF; Lewis et al. 2002) positioner on the Anglo-Australian
Telescope, and obtained redshifts for ~240000 targets covering
0 < z £ 0.5 with a median redshift of z ~ 0.2, and highly uniform
spatial completeness (see Baldry et al. 2010; Robotham et al. 2010;
Driver et al. 2011, for a summary of GAMA observations). Full
details of the GAMA survey can be found in Driver et al. (2011,
2016), Liske et al. (2015), and Baldry et al. (2018). In this work we
utilize the data obtained in the three equatorial regions, which we
refer to here as GAMA Ilg.

In this work we limit our sample to galaxies that have a confirmed,
local-flow-corrected redshift at 0.01 < z < 0.2 and are not classified
as an AGN using the Baldwin, Phillips & Terlevich (BPT) diagnos-
tic (Baldwin, Phillips & Terlevich 1981) and the star-forming-AGN
dividing line of Kauffmann et al. (2003c), as AGN contribution to
H o lines can significantly bias SFR measurements. For details of
this process for the GAMA sample, see Davies et al. (2015). How-
ever, note that here we also repeat our analysis without excluding
AGN sources and our results do not change.

2.1 Stellar masses and SFRs

Stellar masses for the GAMA Ilg, sample are derived from the
ugriZYJHK photometry using a method similar to that outlined
in Taylor et al. (2011) — assuming a Chabrier IMF (Chabrier
2003). The SFRs used in this work are presented in Davies et al.
(2016b). We primarily use H «-derived SFRs to be consistent with
W18 (however, note the differences between SDSS and GAMA
emission-line measurements due to different fibre size; see Hopkins
et al. 2013). These are measured using GAMA spectra discussed in
Liske et al. (2015) and the process outlined in Gunawardhana et al.
(2011), Gunawardhana et al. (2015), and Hopkins et al. (2013) and
using the line measurements of Gordon et al. (2017). However, in
Appendix A we also reproduce our analysis using the MAGPHYS-
derived SFRs outlined in Driver et al. (2018), which are based on
the energy balance Spectal Energy Distribution (SED)-fitting code
MAGPHYS (da Cunha, Charlot & Elbaz 2008). Full details of these
SFR indicators are described at length in Davies et al. (2016b). All
photometry used for these stellar masses and SFRs are measured
using the Lambda Adaptive Multi-Band Deblending Algorithm for
R (LAMBDAR) and presented in Wright et al. (2016).

MNRAS 483, 5444-5458 (2019)

2.2 Group centrals and satellites

For our halo masses we use the G*C catalogue, which includes the
identification of all galaxy groups and pairs within GAMA (R11; see
also Robotham et al. 2012, 2013, 2014; Davies et al. 2015). Briefly,
the GAMA group catalogue is produced using a bespoke FOF-based
grouping algorithm, which was tested extensively on mock GAMA
galaxy light cones, and assigns ~40 per cent of GAMA galaxies
to multiplicity N > 1 pairs and groups. In this work we define a
group as a system with multiplicity N > 1 (i.e. we include both pairs
and groups; we also repeat our analysis excluding pairs but find no
significant difference in our results). In Appendix B we also discuss
how including N = 1 systems (isolated centrals) affects our results
and provides a potentially more direct comparison to the results
using the YO7 finder.

Group halo masses are calculated by group matching to bespoke
simulated light cones using a number of methods. Here we use
the scaled mass proxy, Mo ~ ARsy0%, where Rs, is the radius
containing 50 per cent of the group members, o is the group velocity
dispersion, and A is a functional scaling factor based on group
multiplicity and redshift (see section 4.3 of R11). For full details of
the group finding and mass estimates, see R11. Note that we have
also repeated our analysis using the weak-lensing recalibrated group
halo masses outlined in Viola et al. (2015). While our individual
passive fractions controlled for stellar and halo mass do change
when using these halo masses (specifically at low halo masses), we
do still see a clear separation between centrals and satellites, and all
of the trends in our results remain.

Critical to the analysis of differences between central and satellite
galaxies is the choice of group central. The G3C catalogue gives a
number of different group centrals based on various approaches.
First, the catalogue provides a central estimate based on the source
with the brightest r-band luminosity of the group members (the
brightest cluster galaxy, or BCG); this is comparable to the group
central from Y07 and used in W18, Hirschmann et al. (2014), and
Knobel et al. (2015). For the main analysis in this paper this is
the definition of central we use. However, in Appendix A we also
discuss how our results vary with the choice of central. For these
we use both the galaxy closest to the r-band centre of light and
the galaxy closest to the iterative centre of the group. The iterative
centre is defined where, in iterative steps, the 7-band centre of light
is calculated and the most distant galaxy rejected until only two
galaxies remain. Then the brightest galaxy is selected as the central.
In practice the BCG and iterative central provide similar results,
while the centre of light deviates significantly, specifically within
high-multiplicity groups. See R11 for a full description of these
central definitions.

2.3 Selecting passive/star-forming galaxies

Multiple methods are available for distinguishing between passive
and star-forming systems based on SFR, morphology, structure,
etc. (e.g. Davies et al. 2019). These can also have a significant
impact on derived results depending on the exact selection used
and the method for measuring SFRs (e.g. H «-derived SFRs versus
SED-derived SFRs). Here we wish to be consistent with W18,
who use Ha-derived SFRs from the New York University Value
Added Galaxy Catalogue (NYU-VAGC; Blanton et al. 2005) and
separate star-forming and passive systems using an offset from the
star-forming sequence (SES).

Fig. 1 displays the SFR—M, plane for all 0.01 < z < 0.2 non-AGN
GAMA galaxies. First we exclude sources with sSFR < 107103 yr~!
and derive a least-squares regression fit to the SFS (dashed line).
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Figure 1. Selection of star-forming and passive galaxies using the SFR—
M plane. The dashed line displays a fit to the star-forming sequence, while
the solid line displays our dividing line between the two populations. Star-
forming galaxies are shown in blue and passive galaxies in red. Contours
display the density of points in the full GAMA z < 0.2 non-AGN sample.

W18 opt to divide passive and star-forming systems at 1 dex below
the SFS. However, within GAMA we find that the passive cloud
does not have the same slope as the SFS. Hence, for a more robust
dividing line we also derive a least-squares regression fit to passive
sources with sSSFR < 10713 yr~!. To define the dividing line be-
tween the two populations, we first take the minimum density point
in cross-sections along lines of the shortest distance between our
star-forming and passive fits. We then fit these minimum points and
take this as our dividing line (black solid line in Fig. 1). The con-
tours in Fig. 1 show the density of points for all GAMA galaxies
and highlight that the black solid line traces the minimum ridge.
The effect of changing our choice of this dividing line is described
in Appendix A.

2.4 Deriving passive fractions

As with any flux-limited survey, the detectability of both galaxies
and groups decreases with redshift as intrinsically faint (low-mass)
galaxies can only be detected in local volumes. Within the main
results presented in this paper the biases induced by this effect are
minimal. This is due to the fact that we are comparing the relative
quenched fraction of centrals and satellites, and these selection
biases largely affect both centrals and satellites in equal measures
(modulo the fact that centrals and satellites have different passive
fractions and the detectability of sources varies with the SFR, which
is discussed later). In addition, the GAMA sample is relatively
complete at z < 0.2 to the bulk of the stellar masses studied here
(i.e. the sample is >95 per cent complete to log;o[M./ M ] > 10.0
galaxies out to z ~ 0.2). However, in order to most robustly derive
the absolute passive fractions, and to be consistent with W18, we
apply completeness correction weights to our sample using the
standard V,/V,.x method.

GAMA: central/satellite quenching 5447

Here we do not calculate individual weights for each galaxy, but
follow the description outlined in Lange et al. (2015) to avoid highly
weighted galaxies skewing the results. First, we exclude all sources
at logo[M./Mp] < 9.0, where the GAMA sample is incomplete
over our redshift range and volume corrections would be large. We
then split the full sample into Alog;o[M./M@] = 0.2 bins. For each
bin we calculate the maximum redshift at which the lower-mass end
containing >97.7 per cent of the sample could be observed (zmax)-
For each stellar mass bin we then calculate a weight using

Vi
Venar (Mbin)”

where w(Mpi,) is the weight in a given bin of stellar mass, V; is
the total volume of the sample, calculated as the comoving volume
between 0.01 < z < 0.2, and V. (My,) is the comoving volume
out to zmay for a given stellar mass bin. We then set the weight of
any bin where w(M,) < 1 to w(M,) = 1 and assign the weighting to
all galaxies within each bin. This is equivalent to a volume-limited
sample out to z ~ 0.2. We note that the completeness function
(and therefore V) will in fact be different for passive and star-
forming systems. However, to be consistent with W18, we use
a common V,  for all galaxies within a particular stellar mass
bin.

To calculate the passive fraction, fp, of given subsample, S, we
follow W18 using

Ziszl w; (Myin)
where w; is the individual galaxy weight based on its stellar mass
bin and P is the binary passive value, with P = 1 for passive and
P = 0 for star-forming. In order to determine the effect of mea-
surement errors for these passive fractions, we bootstrap resample
for 500 iterations varying each galaxy’s SFR, stellar mass, and halo
mass with a normal distribution using their 1o errors taken from
Davies et al. (2016b) and Taylor et al. (2011) for SFRs and stellar
masses, respectively. For halo masses, we use equation 20 of R11,
which equates group multiplicity to halo mass error. For the errors
in all of our figures we show the standard deviation of all boot-
strap samples combined in quadrature with binomial distribution
errors estimated using a beta distribution following the procedure
of Cameron (2011).

Initially we take galaxies at all stellar masses in our sample and
compare the passive fraction of centrals and satellites as a function
of halo mass, shown in the top panel of Fig. 2. The numbers in
each panel display the number of star-forming/passive galaxies that
go into each data point (i.e. in the lowest halo mass bin there are
2562 sources, of which 1452 are satellites and 1110 are centrals,
and of the satellites 1148 are star-forming and 304 are passive).
We find that the passive fraction increases with halo mass for both
populations and that centrals are more likely to be passive at a given
halo mass, consistent with many previous results (e.g. Brinchmann
et al. 2004; Wetzel et al. 2012; Bluck et al. 2016; W18). This is
due to the fact that, at a given halo mass, a central is likely to be
more massive, and hence more likely to be quenched via secular
processes. In addition, the same is true for satellites (more massive
haloes can host more massive satellites), but also more massive
haloes are likely to have stronger satellite-quenching mechanisms.
Hence, multiple entangled physical effects can drive the correlations
observed in this panel.

The bottom panel of Fig. 2 then displays the halo-mass-agnostic
passive fractions of centrals and satellites as a function of stellar
mass (i.e. overall halo masses). This shows the flipped trend that

w(Myin) = (D

fr(S) = ; @)
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Figure 2. Top: the global passive fractions for all group galaxies (grey line),
centrals (red), and satellites (blue) as a function of halo mass. Bottom: the
global passive fractions as a function of stellar mass where we also include
all GAMA galaxies irrespective of environment (green line). Error bars
show the bootstrap errors plus binomial distribution errors in quadrature.
Numbers show the number of star-forming/passive galaxies that go into
each data point.

at a given stellar mass, satellites are more likely to be quenched
than centrals. This agrees with the well-known scenario of envi-
ronmental quenching, highlighting that additional processes must
affect satellites at a given stellar mass, increasing the relative num-
ber of passive systems (i.e. see Weinmann et al. 2009; Knobel et al.
2013; Bluck et al. 2016; Grootes et al. 2017). We also find that with
increasing stellar mass, the relative difference in passive fraction be-
tween centrals and satellites decreases and at log;o[M,./Mx]~11.0

MNRAS 483, 5444-5458 (2019)

they are the same within uncertainty. This is consistent with our
current understanding, which predicts that environmental quench-
ing is less effective at higher stellar masses, where the few massive
star-forming galaxies have large gas reservoirs and can easily retain
them through environmental interactions (this is discussed further
in the following section). As such, the evolution of the most mas-
sive galaxies is unlikely to be strongly affected by environment (i.e.
central/satellite status).

We do note that the passive fractions for satellites in our highest
stellar mass bin do not follow the general trend at all other stellar
masses, even when considering errors. This is unlikely to be real,
which may mean that our errors are under estimated, potentially due
to our assumption of a binomial distribution. However, if we assume
a Poisson distribution instead, our errors increase slightly but still
show a difference between centrals and satellites at the highest
stellar masses. A potential explanation for this is shot noise from
small sample sizes, which makes the distribution neither binomial
nor Poisson (there are only 24 satellites in this bin), and/or cosmic
variance, as GAMA does not robustly probe a wide variety of the
most massive galaxies or the most massive haloes — where these
satellites will reside. Therefore, we caveat that our results may not
be robust for the small number of satellite galaxies at log;o[M./M¢ ]
> 11.5.

There are several results from cosmological hydrodynamic sim-
ulations that agree with the general trends in our observations.
For example, Correa et al. (2017) showed that the morpholo-
gies of low-mass passive galaxies were varied, while those of
massive galaxies were very similar (all highly bulge-dominated).
The latter held true even if the massive galaxies were satel-
lites, suggesting that the morphology of passive galaxies was
not strongly affected by environment. Lagos et al. (2018a) found
similar trends but this time analysing the kinematics of galax-
ies instead of morphology. These results have been interpreted
by the authors as massive satellites quenching by the same pro-
cesses as massive centrals. Wright et al. (in preparation) also
show a clear dichotomy in the quenching mechanisms and time-
scales of satellite and central galaxies at log;o[M./Mp] < 10.5
but similar mechanisms/time-scales at higher stellar masses. All
of these results have been obtained for the EAGLE simulations
(Crain et al. 2015; Schaye et al. 2015; McAlpine et al. 2016), but
similar results have also been reported for Illustris-TNG (Nelson
et al. 2018).

3 CENTRAL/SATELLITE SIMILARITY?

Fig. 2 may not fully encapsulate the environmental quenching pro-
cesses that would be delineated by the central/satellite divide. This
is due to the fact that secular quenching processes and the pas-
sive population both vary as a function of stellar mass (see e.g.
Peng et al. 2010; Weisz et al. 2015; Davies et al. 2015, 2016a,
2019), with massive galaxies more likely to be passive. This is
displayed as the grey (for GAMA group galaxies) and green (for
all GAMA galaxies) lines in the bottom panel of Fig. 2; that is,
irrespective of the central/satellite divide, more massive galaxies
are more likely to be passive. In addition, the stellar mass function
also varies with halo mass (e.g. Yang, Mo & van den Bosch 2009;
Eckert et al. 2016, Vazquez-Mata et al., in preparation). This can
complicate crude diagnostics such as those in Fig. 2. For example,
while passive fractions of centrals are higher than satellites at all
halo masses, centrals are also more likely to be massive galaxies at
all halo masses. Therefore, they are more likely to be passive simply
due to secular processes, irrespective of environment. As such, in
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order to identify potential similarity between central and satellite
passive fractions (or a lack thereof) we must control for both stellar
and halo mass.

3.1 Passive fractions when controlled for stellar and halo mass

We first separate our sample into six Alog;o(M./M@) = 0.4 bins of
stellar mass at 9.0 < logio[M./M@] < 11.4, consistent with W18.
We then repeat the analysis described in Section 2.4 for galaxies
in each stellar mass bin. The top six panels of Fig. 3 display the
passive fraction of centrals and satellites as a function of halo mass
in different stellar mass bins.

First, we find that, as in the global distribution, the passive frac-
tions for satellites increase with halo mass in all stellar mass bins
except for the most massive (logio[M,./Mp] > 11.0) galaxies. In
contrast, for the majority of stellar masses, centrals appear largely
agnostic to halo mass (i.e. the lines are close to flat). This is in-
teresting as it suggests that central-quenching mechanisms are not
strongly correlated with their larger-scale environment. A potential
mechanism for central galaxy quenching is that in massive galax-
ies the formation of a hot corona inhibits gas outflow form stellar
feedback, leading to a build-up of gas in the central regions of the
galaxy. This in turn triggers a response from the central black hole
triggering accretion, feedback, and suppression of star formation
(Bower et al. 2017). Given that the presence of hot corona is corre-
lated with halo mass, one might expect this quenching mechanism
to also be correlated with the host halo. However, Bower et al.
(2017) also show that this effect is somewhat binary, occurring in
all logio[My/M@] > 12.0 haloes. As such, this mode of central
quenching would be ubiquitous across almost all of the halo mass
explored in our work, and we may not see any significant correlation
between central passive fraction and halo mass.

At the highest stellar masses, we find that within errors passive
fractions of both centrals and satellites appear flat with halo mass.
We also observe that the general trend is for a clear divide between
centrals and satellites, with satellites displaying higher passive frac-
tions. The exception to this is in the most massive galaxies in the
most massive haloes (where almost all galaxies are passive) and
in the lowest-mass galaxies in the most lowest-mass haloes (where
almost all galaxies are star-forming). These results contradict the
findings of W18 but are consistent with the current understanding
of galaxy evolution processes, which suggests satellites should un-
dergo additional quenching mechanisms, and that this quenching
should be stronger in larger haloes (e.g. van den Bosch et al. 2008;
Weinmann et al. 2009; Peng et al. 2012; Wetzel et al. 2012; Knobel
et al. 2013; Grootes et al. 2017). We also re-observe the trend of
increasing passive fractions with stellar mass, irrespective of halo
mass (i.e. lines move to higher massive fractions with increasing
stellar mass), and that this increase is more rapid in centrals (as in
Fig. 2).

The bottom panels of Fig. 3 display the converse. We separate
our sample into six Alogio(My/M@) = 0.6 bins of halo mass at
11.4 < logio[Mpy/M@p] < 15.0, once again with consistent bin-
ning to W18. We then show the passive fraction of centrals and
satellites as a function of stellar mass for each halo mass bin. As
expected, we find that at all halo masses the passive fraction in-
creases with increasing stellar mass for both centrals and satellites.
At lower halo masses (top rows), we find that both centrals and
satellites have similar passive fractions. They are slightly distinct
at intermediate stellar masses (10 < log;o[M./Mp] <11.0), but
at both lower and higher stellar masses, the passive fractions of
centrals and satellites are comparable. This is consistent with the
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results described in the top panels of Fig. 3, as at low stellar masses
and low halo masses almost all galaxies are star-forming, and at
high stellar masses and low halo masses almost all galaxies are
passive.

This is also as expected, as the environmental quenching effect
of these low-mass haloes is small and the passive fraction is more
strongly correlated with stellar mass alone (i.e. via secular pro-
cesses). However, with increasing halo mass, the passive fractions
of centrals and satellites at log;o[M./M@] <11.0 diverge. For cen-
trals, passive fractions remain relatively constant with increasing
halo mass at close to the global value (dot—dashed line). For satel-
lites, passive fractions increase with halo mass. Once again, this
is consistent with the picture of higher-mass haloes providing an
increased quenching effect on satellites, but leaving centrals largely
unscathed.

Our trends are somewhat similar to those observed in fig. 3 of
Hirschmann et al. (2014), which compares central/satellite passive
fractions for SDSS galaxies as a function of local galaxy density
(comparable to halo mass; see their fig. 5). Our results extend to
lower stellar and halo masses, and show a slightly larger separation
between centrals and satellites at logio[M./Mp] < 11.0, but over
the same stellar/halo masses are comparable. By contrast, fig. 5
of Knobel et al. (2015) displays the passive fraction of centrals
and satellites when matched on stellar mass (panel b), and stellar
mass and local galaxy density (panel c), finding almost identical
passive fractions of centrals and satellites. Their panel b can be
compared to the bottom panel of Fig. 2, which also shows cen-
tral and satellite passive fractions at a given stellar mass. However,
we find a separation between centrals and satellites, which is not
observed by Knobel et al. (2015). In addition, their panel ¢ can
be compared to our Fig. 3, with passive fractions controlled for
stellar mass and halo mass (i.e. local galaxy density). Here we
also see a separation between central and satellite passive frac-
tions at logio[M./Mn] < 11.0, which is not found by Knobel
et al. (2015).

While the Knobel et al. (2015) results use only N > 2 systems,
and our figures display N > 1 groups, we repeat our analysis for
just N > 2 groups and find that our results do not significantly
change. However, we note that Knobel et al. (2015) only claim a
similarity between centrals and satellites at logo[M,/Mg] > 10.3
(i.e. largely only the three highest stellar mass points in Fig. 2
and the bottom panels of Fig. 3). This is where we also find pas-
sive fractions of centrals and satellites are similar. As such, in the
overlapping stellar and halo mass ranges probed our results are
not in strong contention with Knobel et al. (2015) or Hirschmann
et al. (2014).

3.2 Passive fractions as a function of mass ratios

Next we consider how the passive fraction of satellites varies as a
function of halo mass/satellite stellar mass ratio in different stel-
lar mass bins (Fig. 4). We overplot a line displaying the central
passive fraction within the given stellar mass bin. These panels
highlight that at a fixed stellar mass, the passive fraction of satel-
lites increases when the difference in mass between the satellite
and halo is massive. When satellites are massive for their halo, pas-
sive fractions are close to that of centrals. This is consistent with
the currently held view that environmental quenching processes are
strong when a satellite is small in comparison to its host halo, as it
can undergo significant strangulation, stripping, harassment, tidal
processes, etc. When a galaxy is massive for its halo, environmental
quenching effects will be weaker, as galaxies can retain their star-
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Figure 3. Top panels: the passive fractions for all galaxies (grey line), centrals (red squares), and satellites (blue circles) as a function of halo mass, split into
different stellar mass bins using the same ranges as W18. Bottom panels: the same as the top panels but passive fractions as a function of stellar mass, split
into different halo mass bins. Error bars show the bootstrap errors plus binomial distribution errors in quadrature. Numbers at the bottom of the figure show the
number of star-forming/passive galaxies that go into each data point. The blue dashed and red dot-dashed lines display the global central and satellite passive
fractions respectively for all stellar masses (top) and halo masses (bottom) as a reference point, taken from Fig. 2. In all but the most massive galaxies in the
most massive haloes we see a difference between the passive fractions of centrals and satellites. At a given halo mass and stellar mass (at log 10[M/Mp] <
10.5), satellites are more likely to be passive than centrals, as expected from additional satellite-quenching mechanisms.
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Figure 4. The passive fraction of satellite galaxies as a function of total halo mass to satellite stellar mass ratio in AMassRatio = 0.4 dex bins. In all panels
the horizontal red dashed line displays the typical central passive fraction over the panel’s stellar mass range. We see a clear trend of the passive fraction of
satellites increasing with mass ratios. When a galaxy is large for its halo (halo/satellite mass ratio is low) satellites have a passive fraction that is close to
centrals at the same stellar mass. These satellites could be defined as centrals in there own right and/or are largely unaffected by environmental quenching
processes. As mass ratios increase, satellites become much smaller than their halo. Here, environmental quenching processes, such as strangulation, stripping,
harassment, and tidal interactions, become progressively stronger, leading to higher passive fractions.

forming gas and are less affected (in terms of quenching) by any tidal
interactions. This is also consistent with results from the EAGLE
simulation, which find that quenching time-scales are shorter for
higher halo/satellite mass ratios — leading to larger passive fractions
(Wright et al. in preparation).

Finally, we explore the passive fraction of centrals and satellites as
a function of the mass ratio between the central and second-ranked
(based on stellar mass) galaxy in the group (hereafter M1/M2;
Fig. 5). This ratio is used as a proxy for the age of the group
(e.g. Ponman et al. 1994; Khosroshahi, Jones & Ponman 2004;
Khosroshahi, Ponman & Jones 2007), as within older groups the
central has consumed a larger fraction of its massive satellites.
We find that, at a fixed halo mass, the passive fraction of both
centrals and satellites increases with M1/M2. This suggests that
galaxies, as expected, have had more time to become quenched in
older groups. This is consistent with the results exploring HT gas
depletion in local groups, which find that older groups are more
gas-poor and therefore are more likely to host quenched popula-
tions (Nichols & Bland-Hawthorn 2011, 2013). We also find that
this trend is more pronounced for centrals than satellites, likely
due to the fact that satellite populations can be constantly replen-
ished with star-forming galaxies (or rejuvenated by interaction-
induced starburst events; e.g. Davies et al. 2015). However, once
centrals are quenched the majority may remain so (cf. central

gas-rich mergers may replenish centrals with gas and induce star
formation).

Interestingly, we also see a decrease in the passive fractions at
M1/M?2 ~ 20 (or equally likely an increase at M1/M2 ~ 2-3). This is
observed in central and satellite galaxies in terms of both the global
distribution (dashed lines) and each of the panels for log,o(My/M¢))
< 13.8, butis more pronounced in centrals. If M1/M2 correlates with
group age, this suggests that groups at a particular evolutionary stage
have a lower passive fraction (higher star-forming fraction) than
those that are both older and younger. This is intriguing and could
potentially be linked to the group relaxation time-scales (although
it would be unlikely to stay fixed as a function of halo mass),
mergers, and/or the typical galaxy-quenching time-scales (see e.g.
Bremer et al. 2018). Further, if we remove isolated pairs (simply
N = 2 FOF systems in the R11 group catalogue) from our sample
this decrease at M1/M2 ~ 20 is still present but somewhat less
pronounced, suggesting it may in part be due to galaxy—galaxy
interactions. However, this observation could equally be due to
some currently unexplored selection effect. This warrants further
investigation, which is beyond the scope of this paper.

In summary, our results display differences between central and
satellite passive fractions over halo and stellar mass ranges where
satellite quenching is likely to be an important driver of galaxy evo-
lution. We also find that the largest differences between the central
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Figure 5. The passive fraction of central and satellite galaxies as a function of the stellar mass ratio between the central and second-ranked galaxy (M1/M2),
in a number of stellar mass ranges. This metric is a proxy for group age. The red dot—dashed and blue dashed lines show the global values for centrals and
satellites, respectively (i.e. over all stellar/halo masses). Both centrals and satellites are more likely to be passive if they reside in older groups (larger M1/M2)
and this trend is stronger for centrals than satellites. This is expected as centrals in older groups are more massive, as they have had more time to accumulate
stellar mass, and as they are older themselves (and are therefore more likely to be passive). Satellites in older groups will be a mixed bag of sources which
have been in the group environment for a long time (and are therefore passive) and recently infalling satellites (which are potentially star-forming). In contrast,
young groups are more likely to only contain the recently infalling star-forming population. This results in both centrals and satellites having increasing passive
fractions with M1/M2 ratio, but the effect being more pronounced in centrals.

and satellite populations occur where environmental quenching is
likely to be most pronounced, that is in low-stellar-mass galaxies
when controlled for halo mass, and large halo mass when controlled
for stellar mass. Lastly, we show that passive fractions increase as
satellites become increasingly less massive than their halo and that
both centrals and satellites are more likely to be passive in older
groups. It is worth noting that our results do not take into ac-
count the location of satellite galaxies within the group, which may
have a strong impact on environmental quenching mechanisms (i.e.
Barsanti et al. 2018).

To test the validity of our results we also varied the SFR indicator
used, the choice of dividing line between passive and star-forming
systems, and the definition of central galaxy. This is described in
Appendix A. In summary, we find that for reasonable choices the
trends seen in our data remain.

4 DISCUSSION

Following our results, it is interesting to consider how the previous
works of W18, Hirschmann et al. (2014), and Knobel et al. (2015)
found similar passive fractions in centrals and satellites. There are
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a number of possible differences between their samples and the one
that we discuss here.

First, their SDSS sample does not cover the same stellar and halo
mass range as our GAMA sample, and has a different completeness.
The main place where this becomes apparent is in the identification
of low-mass central galaxies. While centrals down to these stel-
lar masses will be observed in SDSS, their lower-mass/luminosity
satellites will not. Hence, they will not be identified as an N > 1
group. However, within GAMA our sample extends to much lower
stellar masses, allowing us to identify centrals and satellites to much
lower stellar masses. Further, when considering fig. 3 of W18, we
find that there are very few centrals with high stellar to halo mass
ratios at logjo[M,./M@] < 10.2. This is where we see the largest
difference between centrals and satellites in GAMA. In fact, if we
only consider our data points in bins that contain points in fig. 3 of
W18, we would largely see a similarity between the centrals and
satellites. This is also found to be true for both Hirschmann et al.
(2014) and Knobel et al. (2015), as discussed in Section 3.1.

Secondly, the W18 work uses a relatively strict selection of pas-
sive systems at 1 dex below the SFS. Considering the top left-hand
panel of their fig. 1, we can see that this selection may include
some of the passive cloud as star-forming galaxies. In Appendix A,
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Figure 6. Comparison of the halo masses estimated from the YO7 and R11 group finders for a common set of groups. The left-hand panel displays points
colour-coded by the group multiplicity of the Y07 catalogue (given in the legend) and the right-hand panel those colour-coded by the group multiplicity of the
R11 catalogue. Errors for R11 are estimated using N and the dashed grey line shows a 1:1 correlation. Where both catalogues contain N > 3 members (i.e. at
Mp(Y07) > 10133 Mg h~1), the halo masses agree. However, at lower masses in the Y07 catalogue there is an offset between the halo masses. In this regime
the YO7 groups typically contain just N =1 member and thus have their halo mass estimated from the stellar mass—halo mass relation, while R11 groups have
N > 4 members and therefore are likely to have more robust halo mass estimates.

we show that by decreasing the selection between passive and star-
forming systems, we can artificially produce similar passive frac-
tions between centrals and satellites. Hirschmann et al. (2014) use
a simple sSFR < 10" yr~! cut, which assumes that the sSFR-M,,
relation is flat (which it is not, and therefore can bias the division
of star-forming and passive systems as a function of stellar mass),
while Knobel et al. (2015) identify the tough point in density be-
tween the star-forming and passive populations by eye. This results
in a selection that is very similar to ours.

Lastly, all of these previous studies use groups identified from
the halo-based method of Y07, while within GAMA we use the
FOF algorithm of R11. A number of recent studies have found
that many results based on environment are very susceptible to the
method of group finding (Campbell et al. 2015). For example, Kafle
et al. (2016) found that the potential stellar mass segregation ob-
served in SDSS using the Y07 groups could not be reproduced in
GAMA for the G°C, irrespective of the choice of central. Kafle et al.
(2016) attribute this to subtle differences in the group finders which
may have an effect here. To parametrize this, they apply both the
Y07 and R11 group finders to the EAGLE simulation and find that
the R11 method more accurately reproduces the intrinsic EAGLE
groups. They note that, as discussed in Duarte & Mamon (2015), it
is potentially the computation of luminosity incompleteness during
the YO7 group finding that propagates to the abundance-matching
technique. This then leads to the incorrect estimate of group
masses.

To partially explore this further, we compare the halo mass esti-
mates from Y07 and R11 in a common subsample of groups that
are identified in the same volume. As GAMA covers a subarea of
SDSS, a number of groups appear in both catalogues. To perform
this matching we identify all YO7 groups where the physical group
centre falls within the co-moving extent of a GAMA group (as de-
fined by the radius that contains all group members, R100 in R11).
Using this conservative selection, we identify just 39 groups. Fig. 6

displays the halo masses of these common groups from both group
finders. The left-hand panel is colour-coded by the Y07 group mul-
tiplicity, while the right-hand panel is coloured by the R11 multi-
plicity. In the regime where groups in both catalogues contain N > 3
members (i.e. at M(Y07) > 10" M h™"), the halo masses agree
well. However, at lower halo masses in the Y07 catalogue there
is a systematic offset between the group finders. For these groups
the Y07 catalogue typically contains just one member. Given their
abundance-matching procedure, the halo mass from such systems
will essentially be assigned based on the theoretical central stellar
mass to halo mass relation. However, within the R11 catalogue, the
same groups have N > 4 members and therefore are likely to have
a more robust measurement of their halo mass based on the group
satellite velocity dispersion. In addition, we also note that the R11
halo masses at My, > 10" M h~! (i.e. almost all of the groups in
Fig. 6) have been independently verified via the weak-lensing anal-
ysis of the Kilo-Degree Survey (KiDS) team (Viola et al. 2015).
This difference in halo masses has important consequences for the
results presented in the previous works exploring the similarity be-
tween the passive fractions of centrals and satellites as a function of
halo mass. Potentially the centrals (and some satellites) of the My
<105 M@ h™! groups in these analyses are, in reality, residing in
My, 21075 Mo h™! groups.

As noted previously, one of the other main differences between
these group finders is that the Y07 method assigns isolated centrals
to haloes based on abundance matching. To partially explore this,
we assign a halo mass to all isolated centrals in GAMA using
the analytic form of the central stellar mass to halo mass relation
taken from Behroozi, Wechsler & Conroy (2013) and then repeat
our analysis (see Appendix B). We find that while the number of
central galaxies dramatically increases (from 10 141 N > 1 group
centrals to 52 669 isolated and group centrals), the overall central
passive fractions do not change significantly (see Fig. B1). This
is due to the fact that these isolated centrals are predominantly at
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the low stellar and halo mass end of our samples (where passive
fractions are already close to zero), and are almost exclusively star-
forming. Therefore, they do little to decrease the passive fraction.
This potentially suggests that the potential differences between our
results and those of W18, Hirschmann et al. (2014), and Knobel
et al. (2015) are not due to the additional isolated centrals in the
Y07 catalogue.

Interestingly, in a follow-up paper to W18, Wang et al. (2018b)
investigate the passive fractions of centrals and satellites in both
the L-GALAXIES model and EAGLE simulations. They find little
(EAGLE) or no (L-GALAXIES) intrinsic similarity between central
and satellite passive fractions. However, when they apply the Y07
group finder to the simulations, they increase the similarity. As
such, it is likely that at least a part of their result is driven by
these subtleties of the group finding, which we do not see here.
An interesting test for the W18 result would be to repeat their
analysis with different SDSS-based group catalogues, such as that
of Saulder et al. (2016). Kafle et al. (2016) found that the lack of
mass segregation observed in GAMA was similar to that obtained
from the SDSS group catalogue of Saulder et al. (2016), but different
to that of Y07, again highlighting the significant impact the group-
finding process can have on results.

5 CONCLUSIONS

We have derived the passive fractions for central and satellite galax-
ies in the GAMA G3C group catalogue, as a function of halo and
stellar mass. We find that

(1) When considering all stellar masses (top panel Fig. 2), the pas-
sive fractions of both centrals and satellites increase with halo mass.
This is as expected because higher-mass haloes contain larger/older
galaxies, which are more likely to be passive. We also find that
passive fractions are higher for centrals than satellites at a given
halo mass, as centrals are likely to be more massive at a given halo
mass.

(i1) When considering all halo masses (bottom panel Fig. 2), the
passive fractions of both centrals and satellites increase with stellar
mass. This is also as expected because higher-mass galaxies are
more likely to be passive. Here, passive fractions are higher for
satellites than centrals at a given stellar mass (for log;o[M,./Mp] <
11.0 galaxies). This supports previous well-documented evidence
for environmental quenching of low-mass satellites.

(iii) When controlled for both stellar mass and halo mass (Fig. 3),
we still find a difference between centrals and satellite passive frac-
tions. This disagrees with some of the conclusions from the SDSS
work of W18, Hirschmann et al. (2014), and Knobel et al. (2015).
We also find that this quenching is more pronounced in satellites of
lower stellar mass and in haloes of higher mass.

(iv) We find that satellite passive fractions increase with the
halo/satellite mass ratio (Fig. 4), consistent with the picture of envi-
ronmental quenching processes such as tidal stripping and harass-
ment being stronger when mass ratios are large.

(v) We show that passive fractions in both centrals and satellites
increase with the M1/M2 ratio (Fig. 5), which is a proxy for the
age of the group. This increase is more pronounced in centrals
than in satellites. We attribute this to the fact that, once quenched,
centrals predominantly remain so, whereas satellite populations can
be replenished with star-forming systems.

(vi) We explore how varying our SFR indicator, separation
between the star-forming and passive population, and choice
of central affects the central/satellite passive fractions. We find
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that for reasonable choices the trends seen in our data remain
(Appendix A).

(vii) Finally we suggest that the similarity between centrals and
satellites observed in previous studies is likely due to subtleties
in the Y07 group finding (most likely halo mass estimates), but
may be contributed to by both the stellar/halo mass range probed by
SDSS and/or the choice of star-forming/passive selection. However,
we also find that when including isolated centrals, as in the Y07
catalogue, the difference between centrals and satellites remains.

Our results form a consistent picture of satellite quenching in
group environments that is in agreement with many previous studies
(e.g. van den Bosch et al. 2008; Weinmann et al. 2009; Peng et al.
2012; Wetzel et al. 2012; Knobel et al. 2013; Grootes et al. 2017).
In this picture, once controlled for stellar mass, the halo mass has
weak-to-no correlation with the star-forming properties of centrals
(in My = 10114 M@ haloes); that is, passive fractions of centrals
are mostly flat with halo mass (Fig. 3). Simulations such as those
used in Gabor et al. (2010) suggest that to produce the observed red
sequence and luminosity function, this quenching of centrals must
occur either via feedback from intense star formation and the AGN
following major mergers (e.g. Springel, Di Matteo & Hernquist
2005; Cox et al. 2006; Hopkins et al. 2006), mostly occurring at a
high redshift, or by the triggering of AGN feedback via a hot corona
(as discussed previously; e.g. Bower et al. 2017). Neither of these
processes is likely to be aligned with the halo mass at z ~ 0, but
may be correlated with the total stellar mass (i.e. to first order, more
massive galaxies have had more mergers).

In contrast, when controlled for stellar mass, satellite galaxies
are strongly impacted by their environment, suggesting a different
evolutionary path to centrals (e.g. Wetzel et al. 2012; Hahn, Tinker &
Wetzel 2017). This impact is more pronounced in high-mass haloes
(Fig. 3) and when satellites are small in comparison to their host
halo (Fig. 5). These are the regimes where environmental quenching
processes such as tidal and ram pressure stripping (Gunn & Gott
1972; Moore et al. 1999; Brown et al. 2017; Poggianti et al. 2017;
Barsanti et al. 2018) and/or harassment (Moore et al. 1996) are
likely to be stronger. Centrals, which sit at the centre of their halo
and are almost exclusively the largest galaxy in the group, suffer far
less from these processes.

Finally, both centrals and satellites are more likely to be passive
in older groups (Fig. 5), and this effect is more pronounced for
centrals than satellites. For centrals, this is likely to be simply due
to formation age; that is, centrals in older groups are themselves
older and have had more time to consume their star-forming gas.
While the same is true for satellites, the satellite population in
old groups is also replenished with younger star-forming galaxies,
leading to a flattening of this relation.

In summary, combining these results our analysis is consistent
with a model where the star-forming properties of all galaxies are
correlated with stellar mass, with more massive/older galaxies hav-
ing both consumed more of their star-forming gas and more likely
having taken part in a major merger quenching event. In centrals,
this is the dominant quenching mode, and as the galaxies reside
in the centre of their haloes, they are not strongly affected by en-
vironmental processes. This manifests as a strong correlation be-
tween the central passive fraction and stellar mass, but there is little
correlation with halo mass. In satellites, additional environmental
quenching mechanisms (i.e. tidal and ram pressure stripping and/or
harassment) affect their star formation properties. These quench-
ing processes are likely to be most efficient in the most overdense
environments and when a satellite is low-mass in comparison to
its host halo. This is seen as a correlation between the passive
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fraction and halo mass, and the passive fraction and halo/satellite
mass ratio.
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APPENDIX A: VARIATION WITH SFR
INDICATOR, SF/PASSIVE SELECTION, AND
CENTRAL IDENTIFICATION

In order to explore the validity of our results, we repeat our analysis
using a different SFR indicator, vary our star-forming/passive selec-
tion, and use each of the central definitions from the GAMA group
catalogue. Fig. A1l displays a number of examples of how varying
these parameters affects the central/satellite passive fractions. Here
we only show the passive fractions as a function of halo mass for
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10.2 < logjo[M./Mp] < 10.6 galaxies (i.e. the bottom left-hand
panel of the halo mass plots in Fig. 3).

First, using SED-derived SFRs from MAGPHYS instead of Ha we
find that our results do not significantly change and all trends seen
in the data remain (top row, Fig. Al). Thus it is unlikely that our
choice of SFR indicator is significantly driving our results.

Next we vary the selection boundary between passive and star-
forming systems. For this we return to a selection using the linear
offset from the SFS as in W18 and apply offsets between 1.5 dex
and 0.5 dex as our dividing line. When using relatively small off-
sets (<1.0dex), we still do not see a similarity between centrals
and satellites. At larger offsets we do begin to see some similarity
between centrals and satellites (middle row Fig. A1). However, this
is due to the fact that we are just including a significant fraction
of the passive cloud in the star-forming sample (which is clearly
incorrect).

Finally, we also use the different methods for central identifi-
cation from the G*C catalogue described in Section 2.2 (bottom
row, Fig. A1). In the majority of cases the iterative group central is
the same as the BCG (which is used in the rest of this paper; see
Robotham et al. 2011) and therefore the results using this metric do
not change significantly from our previous results. However, when
using the luminosity-weighted centre we do see the passive fraction
becoming similar between centrals and satellites. R11 argue that the
luminosity-weighted centre provides a poor estimation of the group
central galaxy as it simply takes the galaxy closest to the centre of
light. If the galaxy selected as the group central in this manner is
in fact a satellite, we will not expect to see any differences between
centrals and satellites. In addition, the luminosity weighting in the
G3C catalogue is performed in the 7 band, and therefore may weight
more heavily to star-forming than passive systems, artificially bias-
ing the passive fractions.

In summary, with reasonable assumptions for SFRs, selection be-
tween passive and star-forming galaxies, and choice of group cen-
tral, we still see a discrepancy between centrals and satellites when
controlled for stellar and halo mass, consistent with our current un-
derstanding of the galaxy evolution process in group environments.
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Figure Al. How varying our method affects the central/satellite passive fractions as a function of halo mass for 10.2 < logio[M./M] <10.6 galaxies. The
top row shows differences between Ho  and MAGPHYS SFRs (with the iterative central and SF/Passive divide explained in the text). The middle row shows
changes based on the dividing line between passive and star-forming systems, where Offset Cut is the offset from the SES in dex (with iterative central and
H o SFRs). The bottom row shows changes based on the choice of central (with the Ho SFRs and SF/Passive divide explained in the text).

APPENDIX B: INCLUSION OF ISOLATED
CENTRALS

As discussed in this paper, one of the main differences between the
Y07 and R11 group finders is that the YO7 work assigns halo masses
to isolated centrals based on abundance matching. To test whether
this is the driving factor in the W18 results, we repeat our analysis
when including isolated centrals. As the R11 catalogue does not
contain halo masses for isolated galaxies, we use the functional

form of the central stellar mass to halo mass relation from Behroozi
et al. (2013). We then assign all isolated centrals a halo mass based
on their stellar mass and include a +0.25 dex random error. We
note that this is a relatively crude approach, but will provide some
clarification as the effect isolated centrals on our results.

Fig. B1 displays the same as the top panels of Fig. 3, butincluding
these centrals. While the total number of central galaxies increases
dramatically from 10141 centrals in N > 1 systems to 52669 N
> 0 centrals, the central passive fractions change very little. This

MNRAS 483, 5444-5458 (2019)

610Z 1890190 9| U0 Jasn Aieiqi AlsiaAlun smalpuy 1S Aq $21 | 8ZS/v1S/v/E8Y/10BNSqe-a]dIle/SBIUW/WOo2 dNo dIWapede//:sdly Wol) PaPEOjUMO(]



5458 L. J. M. Davies et al.

L 9.0<log[M- /Mg]<9.4 m  Centrals | 9 4<log[M-/Mg]< 9.8 1 9.8<log[M. /Mg]<10.2 ]
b ® Satellites | 1 1
ot — Al L 1 ]
c I 1 1 ]
S el 4 4 ]
= o
= ° L 1 1 ]
s 1 1 ]
c _} T 1 O .
2er T T o ]
[} L (D G) + G) (D 4 (D 4
g I I , I o 0 -
& oL I ° I o ¢ ]
°© @]
- +4 +4 m |I| III |I| 4
L (D 1 @ @] 1 @ m m ]
o @8 g® l1e 8 8% 8o 1 ]
- 108/0 186/6 288/16 445112 437/24 295/34 88/36 2812 T 114/3 246/18 456/31 674/58 760/108 602/131 234/98 66/32 T 105/20 229/71 427/134 721/244 887/398 800/510 346/295 111/119 <
L 4557/50 265/3 61/1 53/0 221 17/0 0/0 0/0 4 4543/83 3636/104 114/2 17/5 83/3 48/2 5/0 0/0 4 1186/129 7654/1246 207/23 242/43 153/25 85/15 81 on 4
L 4665/50 451/9 349/17 498/12 459/25 312/34 88/36 2812 1 4657/86 3882/122 570/33 791/63 843/111 650/133 239/98 66/32 1 1291/149 7883/1317 634/157 963/287 1040/423 885/525 354/296 111/120 i
HH——+— - HH—— - —— e —— e — ]
I 10.2<log[M-/Mg]<10.6 1+ 10.6<log[M-/Mg]<11.0 1+ 11 .O<%g[M*/ Mgl<11.4 $ E
ol I 1 8 ;
s T [0} ci) T B O EB 8 ]
[ o O 1 o ©.0 1 m |
c | ] 0} . 1 ]
S ol 10) 14 O w B m 1 i
3 °l 0) 1 [tl i1 m 1 ]
s | 1 1 ]
Elo ®@ o0 I I ]
o 3 ] T T 1
o
(% oot @ @ 1 m t 0] ]
2 1 m o] I I ]
S o[ 7 m 1 T ]
o S =+ 4 .
o | o + -+ -
F 67/53 140/133 257/231 485/430 657/786 627/940 276/610 78/194 T 15/16 25/51 62/110 104/241 187/518 240/680 137/452 40/135 T 0/0 03 74 6/24 16/61 34/151 15/120 8/52 E
- 106/41 5118/28941352/1010 351/236 281/163 138/58 19/6 1/0 + 42/66 399/454 1500/1977 618/997 272/479 148/243 24/33 2n +4 7126 15/40 26/91 140/436 131/543  54/350 13/85 2/5 4
L 173/94 5258/30271609/1241 836/666 938/949 765/998 295/616 79/194 1 57/82 424/505 1562/2087 722/1238 459/997 388/923 161/485 42/136 1 7/26 15/43 33/95 146/460 147/604 88/501 28/205 10/57 i
ul gl e aaaaul sl gl ul sl gl sl gl ul sl el gl il
1011 1012 1 13 1014 1015 1011 1012 1 13 1014 1015 1011 1012 1 13 1014 1015

0 0 0
Halo Mass, Mg h™* Halo Mass, Mg h™* Halo Mass, Mg h™

Figure B1. Same as the top panels of Fig. 3 but also including isolated centrals. Halo masses for these centrals are defined using the analytic form of the
stellar mass—halo mass relation outlined in Behroozi et al. (2013). While the number of centrals dramatically increases in our sample, the passive fractions

change very little, potentially suggesting that the W18 results are not driven by the inclusion of isolated centrals in the Y07 catalogues.

is largely due to the fact that the majority of isolated centrals are are not due to the inclusion of isolated centrals in the Yang et al.
at low stellar masses and are star-forming. At this point passive catalogue.
fractions are very close to zero, and therefore cannot be changed by

the addition of more star-forming galaxies. This potentially high- '
lights that the difference between our results and those of W18 This paper has been typeset from a TEX/IXIEX file prepared by the author.
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