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ABSTRACT

We present a detailed investigation into the effects of galaxy environment on their star formation
rates (SFRs) using galaxies observed in the Galaxy And Mass Assembly (GAMA) survey. We
use three independent volume-limited samples of galaxies within z < 0.2 and M, < —17.8.
We investigate the known SFR—density relationship and explore in detail the dependence of
SFR on stellar mass and density. We show that the SFR—density trend is only visible when
we include the passive galaxy population along with the star-forming population. This SFR—
density relation is absent when we consider only the star-forming population of galaxies,
consistent with previous work. While there is a strong dependence of the EWy,, on density we
find, as in previous studies, that these trends are largely due to the passive galaxy population
and this relationship is absent when considering a ‘star-forming” sample of galaxies. We find
that stellar mass has the strongest influence on SFR and EWy,, with the environment having no
significant effect on the star formation properties of the star-forming population. We also show
that the SFR—density relationship is absent for both early- and late-type star-forming galaxies.
We conclude that the stellar mass has the largest impact on the current SFR of a galaxy, and
any environmental effect is not detectable. The observation that the trends with density are
due to the changing morphology fraction with density implies that the time-scales must be
very short for any quenching of the SFR in infalling galaxies. Alternatively, galaxies may in
fact undergo predominantly in situ evolution where the infall and quenching of galaxies from
the field into dense environments is not the dominant evolutionary mode.

Key words: galaxies: evolution — galaxies: formation — galaxies: general — galaxies: star
formation.
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1 INTRODUCTION

The factors affecting the evolution of galaxies are unlikely to be
limited to their intrinsic properties, as it has been widely reported
that star formation rate (SFR) is suppressed in cluster environments
compared to SFRs in field galaxies (Lewis et al. 2002; Gémez
et al. 2003; van den Bosch et al. 2008; Pasquali et al. 2009). In
contrast, Baldry et al. (2004), Balogh et al. (2004), Peng et al.
(2010), Bolzonella et al. (2010) and Li et al. (2011), among others,
have shown that the SFR—environment relation is driven largely
by the changing fractions of passive galaxies and the SFR-mass
relation. More recently, evidence has emerged to show that not
only does the changing fraction of passive galaxies indicate SFR
suppression but that it can also be used to constrain the time-scale
of SFR suppression (Wolf et al. 2009; von der Linden et al. 2010;
Vulcani et al. 2010; Li et al. 2011; McGee et al. 2011).

Evidence for the suppression of star formation in galaxies at
the cores of clusters is widely accepted through the work of many
authors (e.g. Balogh et al. 1997; Hashimoto et al. 1998; Poggianti
et al. 1999; Couch et al. 2001). Hashimoto et al. (1998) also found
a continuous correlation with local galaxy density where the SFR
decreases with increasing density. This is important as only a small
fraction of galaxies occupy the cores of clusters, and in order to
make judgments regarding the broad evolution of galaxies we must
understand the effect density has on galaxies in varying positions
in the clustering environment.

This idea was expanded by Lewis et al. (2002) and Gémez et al.
(2003). Lewis et al. (2002), using the 2 degree Field (2dF) Galaxy
Redshift Survey, found that SFR depends strongly on local density
and is independent of proximity to a rich cluster. Gémez et al.
(2003), using the Sloan Digital Sky Survey (SDSS) Early Data
Release, showed that the SFR—density relation is most visible for
galaxies with the highest SFRs. A similar conclusion was reached
by Pimbblet et al. (2006) using the [O 1] line to measure the SFR
for clusters at z &~ 3.

These results lead to proposals that the stripping of hot gas reser-
voirs from galaxies during hierarchical formation, where galaxies
are accreted into high-density regions from low-density regions
(Kauffmann, White & Guiderdoni 1993; Cole et al. 2000), is the
reason behind the reduction in SFRs in high-density regions. There
remains a large uncertainty behind the exact physical mechanisms
that lead to this reduction of the gas in galaxies. Processes such as
interactions between intragalactic and intergalactic media (Gunn &
Gott 1972), suppression of the accretion of gas-rich materials (Lar-
son, Tinsley & Caldwell 1980; Bekki, Couch & Shioya 2001, 2002;
Bekki 2009), tidal interactions (Byrd & Valtonen 1990), galaxy
harassment through high-velocity encounters with other galaxies
(Moore et al. 1996; Zabludoff et al. 1996), ram-pressure strip-
ping of the cold gas (Gunn & Gott 1972; Quilis, Moore & Bower
2009) and in-fall and quench (also known as strangulation) have
all been suggested as the underlying mechanism in SFR suppres-
sion. The significance of these processes for SFR reduction in
clusters still remains speculative though, requiring more detailed
analysis to uncover the fundamental processes that drive this SFR
suppression.

Balogh et al. (1997) compared galaxies with similar luminosi-
ties and morphological features such as the bulge-to-disc ratio in
cluster and field galaxies and found that SFRs were lower in clus-
ter galaxies. This evidence suggests that the SFR—density relation
cannot be explained using only the density—morphology relation
(Dressler 1980; van der Wel 2008; Bamford et al. 2009). Lewis et al.
(2002) reached a similar conclusion with findings that showed that

the correlation between SFR and density predicted by the density—
morphology relation is weaker than observed.

There has also been evidence for spirals in clusters that show
SFRs similar to or even greater than spirals in the field (Gavazzi
& Jaffe 1985; Moss & Whittle 1993; Gavazzi et al. 1998). The
first observations of star-forming galaxies in clusters were made by
Butcher & Oemler (1978) and Butcher & Oemler (1984). Dressler
& Gunn (1983) concluded that an epoch of strong star formation had
recently ended in these galaxies. Gavazzi & Jaffe (1985) indicated
that these galaxies may be undergoing a transient phenomenon
before undergoing SFR suppression.

Interaction with the intracluster medium (Gunn & Gott 1972),
galaxy—galaxy interactions (Lavery & Henry 1988), gas compres-
sion by ram pressure (Dressler & Gunn 1983; Vollmer et al. 2001)
and tidal interactions (Moss & Whittle 2000) have been proposed
as the root causes for a burst in star formation prior to quenching
it. Mateus & Sodré (2004) argue that tidal interactions are a likely
candidate for this behaviour as they are likely to cause both the
burst and suppression in SFRs. There has also been evidence for the
‘pre-processing’ of galaxies well before they enter the high-density
regions of clusters. The burst of star formation observed in late-type
galaxies as they are accreted into filaments is one such effect (Porter
et al. 2008).

Elbaz et al. (2007) and Cooper et al. (2008) showed that the
SFR—density relation inverts by redshift ~1, consistent with the
cluster galaxies having enhanced star formation in the past com-
pared to field galaxies, and also consistent with the idea that these
galaxies form earlier and form their stars more rapidly at earlier
times. Therefore, this effect is partly an evolutionary one, as im-
plied by the Butcher—Oemler effect (Butcher & Oemler 1978, 1984)
where the blue fraction of galaxies in clusters increases with red-
shift. Griitzbauch et al. (2011a,b) also show that mass and SFR
are tightly coupled up to a redshift of z & 1, or even higher, with
environment having a slight dependence.

Evidence has also emerged in the past few years that the apparent
SFR—density relation is a result of the changing fractions of early-
and late-type galaxies with increasing density. One of the first to
point this out was Baldry et al. (2004) who use galaxy colours to
show that the colour—mass and colour—concentration index relation
are not strong functions of environment. Balogh et al. (2004) also
identified that the fractions of star-forming and quiescent galaxies
vary strongly with density. Baldry et al. (2006) do, however, identify
that the fraction of galaxies in the red sequence have a substantial
dependence on stellar mass and environment.

More recently, Bolzonella et al. (2010), Wetzel et al. (2011),
Deng, Chen & Jiang (2011) and Lu et al. (2012) use SFR and
specific SFR (SSFR) to show that the SFR—density relation is largely
a product of the changing fraction of passive galaxies as well as the
relation between SFR and mass. Deng et al. (2011), for instance,
show that the environmental dependence of SFRs and SSFRs is
much stronger for red galaxies compared to blue galaxies, implying
that an increasing fraction of red galaxies is a primary driver for the
SFR and SSFR—density relation.

The question then is whether this evidence for changing fraction
of galaxy types indicates that there is no quenching of the SFR of
galaxies falling into clusters or the quenching occurs on a very rapid
time-scale not observed in the above analyses. Peng et al. (2010)
argue that the dependence of the red fraction of galaxies on envi-
ronment for fixed masses is indeed evidence for the suppression of
SFRs with increasing density. They demonstrate that stellar mass
and environment affect passive and star-forming galaxies in differ-
ent and independent ways which they refer to as ‘mass quenching’
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and ‘environmental quenching’. While the ‘mass quenching’ is a
continuous process that is proportional to the SFR of the galaxies,
the ‘environmental quenching’ occurs on a very short time-frame
that could possibly be a result of satellite galaxies falling into larger
haloes.

There is controversy regarding the time-scales on which the ‘in-
fall and quench’ model operates. Wolf et al. (2009) and Vulcani et al.
(2010) present evidence for SFR suppression in star-forming galax-
ies in clusters, particularly for low-mass galaxies, reasoning that the
quenching process occurs over longer time-scales due to the abun-
dance of red spiral galaxies and the unchanged SFR—mass relation.
Similarly, von der Linden et al. (2010) suggested that the quenching
time-scales are longer and comparable to the cluster-crossing time
on the scale of a few Gyr. Balogh et al. (2004) and McGee et al.
(2011), however, find no evidence for changes in colour or SFR with
density for star-forming galaxies. McGee et al. (2011), therefore,
argue that the processes that lead to the SFR suppression must be
fast-acting, and propose infall and quench as a possible quenching
mechanism. Bolzonella et al. (2010), Wetzel et al. (2011) and Wein-
mann et al. (2010) agree that the lack of SFR—density relation in
star-forming galaxies means that these time-scales are likely to be
short.

In our analysis, we confirm the result from recent work showing
that the previously reported ‘suppression’ in SFR with increasing
local density can be explained as a consequence primarily of the
changing population mix of galaxies. We further demonstrate that
the range of SFRs for actively star-forming galaxies is independent
of local density. To add clarity in the discussion of these effects, we
will limit our use of the term ‘suppression’ only to cases when we
refer to physical mechanisms that may cause the SFR to be reduced.
Otherwise we restrict ourselves to describing the distribution of
SFRs independent of any implied physical mechanism promoting
or retarding them.

In Section 2 we describe the data used in this analysis. In Section 3
we compare the SFR—density relation for a sample of the GAMA
galaxies with the results of Gémez et al. (2003). The interplay
between stellar mass, SFR, EWy, and density is explored in detail
in Section 4, and in Section 5 we illustrate the lack of density
dependence in the distribution of SFR for a sample of star-forming
galaxies. We quantify galaxy morphologies into early and late types
in Section 6, to tease apart further this lack of density dependence
for SFR, before discussing our results in Section 7 and concluding
in Section 8. Throughout we assume Hy = 70kms~! Mpc™!, Qy =
0.3 and Q4 = 0.7. All magnitudes are in the AB system.

2 DATA

We use data from the Galaxy And Mass Assembly (GAMA) sur-
vey (Driver et al. 2009, 2011). GAMA is a multiband imaging and
spectroscopic survey covering 2144 deg? of sky in three 12° x 4° re-
gions (Baldry et al. 2010; Robotham et al. 2010; Driver et al. 2011).
The original spectroscopy comes from the AAOmega spectrograph
(Sharp et al. 2006) at the Anglo-Australian Telescope (AAT).
Three volume-limited samples were selected for the main anal-
ysis defined in Table 1 and as shown in Fig. 1. We use multiple
volume-limited samples in order to assess the effects of the SFR—
density relation over a range of possible redshifts and M, values.
The discontinuity in the redshift ranges for the volume-limited sam-
ples is to ensure that the widest range of redshifts is covered as well
as to avoid effects due to sky-lines that fall on the Ho wavelength
when it is redshifted between z = 0.145 and 0.175 (Gunawardhana
etal. 2011). In order to minimize any evolutionary effects that might

© 2012 The Authors, MNRAS 423, 3679-3691
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Table 1. Volume-limited samples.

Label Z M, Sample size
VLI 0.05<z<001 —-215<M,<—182 6036
VL2 010<z<0.12 -21.8<M, < —18.6 4421
VL3 0.12<z<0.14 —-220<M, <—-19.0 6133

0.02 0.04 0.06 O.ZOB 0.10 012 0.14

Figure 1. The absolute r-band magnitude as a function of redshift. The
three volume-limited samples used for our analysis are represented by the
solid lines and are defined in Table 1. The volume-limited region used by
Goémez et al. (2003) is displayed in the region M, < —20.45 and 0.05 < z <
0.095 (dashed line) and our equivalent volume-limited region is displayed
in the region M, < —20.45 and 0.10 < z < 0.145 (dashed-dot line).

otherwise bias the results, each volume-limited sample was chosen
to have areasonably narrow redshift range. A fourth volume-limited
sample was constructed in order to carry out an analysis compara-
ble to that by Gémez et al. (2003). As our data do not extend to
the same r-band absolute magnitude (M,) values at the redshifts
investigated by Goémez et al. (2003), due to the smaller survey area
of GAMA, we opt to use a similar limit in M, at a slightly higher
redshift, with M, < —20.45 and 0.10 < z < 0.145. This limit was
chosen to have the same width in redshift as Gomez et al. (2003).
In comparison, the Gomez et al. (2003) volume-limited sample was
defined as M, < —20.45 and 0.05 < z < 0.095. Both these regions
are displayed in Fig. 1, but only the volume-limited sample defined
as M, < —20.45 and 0.10 < z < 0.145 from GAMA is used in the
analysis below.

The SFRs are calculated using the prescription outlined in
Wijesinghe et al. (2011). The SFRs are derived using the Ho equiva-
lent width (EW) with stellar absorption corrections of 0.7 A (Brough
etal. 2011; Gunawardhana et al. 2011), and the dust obscuration cor-
rections are calculated using the Balmer decrement. Stellar masses
used in the analysis were derived by Taylor et al. (2011) using
the models of Bruzual & Charlot (2003) with exponentially declin-
ing star formation histories, a Chabrier initial mass function (IMF;
Chabrier 2003) and Calzetti dust (Calzetti 2001).

The galaxy environments are defined for a volume-limited sample
of galaxies with M, < —20 and z < 0.18 (Rowlands et al. 2011;
Brough et al., in preparation). The density, Xy, is calculated using
a fifth nearest-neighbour metric which is similar to X, in Brough
et al. (2011) and X45 used in Prescott et al. (2011). The surface
density (Zy), in number of galaxies per Mpc?, to the fifth nearest
neighbour is calculated as

N

= 72 N
md;

ey

s
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where ds is the projected comoving distance to the fifth near-
est neighbour within +1000km s~'. Densities are calculated for
galaxies with rpero < 19.4 (Where rpe, is the r-band Petrosian mag-
nitude), 0.01 < z < 0.18 and with reliable redshifts (nQ > 3; Driver
etal. 2011). All densities are given in units of number of galaxies per
Mpc?. We use bins with a fixed number of galaxies when determin-
ing density bins for the figures below. The number of galaxies per
bin is given explicitly in the caption or description for each figure
as this number varies according to the overall number of galaxies
available for the analysis.

Active galactic nuclei (AGNs) were eliminated from the analy-
sis using the emission-line diagnostic ratio prescription of Kewley
(2006). We do not expect our results to be sensitive to how we
select AGNs (Bamford et al. 2008). We use two samples of galax-
ies, ‘full” and ‘star-forming’, neither of which include AGNs. The
‘full’ sample only excludes galaxies with SFR > 10° Mg yr~'. We
exclude these galaxies due to their extreme SFRs that may result
from overestimated obscuration or aperture corrections. Our results
are not changed substantially if this extreme population is retained.
The volume-limited samples, VL1, VL2 and VL3, contain only 3,
5 and 10 galaxies with SFR > 10° M yr™!, respectively.

The ‘star-forming’ sample is a subset of the ‘full’ sample. We
select H3 EW > 1.5A and Sue!fup < 15 in order to eliminate
low signal-to-noise ratio (S/N) HB fluxes and also galaxies with
Ha fluxes that contained discrepancies in their measurements, re-
spectively. These selections ensure that the spectra used to measure
the SFRs, EWs and dust obscuration corrections are robust. Pos-
itive EWs represent emission. We also make a further selection
cut of SFR > 1073 Mg yr~! to ensure these galaxies are indeed
star-forming. The three volume-limited samples, VL1, VL2 and
VL3, contain 3187, 1851 and 2298 star-forming galaxies, respec-
tively, which comprise the ‘star-forming’ sample for each of these
volume-limited samples.

We may still be missing a population of high-SFR galaxies with
faint broad-band emission (fainter than the GAMA magnitude limit;
see Gunawardhana et al., in preparation). This bias, however, is also
true of the Gémez et al. (2003) sample, which we compare to below.
We return to possible implications from this effect for our results in
the discussion.

3 SUPPRESSION OR POPULATION MIX?

3.1 Suppression

The results of Lewis et al. (2002) and Gémez et al. (2003) have
shaped our understanding of galaxy evolution and environmental
effects over the past decade. In order to examine the relationship
between density and SFR, we begin by reproducing the analysis of
Goémez et al. (2003). We aim to investigate a sample as close as pos-
sible to being directly comparable to this previous work in order to
establish a baseline for further exploration. We compare the results
of Gémez et al. (2003) to galaxies in a similar M, range, although
at a higher redshift, in order to have a significant sample size. We
compare with the Gémez et al. (2003) analysis as opposed to that
of Lewis et al. (2002) simply because the density measurement of
Go6mez et al. (2003) is more comparable to ours.

The results of Gémez et al. (2003) were derived for a sample of
8598 galaxies with densities derived using a 10th nearest-neighbour
approach. Our comparison volume-limited region contains 5019
galaxies with densities measured using the distance to the fifth
nearest-neighbour approach with M, < —20.45 and 0.10 < z <
0.15. These densities, while not quantitatively comparable, are none

the less quite similar (they probe the same local environment), and
are sufficient for the comparison we present here.

For this comparison sample we derived the EWy, and the SFR
in a manner similar to that of Gomez et al. (2003) and we use
the “full’ sample of galaxies. The EWy, values for our comparison
sample are simply the observed values and no corrections have been
applied. The Hoe SFRs derived for these galaxies only include dust
corrections (using the formalism of Hopkins et al. 2001) and do not
include aperture corrections, again following Gémez et al. (2003).
The SFRs, however, were derived using the EWy, and the r-band
absolute magnitude values as opposed to fy, as in Gémez et al.
(2003).

Fig. 2 compares our measurements against those from Gémez
et al. (2003). Lines representing the median and 75th percentiles
are shown. Fig. 2(a) shows a very similar trend between our sample
(red line) and that of Gémez et al. (2003) (blue line). The EWy, of
our sample, however, is consistently higher than that of the Gémez
et al. (2003) sample. This is a consequence, in part, of the fact that

10" 10° 10!
25 (MPC 2)

(Mgyr *)

SFRy,

_o.alw Ll Ll
10 10° 10*
o8 (Mpc—2)

Figure 2. (a) EWy, as a function of density for the sample of Gomez et al.
(2003) (thin blue line) and for our ‘full” sample (thick red line and black data
points) showing the 75th and median percentiles. (b) SFRy, as a function
of density. There is a significant relationship between EWp, and density
for the sample in panel (a), and a high degree of consistency with the result
of Gomez et al. (2003). Panel (b) also shows a trend between SFRy, and
density; however, this is not as strong as that seen in panel (a). Panel (a)
includes 1953 galaxies from the volume-limited sample and uses bins of
100 galaxies. Panel (b) includes 1962 galaxies for which SFR estimates can
be made. The trend in panel (b) uses bins of 100 galaxies up to a density of
2 Mpc~2 and uses bins of 25 galaxies for the following bins. The reduction in
the number of galaxies in the high-density bins is due to the limited number
of galaxies available at high densities for this sample. These figures show
that both our sample and the sample of Gémez et al. (2003) share similar
SFR-density and EW—density trends.
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we have measured EWs only for emission lines. Moreover, galaxies
with Ha flux values below 10~'7 W m~> were excluded from the
analysis, as these correspond to low S/N lines whose EWs are highly
uncertain.

Fig. 2(b) compares the SFR distribution. The result shows a
weaker, but still significant, trend to that of Gémez et al. (2003),
and our SFRs appear to be lower by about a factor of 2. This may be
a consequence of our different density estimator, combined with our
use of EW rather than flux in the calculation of SFR here. Probably
the larger effect, though, is that while we sample the brightest M,
values in GAMA, the smaller survey area of GAMA means that
with the same absolute magnitude limit as Gémez et al. (2003) we
are biased towards low SFRs. As a consequence of not sampling
galaxies as bright as those of Gémez et al. (2003) we expect to be
dominated by lower SFRs, as seen in Fig. 2(b).

3.2 Population mix

While the comparison with the analysis of Gémez et al. (2003)
provides a clear indication that our sample follows the trends pre-
viously established, an analysis of the star-forming galaxy fraction
of the three volume-limited samples is illuminating. We define the
star-forming fraction as the ratio of the number of galaxies in the
‘star-forming’ sample to the ‘full’ sample. We use adaptive density
bins requiring the ‘star-forming’ sample to contain a minimum of
100 galaxies per bin. Fig. 3 shows a systematic decrease in the frac-
tion of star-forming galaxies with increasing density for the three
volume-limited samples. The fraction drops from ~60 to ~10 per
cent over our observed density range (Fig. 3). The red, green and
blue lines correspond to a redshift range of 0.05 < z < 0.01, 0.10 <
7<0.12 and 0.12 < z < 0.14, respectively, as defined in Table 1.

The density ranges over three orders of magnitude for each
volume-limited sample from ~1072 to ~10'. There is mild vari-
ation with redshift, with the overall star-forming galaxy fraction
being lower with increasing redshift. This is likely to be related to
galaxy stellar mass, as we are less sensitive to lower stellar mass
galaxies at higher redshift. As high stellar mass galaxies are more
likely to be passive, we would expect to see a lower star-forming
galaxy fraction at higher redshift.

The relationship between EWy, and density for these three
volume-limited samples is shown in Fig. 4. Again we find that

T
‘ VL1
0.8 —_— iz
- — VI3
2
207
=
&)
o0
20.6
5
=
5
& 0.5
=
g
:5 0.4
=
0.3
| [
102 10* 10° 10!

35 (Mpc 2)

Figure 3. Star-forming galaxy fraction as a function of density for the three
volume-limited samples, with VL1, VL2 and VL3 represented by the red,
green and blue lines, respectively. We use adaptive density bins with the
condition that for each density bin the ‘star-forming’ sample must contain at
least 100 galaxies. All three samples clearly show a decrease in the fraction
of star-forming galaxies at increased densities.
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the EWy, has a strong dependence on galaxy density for the ‘full’
sample (red line in Fig. 4). For all three volume-limited samples
we find that EWy, decreases from values of ~35 down to ~20 A
(Fig. 4a), ~10 A (Fig. 4b) and ~15 A (Fig. 4c). The trends are
similar across the three different volume-limited samples and they
also appear to be similar to the trends of Gémez et al. (2003) as
shown in Fig. 2. The reduction in the median EWy, with increasing
density is highly significant.

Fig. 3 shows that the ‘star-forming’ sample does not uniformly
sample all densities, dominating in lower densities. We expect, then,
that the relationship between density and EWy, will be different
for the ‘star-forming’ sample compared to the ‘full” sample of galax-
ies. The blue line in Fig. 4 represents the relationship between EWy,
and density when only the ‘star-forming’ sample of galaxies is used.
The trend between EWy, and density is essentially absent for the
star-forming population.

The selection of star-forming galaxies carries further significance
when considering SFR as opposed to simply EW and it would be
expected that SFR will also show weak trends, if any, against density.
This is investigated more thoroughly in the following section. The
immediate implication is that the Gémez et al. (2003) results are
driven by the increasing proportion of the passive galaxy population
and not necessarily by a physical suppression driven by the density
of the environment.

This is consistent with the result of McGee et al. (2011) and
supports the work of Balogh et al. (2004) who showed a lack of SFR
dependence on the environment for the star-forming population.

4 DISENTANGLING SFR, STELLAR MASS
AND DENSITY

The results of the previous section leave it unclear as to how much
of an effect density has on star-forming galaxies. While a strong
relationship between stellar mass and SFR in galaxies is well es-
tablished (e.g. Peng et al. 2010), the above results question the
extent to which a galaxy’s local density plays a role in suppressing
star formation in star-forming galaxies. In order to disentangle the
three-way relationship between SFR, stellar mass and density, we
investigate the three parameters as functions of each other. This
demonstrates the dominant effect of stellar mass, rather than en-
vironment, in governing the SFR distribution consistent with the
results of Peng et al. (2010).

While we only show relationships between SFRy, and density
and EWy, density, the same trends are observed with SSFR. This is
a necessary first step, in order to eliminate any biases that might be
introduced simply due to the changing population mix with density.
This investigation uses only our ‘star-forming” sample, within each
volume-limited sample.

4.1 As a function of SFR and EW

Figs 5 and 6 show galaxy stellar mass as a function of density, with
medians in bins of EWy, (Fig. 5) and SFR (Fig. 6). These figures
do not show a strong dependence of stellar mass on density for any
given EW or SFR. We do, however, observe that the EWs and SFRs
are affected by stellar mass, as there is a clear separation in the
median lines between EW and SFR bins.

The median lines also highlight the absence of a relationship
between density and stellar mass for varying SFR and EW. In other
words, the high and the low SFR and EW bins show similarly flat
trends between stellar mass and density.
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Figure 4. EWy, as a function of density for VL1, VL2 and VL3 (panels a, b and c, respectively). In each panel the blue (red) dots and line correspond to the
‘star-forming’ (‘full”) sample of galaxies. The lines show the 75th percentile of the EWy, distribution. The figure shows that the EW—density relation observed
in Fig. 2 only occurs in the ‘full’ sample of galaxies and not the ‘star-forming’ sample.
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Figure 5. Stellar mass as a function of density with colour representing EWy,, for VL1, VL2 and VL3 (panels a, b and c, respectively) for the ‘star-forming’
sample. The lines were derived by taking the median stellar mass in bins of EW, within a series of density bins. There is no relationship between mass and
density for any EWy, .
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Figure 6. Stellar mass as a function of density with colour representing He derived SFRs for VL1, VL2 and VL3 (panels a, b and c, respectively) for the
‘star-forming’ sample. The lines were derived by taking the median stellar mass in bins of SFR, within a series of density bins. There is no relationship between
mass and density for any SFRyy .

The sampling of higher masses at higher redshift means that

the ranges of SFR and EW shown (in the ‘star-forming’ sample) 42 Asa function of stellar mass

increase systematically with redshift. The median lines, though, A comparable analysis exploring the relationship between SFR and
show consistent results for each volume-limited sample. We con- EW against density as a function of stellar mass is used to investigate
clude that there is no strong relationship between the stellar mass any dependencies between SFR and density (Figs 7 and 8). This
in star-forming galaxies and density, as a function either of EWy, analysis examines the consistency of the results obtained in Figs 5
or SFR. and 6.
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Figure 8. Ho derived SFR as a function of density with colour representing stellar mass for VL1, VL2 and VL3 (panels a, b and c, respectively) for the
‘star-forming’ sample. The lines were derived by taking the median SFR in bins of stellar mass within a series of density bins. There is no relationship between

SFRpy, and density for any stellar mass.

Strikingly, we see no relationship between EW and density
(Fig. 7) or SFR and density (Fig. 8) for any given stellar mass.
Again the relationship between SFR and stellar mass is clearly visi-
ble from the separation of the median SFR lines for different stellar
mass bins. The same is true for the EWs. This confirms the strong
relationship observed between stellar mass and SFR (and mass and
EW) in Figs 5 and 6. We also observe the expected increase in
median SFR and EW for a given stellar mass range as we move to
higher redshifts.

4.3 As a function of density

The final and next natural step is to investigate the relationship
between stellar mass and SFR (and EW) within bins of density.
Now that we have shown there is no relationship between density
and SFR (or EW), a comparison between stellar mass and SFR
highlights the strongest influence on SFR and EW. This also clarifies
the absence of a relationship between density and SFR.

Fig. 9 shows a strong dependence between EW and stellar mass,
for all density bins in all volume-limited samples, where EW de-
creases with stellar mass for all densities. Fig. 9 shows a reduction
in EW from ~40 A down to ~20 A with increasing mass. There
does not appear to be a separation between different density bins,
highlighting the lack of relation between EW and density, agreeing
with the observations made in Fig. 7.

© 2012 The Authors, MNRAS 423, 3679-3691
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The same is true for SSFR, for which EW is a proxy. Specifically,
the SSFR trend with mass is not constant as suggested by Peng
et al. (2010), but declines strongly as a function of stellar mass (see
also Bauer et al., in preparation). This difference arises since we
are considering volume-limited samples in contrast to the apparent
magnitude-limited sample of Peng et al. (2010), and we are also
more sensitive to the lower SFR population.

While EW and SSFR show a steady decline with increasing stellar
mass, SFR increases with stellar mass (Fig. 10). This observation
concurs with the results of Fig. 8. This figure is similar to fig. 1
of Peng et al. (2010), but demonstrates explicitly our sensitivity to
lower SFR systems at a given mass, and the broadening distribution
of SFR for lower stellar mass systems. As with EW, there does
not appear to be a significant separation between the median SFR
lines for each density bin. This indicates a relationship between
stellar mass and SFR, but no significant relationship between SFR
and density, as well as illustrating the absence of an EW-density
relationship for the star-forming population.

Figs 9 and 10 clearly show that SFR and stellar mass are closely
linked and that density appears to have a minimal impact on either of
these properties, if any, for star-forming galaxies. It appears that the
EWy,—density result of Gomez et al. (2003) is a consequence of the
passive galaxy population and is not observed in the star-forming
population. Likewise, the SFR—density relation of the Gémez et al.
(2003) analysis is also a result of the SFRs that are estimated
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lack of separation between any of the median lines indicates that there is no real relationship between EWp, and density.
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Figure 10. Ho derived SFR as a function of stellar mass with colour representing density for VL1, VL2 and VL3 (panels a, b and c, respectively) for the
‘star-forming’ sample. The lines are derived by taking the median SFR in bins of density within a series of stellar mass bins. SFRy, and stellar mass are related
while the lack of separation between any of the median lines indicates that there is no real relationship between SFRy, and density.

for the whole population, including those for the passive systems.
The significance of this is investigated in the next section, where
the distribution of SFR is analysed as a function of density for the
star-forming population.

5 SFR-DENSITY RELATION

We further analyse SFR as a function of density by quantifying the
SFR distribution, using a range of percentiles. The density bins are
constructed to ensure that each one contains at least 100 galaxies.
If the final bin contains more than 20 galaxies it is considered to
be an independent bin, otherwise these galaxies are included in
the preceding bin. For the calculation of the 95th percentile we
use bins of 250 galaxies with a minimum of 50 galaxies to form an
independent bin for the final density bin. This is done to increase the
reliability of this high percentile. We calculate 25th, median, 75th
and 95th percentiles for SFR for the three independent volume-
limited samples (Fig. 11) for the ‘star-forming’ sample of galaxies.

The change in the distribution of SFR is not nearly as significant
as that observed for EWy, in the ‘full’ sample (Fig. 11). The SFR
distribution, as quantified by these percentiles, remains unchanged
even in the densest environments. Fig. 11 shows no decline even in
the 95th percentile, where we sample the most extreme star-forming
systems.

The change in the y-axis between the different panels in Fig. 11
is mostly due to a selection effect: we are more likely to observe
brighter, and hence more highly star-forming, galaxies at higher
redshift. This is seen explicitly in the range of SFRs spanned by the
different panels in Fig. 11. The distribution of the SFRs shows no
change as a function of density, however, at any redshift explored
here.

The lack of a relationship between SFR and density here implies
that if there is indeed suppression in galaxy SFRs in high-density
environments, it occurs too rapidly to be observed in our sample as
a contraction in the distribution of SFRs for actively star-forming
galaxies. Alternatively, galaxies may evolve predominantly in situ,
with their evolution being dominated by their mass, and any local
environment being a second-order effect.

From the work of Wolf et al. (2009), Vulcani et al. (2010), Li et al.
(2011) and von der Linden et al. (2010), we understand that there
may be low SFR galaxies existing in cluster environments that may
not be seen in the field. We explore this further in Fig. 12, where
we compare the SFR distributions in both the lowest and highest
density quartiles for a range of mass bins.

We find that all three mass bins show that there is no differ-
ence in the SFR distribution for the high- and low-density bins.
Kolmogorov—Smirnov (KS) tests carried out on this sample con-
firm this result with low-, mid- and high-mass bins showing KS
statistics of 0.535, 0.307 and 0.576, respectively. These values need

© 2012 The Authors, MNRAS 423, 3679-3691
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Figure 11. The SFR—density relation for the ‘star-forming’ sample of galaxies for the three volume-limited samples. From bottom to top the lines represent

the 25th, median, 75th and 95th percentiles. The density bins each contain at least 100 galaxies. The distribution of SFR does not change with density, at any

redshift.
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Figure 12. Histograms of SFR for (a) low-, (b) mid- and (c) high-mass bins. The solid line represents the lowest density quartile and the dashed line represents
the highest density quartile. The distribution of SFRs is similar for both low and high densities for each mass bin. These results are derived from VLI.

to be below 0.05 for the two density distributions to be classified
as being selected from two different galaxy populations. While the
results of Fig. 12 are derived for one volume-limited sample (VL1),
the other two volume-limited samples show similar results.

6 MORPHOLOGY AND DENSITY

Morphology and density are related in the local Universe such that
early-type galaxies tend to dominate in dense environments, such
as the centre of clusters, and late-types are more prominent in low-
density environments (e.g. Dressler 1980). Gémez et al. (2003),
using concentration index as a proxy for morphology, claim that
the SFR—density relationship is not simply a consequence of this
well-established morphology—density relationship, but that it holds
within a given morphological type. We explore that result in more
detail here.

We use the analysis of Lotz, Primack & Madau (2004) and three
morphological parameters, the concentration (C) (Conselice 2003),
Gini coefficient (G) and the brightest 20 per cent of the second
moment of the flux (My) to classify our samples into early and late
types.

Lotz et al. (2004) showed that galaxies with low concentration
and Gini coefficient values and high M, values can be deemed
to be late-type galaxies to a high probability. Galaxies with high
concentration and Gini coefficient values and low M, values can be
grouped as early types. The values used to make these classifications

© 2012 The Authors, MNRAS 423, 3679-3691
Monthly Notices of the Royal Astronomical Society © 2012 RAS

Table 2. Morphology classifica-
tion parameters. Galaxies were
classified as early or late only if
they obeyed all criteria, otherwise
they remain unclassified.

Early type Late type

C>28 C <275

G >0.55 G < 0.65
M»>y < —1.65 My > —1.6

are given in Table 2. It must be noted that these classifications are
conservative, in that only galaxies obeying all criteria were classified
as late or early, with many galaxies remaining unclassified. In this
manner we can be confident that galaxies we call early or late are
robustly classified as such.

We again look for variations between density and EWy, in both
the full and ‘star-forming’ samples using the 75th percentile, now
looking at early- and late-type galaxies. Fig. 13 shows the results
for the ‘full’ sample for which we have 2909, 1885 and 2604 early-
type galaxies and 723, 587 and 847 late-types for VL1, VL2 and
VL3, respectively. For the ‘star-forming’ sample, there are 1089,
520 and 595 early-type galaxies and 545, 375 and 514 late-type
galaxies. Early-type galaxies in the ‘full’ sample show a strong
relationship between EWy, and density. This contrasts with the
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Figure 13. EWy, as a function of density for the ‘full’ sample of galaxies for (a) early-types and (b) late-types for the three volume-limited samples (red:
VLI, green: VL2, blue: VL3). The lines represent the 75th percentile. Panel (a) uses 100 galaxies per bin while panel (b) uses 50 galaxies per bin due to the
smaller numbers of galaxies in this sample. Early-type galaxies show a strong decrease in EWp, with increasing density for the ‘full sample’ of galaxies.
Late-types show a similar but a much weaker trend for the ‘full sample’ of galaxies.
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Figure 14. EWy, as a function of density for the ‘star-forming’ sample of galaxies for (a) early-types and (b) late-types in the three volume-limited samples
(red: VLI, green: VL2, blue: VL3). The lines represent the 75th percentile. Both panels use 50 galaxies per bin. Early star-forming galaxies do not show a
trend between EWp, and X5 while late-types show a weak correlation between the two parameters.

equivalent relationship for the late-type galaxies, which has a much
weaker trend between density and EW. This is true for all three
volume-limited samples.

Furthermore, we see that it is the early-type galaxies that drive
the morphology density relation for the ‘full’ sample of galaxies
with perhaps a minor contribution from the late-type galaxies. This
is supported by the fact that at the highest densities, the median EW
of early-type galaxies is near 10 A while late-types reach a minimum
EW of about 30 A in the highest density bin. The reduction of EW in
early-types for the ‘full’ samples is as much as 70 per cent while the
late-types experience a maximum decrease in EW of ~25 per cent.
The fact that the EW for the entire sample of galaxies (including
early- and late-types as in Fig. 4) also approaches very low EWy,
in the highest density bins demonstrates that the early-types are the
main driver behind the reduction in both the EWy,, and the SFR for
the full samples as a function of density.

The ‘star-forming’ sample (Fig. 14), however, shows a weak or
no relation between EW and density for either late- or early-type
star-forming galaxies, consistent with the results from the previous
sections. Both these results add further weight to the earlier conclu-
sion that it is the passive galaxy population that causes the observed
trend between EW or SFR and density. This highlights that it is not
just the passive galaxies but the passive early-type galaxies that are

largely responsible for the trends found by Gémez et al. (2003) and
Lewis et al. (2002).

7 DISCUSSION

The comparison to the results of Gémez et al. (2003) when compar-
ing EW with density is encouraging, with a remarkable similarity in
the results from our sample for a comparable M, range at a slightly
higher redshift. This result also gives confidence in our subsequent
analysis.

Lewis et al. (2002) and Gémez et al. (2003) proposed that sup-
pression of SFR in dense environments is due to a physical process
occurring in these environments that exceeds the reduction in SFR
due to the changing population mix. Our results demonstrate, in
contrast and consistent with the work of Weinmann et al. (2010),
Bolzonella et al. (2010) and Wetzel et al. (2011), that the reduc-
tion in the distribution of SFR in dense environments is primarily a
consequence of the increasing proportion of passive galaxies. The
absence of a trend between EW and density for the ‘star-forming’
sample, visible in all three volume-limited samples, indicates that
the galaxies that contribute to the EW—density trend in the ‘full’
sample are the passive population.

© 2012 The Authors, MNRAS 423, 3679-3691
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We see no evidence for changes in the distribution of SFRs (within
the ‘star-forming’ population) as a function of density. There are no
subsets of the population where an SFR—density relation is apparent.
Combined with Fig. 4 this indicates that the absence of the SFR—
density relationship is purely a consequence of selecting a star-
forming population of galaxies in agreement with Baldry et al.
(2006) and McGee et al. (2011). A similar result was obtained by
Doyle & Drinkwater (2006), who found that the SFR of late-type
galaxies selected by neutral [H 1] gas content was not dependent on
density.

Our final analysis focuses on the significance of galaxy mor-
phologies on the SFR—density relationship. We show that early-
type galaxies drive the EW—density and SFR—density relation to a
far greater extent than late-type galaxies. The early-types show an
EW-—density and SFR—density relationship that resembles the result
for the ‘“full’ sample very closely, indicating that the passive early-
types are indeed the driver of the relationship observed by Gémez
et al. (2003). This confirms that it is primarily the morphology—
density relation that underpins the SFR—density relation, consistent
with Baldry et al. (2006), Bolzonella et al. (2010), Thomas et al.
(2010), Wetzel et al. (2011), Deng et al. (2011) and Lu et al. (2012),
among others.

We can compare with the work of Wolf et al. (2009), Cooper
et al. (2010), Vulcani et al. (2010) and Li et al. (2011) through our
analysis of the EW—density and SFR—density relation as a function
of stellar mass, as shown in Figs 7 and 8. von der Linden et al.
(2010) and Li et al. (2011) observe a relation between SFR and
density at low masses, Vulcani et al. (2010) observe such a relation
across a range of masses and Wolf et al. (2009) observe the same
relation at higher masses (but not for low-mass galaxies). Figs 7
and 8§ clearly show that we do not observe an SFR—density relation
for star-forming galaxies at any mass.

In Fig. 12 we show that for any mass the SFR distribution is
the same for both high and low densities. If there was a low-SFR
population of galaxies in high densities not observed in the field,
then we would expect to see this as a tail to lower SFRs in the higher
density samples. We do not observe such a scenario for our sample
of galaxies.

We stress that the lack of an SFR—density relation in our analysis
does not rule out the presence of SFR suppression in star-forming
galaxies. Balogh et al. (2004), using galaxy colours, and McGee
et al. (2011), using SSFRs, have also demonstrated a lack of an
SFR—density relation. They both suggest that any suppression pro-
cess must have a very short time-scale. McGee et al. (2011) also
propose that infall and quench may be a viable candidate for this
rapid suppression and that observations of ‘green valley’ transi-
tion galaxies (McGee et al. 2009; Balogh et al. 2011) will aid in
confirming the nature of the rapid SFR suppression processes.

There may also be some dependence on the environment metric
used and there is work currently underway to investigate any ef-
fect arising through the use of different measures of environment
(Muldrew et al. 2012; Brough et al., in preparation) such as group
masses (Robotham et al. 2011).

We note that Pasquali et al. (2009) and van den Bosch et al. (2008)
have advanced similar arguments, relating to the distribution of
SFR with density, based on slightly different analyses. In particular,
these authors have argued in their analyses for the importance of
distinguishing between satellite and central galaxies. In this context,
we note that we find no evidence for density-dependent variations
in the joint SFR-mass distribution, even without distinguishing
between satellites and centrals. This raises the possibility that the
satellite/central distinction is responsible for, or coincident with,
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the increasing fraction of passive and/or early-type galaxies for
higher stellar masses and denser environments. There is also the
possibility that we could be largely observing centrals, particularly
at low surface densities, and if this is the case we may not expect
to see environmental influences that would mainly act on satellite
galaxies (e.g. ram-pressure stripping). Further detailed study of the
relation between these results may be fruitful.

The question now becomes whether star-forming galaxies enter-
ing dense environments are quenched rapidly enough that we do
not see any population in a low-SFR state (the ‘infall-and-quench’
model), or whether the morphology—density relation arises through
density-dependent evolution, an ‘in situ evolution’ model, with sim-
ilarities to the ‘mass quenching’ model of Peng et al. (2010). Such
an ‘in situ’ model would be a modification to the ‘downsizing
by mass’ paradigm (Cowie et al. 1996) or the ‘staged evolution’
paradigm (Noeske et al. 2007). In this variation, galaxies in dense
environments would evolve faster than galaxies in low-density en-
vironments, building their stellar mass faster and earlier, leading to
the observed morphology—density relation, and consistent with the
measured SFR—density relations at both low and high redshifts.

This ‘in situ’ evolution differs from the ‘mass-quenching’ ver-
sus ‘environmental quenching’ model of Peng et al. (2010), as
galaxies of common mass would evolve differently in different en-
vironments, in order to give rise to the observed population mix. In
particular, the different star-forming fraction at a given mass as a
function of density is a more natural outcome of the ‘in situ’ model.

8 CONCLUSION

We have carried out an analysis of the impact of galaxy environ-
ments and stellar mass on SFR and EW for three volume-limited
samples from the GAMA survey out to z = 0.2. The galaxies
populate both field and cluster environments, and encompass star-
forming and passive, early and late galaxy types. We investigate the
relation between SFR as well as EWy,, and environment, initially to
confirm the trends shown by Gémez et al. (2003). Subsequently, we
incorporate stellar mass to understand the lack of any trend between
SFR or EWy, and density for the star-forming population. The ab-
sence of a trend implies the possibility of two evolutionary trends
where either the galaxies undergo ‘in situ’ evolution (Baldry et al.
2004; Balogh et al. 2004) or the galaxies do ‘infall’ and are sub-
sequently quenched within a short period of time, particularly for
low-mass galaxies (Bolzonella et al. 2010; Weinmann et al. 2010;
Wetzel et al. 2011).

We show that there is no strong effect due to density on galaxy
SFRs for the star-forming population. Furthermore, we show that
SER is largely dependent on stellar mass rather than density, for a
variety of samples binned according to stellar mass, density, SFR
and EW. The investigation into morphology clearly shows that it
is the increasing fraction of passive early-type galaxies that are the
largest contributor to the suppression in SFR at high densities. In
contrast, the distribution of SFRs for star-forming galaxies shows
no change with density, and no evidence for a physical suppression
in dense environments. The combination of these facts forces us to
conclude that the SFR—density relation that we observe for galaxies
as a whole is largely due to the proportion of passive early-type
galaxies present in the clusters, as opposed to some physical process
acting on star-forming galaxies to suppress their SFRs as they enter
a cluster. Such processes clearly occur, and have been observed to
affect individual systems in nearby clusters, but they may not be a
dominant effect in governing galaxy evolution.
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A similar result was found by Balogh et al. (2004) where they
identified that while there is strong and continuous variation be-
tween the relative numbers for quiescent and star-forming galaxies,
there is little correlation between the distribution of SFRs and den-
sity for star-forming galaxies. Balogh et al. (2004) also use the fifth
nearest neighbour (as well as a three-dimensional density estima-
tor) as a measure of density and EWy, as a measure of star-forming
activity. Recent work by Peng et al. (2010) also shows that the SFR
is primarily dependent on the mass of galaxies and any evolutionary
effects are secondary.

There are several key issues that remain unresolved. This includes
in particular whether the time-scales on which star formation can be
suppressed by the commonly proposed mechanisms of in-fall and
quench, harassment or ram-pressure stripping are short enough that
they remain a viable explanation to support an ‘infall-and-quench’
model for the morphology—density relation. Balogh et al. (2004),
Bamford et al. (2008) and Nichols & Bland-Hawthorn (2011) have
argued that this is a viable explanation for the observed suppression
of SFR. An alternative scenario, which deserves further investiga-
tion, is a model of ‘in situ’ evolution where the passive early-types
may have evolved early and rapidly within the dense environments,
while star-forming galaxies evolve more slowly in the field. This
model is not dissimilar to the ‘staged evolution’ model of Noeske
et al. (2007), although it invokes a density dependence on the time-
scale of the evolution in addition to the mass dependence. We plan
to explore such a model in more detail in future work.
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