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ABSTRACT

We study the effects of the local environment and stellar mass on galaxy properties using a mass complete sample
of quiescent and star-forming systems in the COSMOS field at z < 3. We show that at z < 1 the median star
formation rate (SFR) and specific SFR (sSFR) of all galaxies depend on the environment, but they become
independent of the environment at z > 1. However, we find that only for star-forming galaxies, the median SFR
and sSFR are similar in different environments regardless of redshift and stellar mass. We find that the quiescent
fraction depends on the environment at z < 1 and on stellar mass out to z ~ 3. We show that at z < 1 galaxies
become quiescent faster in denser environments and that the overall environmental quenching efficiency increases
with cosmic time. Environmental and mass quenching processes depend on each other. At z < 1 denser
environments more efficiently quench galaxies with higher masses (log(M /M) 2 10.7), possibly due to a higher
merger rate of massive galaxies in denser environments. We also show that mass quenching is more efficient in
denser regions. We show that the overall mass quenching efficiency (6ya5s) for more massive galaxies (log(M /M)
= 10.2) rises with cosmic time until z ~ 1 and then flattens out. However, for less massive galaxies, the rise in €y,
continues to the present time. Our results suggest that environmental quenching is only relevant at 7 < 1 and is
likely a fast process, whereas mass quenching is the dominant mechanism at z 2 1 with a possible stellar feedback

doi:10.3847/0004-637X /825/2/113

CrossMark

! Cahill Center for Astrophysics, California Institute of Technology, 1216 East California Boulevard, Pasadena, CA 91125, USA; bdarv@caltech.edu

physics.

Key words: galaxies: evolution — galaxies: high-redshift — large-scale structure of universe

1. INTRODUCTION

Galaxies are distributed into two relatively distinct popula-
tions: (1) a population of massive, red, passive galaxies with
little to no on-going star formation activity, mostly occupying
what is known as the red sequence, and (2) a population of
less massive, blue, star-forming galaxies that lie on the blue
cloud. In the local universe, passive galaxies predominantly
inhabit denser environments and galaxy clusters, whereas star-
forming systems are mostly found in the field. It has been
shown that: (1) the fraction of blue, star-forming galaxies
is higher in more distant clusters than those in the low-z and
local clusters, an observation known as the Butcher—Oemler
effect (e.g., Butcher & Oemler 1978; Aragon-Salamanca
et al. 1993), (2) the ratio of more massive (giant) to less
massive (dwarf) red sequence cluster galaxies decreases with
decreasing redshift (e.g., De Lucia et al. 2007; Stott et al. 2007;
Foltz et al. 2015), (3) there is a significant fraction of post-
starburst galaxies (whose star formation activity has ceased in
the past ~ one Gyr prior to the observation) in clusters, higher
than in the field at intermediate redshifts (e.g., Dressler &
Gunn 1983; Poggianti et al. 2009), and (4) the fraction of
SO galaxies is significantly lower at higher redshift clusters
(e.g., Dressler et al. 1999; Postman et al. 2005). All these
observations suggest that since z ~ 1, a large fraction of star-
forming galaxies have truncated their star formation and have
migrated to the quiescent population that dominates denser
environments at lower redshifts, possibly due to environmental
effects.

Several physical quenching processes (with gravitational
and/or hydrodynamical origin) that act in denser environments
have been proposed, including ram pressure stripping (e.g.,
Gunn & Gott 1972; Abadi et al. 1999), galaxy—galaxy
interactions (e.g., Farouki & Shapiro 1981; Merritt 1983),
galaxy harassment (e.g., Moore et al. 1998), galaxy—cluster
tidal interactions (e.g., Merritt 1984), starvation (strangulation)
(e.g., Larson et al. 1980; Balogh et al. 2000), viscous stripping
(e.g., Nulsen 1982), thermal evaporation (e.g., Cowie &
Songaila 1977), and halo quenching (e.g., Birnboim &
Dekel 2003). These mechanisms act at different timescales
and physical lengths from the center of the potential well of
dense regions, with their strength depending on cosmic time,
galaxy properties, and the physics of the quenching environ-
ment (for a review on the physics of the environmental
mechanisms see, e.g., Boselli & Gavazzi 2006).

Some of these processes might temporarily enhance star
formation in galaxies due to the compression of the gas (e.g.,
ram pressure stripping) and/or the inflow of gas into the central
part of the galaxy, reviving nuclear activity (e.g., galaxy
—galaxy interactions; see e.g., Mihos & Hernquist 1996;
Kewley et al. 2006; Sobral et al. 2015; Stroe et al. 2015).
However, these mechanisms eventually suppress the star
formation activity by heating and/or removing gas from
galaxies.

However, any galaxy property that depends on the
environment also shows some degree of association with
stellar mass. For example, on average, more massive galaxies
are redder, less star-forming and more likely to have early-type
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morphologies (e.g., Kauffmann et al. 2004; Baldry et al. 2006;
Fontana et al. 2009; van Dokkum et al. 2009; Peng et al. 2010;
Nayyeri et al. 2014). The internal processes (which are scaled
with the stellar mass of galaxies) are thought to be associated
with, e.g., active galactic nucleus (AGN) and stellar feedback
(e.g., Fabian 2012; Hopkins et al. 2014) and can potentially
quench galaxies by heating/removal of gas through the
deposition of energy and momentum to the interstellar medium
(ISM) of galaxies.

Therefore, two major quenching mechanisms are proposed,
which are generally known as “environmental quenching” and
“mass quenching” and they seem to suppress star formation
activity independent of each other (e.g., Peng et al. 2010;
Kovac et al. 2014). In other words, more massive galaxies are
more likely to become quiescent independent of their host
environment and galaxies in denser regions are more likely to
become quenched independent of their stellar mass. Moreover,
environmental quenching has been attributed to satellites,
whereas mass quenching is primarily linked to central galaxies
(e.g., Peng et al. 2012). Physically, it has been proposed that
both environmental and mass quenching can be explained by
the “halo quenching” process (Gabor & Davé 2015), a physical
mechanism which states that gas in massive halos (more
massive than 10'2 M) is hindered from cooling as it becomes
shock-heated (Birmboim & Dekel 2003; Dekel &
Birnboim 2006).

Despite all the progress, it is still not completely clear how
these quenching mechanisms affect the properties of galaxies at
different redshifts. Their fractional role in suppressing the star
formation as a function of lookback time and galaxy properties
is also unclear. Moreover, due to a possibly strong physical
connection and entanglement between internal (stellar mass)
and external (environment) processes (Bolzonella et al. 2010;
De Lucia et al. 2012; Darvish et al. 2015b; Mortlock
et al. 2015; Davidzon et al. 2016), it is not clear why they
seem to quench galaxies independent of each other.

To address these issues, in this paper we apply the Voronoi
tessellation technique to a large mass complete sample of
galaxies in the COSMOS field (Scoville et al. 2007) out to z ~
3. The Voronoi tessellation method is a robust scale-
independent density estimator, it makes no prior assumptions
about the size and shape of the physical structures and it
enables us to probe environments in a broad dynamical range,
from the dense cores of clusters to sparsely populated voids.
The COSMOS field is large enough (~2 deg?) for the effects of
the large-scale structure to be discernible, with a minimal
cosmic variance. Our mass complete sample is selected in a
consistent manner out to z ~ 3 and is statistically large
(~70,000). Using this sample, we explore the role of the local
environment of galaxies and their stellar mass on the star
formation rate (SFR), specific SFR (sSFR), quiescent fraction,
and quiescent fraction growth rate out to z ~ 3. We also study
the dependence of environmental effects on stellar mass and
galaxy type, the redshift evolution of the trends, and the
efficiency of environmental and mass quenching processes.

The format of this paper is as follows. In Section 2 we briefly
review the data, the selection of quiescent and star-forming
galaxies, and the method used to define their local environment.
In Section 4 we present the main results and then discuss them in
Section 5. A summary of this work is given in Section 6.

Throughout this work, we assume a flat A cold dark matter
(ACDM) cosmology with Hy=70kms ' Mpc™!, Q,, =0.3,
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Table 1
Properties of Mass Complete Samples

Redshift Range Mass Completeness Limit Number of Galaxies

log(M)
01<z<05 9.14 9338
05<2<08 9.47 11760
08<z< 11 9.70 13885
1.1<z< 15 9.93 13640
15<z2<20 9.97 12217
20<z <31 9.97 12641

and ) = 0.7. All magnitudes are expressed in the AB system
and SFRs and stellar masses are based on a Chabrier
(Chabrier 2003) initial mass function (IMF).

2. DATA AND SAMPLE SELECTION

The data used in this study are similar to Darvish et al.
(2015b). We use a K;-band selected sample of galaxies in the
COSMOS field (Capak et al. 2007b; Scoville et al. 2007; also
see Laigle et al. 2016 for the latest data set), with photometric
redshifts (photo-z) from the COSMOS UltraVISTA catalog
(McCracken et al. 2012; Ilbert et al. 2013). Sample galaxies
have angular positions in the range 149.3 < apggo(deg) <150.8
and 1.6 < 6g0p(deg) < 2.8 (~1.8 degz), and are brighter than
K, < 24 (191,151 galaxies). This sample was used to extract
the density field of galaxies in a series of overlapping z-slices in
the COSMOS field, using the weighted version of the Voronoi
tessellation method to reliably determine the local environment
of galaxies (see Darvish et al. 2015b and Section 3.3). Here, we
use the overdensity value (defined as the local surface density
divided by the mean local surface density) to describe the
galaxy environment. We discard galaxies that are <1 Mpc
away from the edge of the survey and large masked areas due
to their unrealistic, underestimated density value. The magni-
tude cut K; < 24 used for galaxy selection leads to a sample
whose mass completeness is a function of redshift and galaxy
type. We use the method explained in Pozzetti et al. (2010)
(also see Ilbert et al. 2013; Darvish et al. 2015b) to estimate the
mass completeness limit as a function of redshift and galaxy
type. We rely on the mass completeness limit of quiescent
galaxies to define six mass complete samples at 0.1 < z < 3.1
(73, 481 galaxies). The properties of these samples are given in
Darvish et al. (2015b) and Table 1. We also use a rest-frame
NUV—rT versus r* — J color—color plot to select quiescent
and star-forming galaxies in our mass complete samples.
Quiescent galaxies are selected as those with NUV—r*+ > 3.1
and NUV—rT > 3(rt—J) + 1 (Ilbert et al. 2013).

3. METHODS

In this section, we briefly describe the photo-z accuracy of
the data, stellar mass and SFR estimation, and the method used
to estimate the density field of galaxies.

3.1. Photo-z Accuracy

Since our density estimation method relies on the photo-z of
galaxies, accurate and reliable photometric redshift measure-
ments are necessary. Here we use the photometric redshifts
from the COSMOS UltraVISTA catalog (McCracken
et al. 2012; Ilbert et al. 2013). The photometric data in 30
bands allow for an accurate measurement of the photo-z up to
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z ~ 3. A comparison between photometric and spectroscopic
redshifts for K; < 24 galaxies shows that photo-z accuracy is
o, ~ 0.008 at z < 1 and it reaches o, ~ 0.03 at z ~ 2-3 (Ilbert
et al. 2013). Moreover, for the same galaxies, the typical photo-
z uncertainties (average of the lower and higher 68%
confidence interval of the photo-z probability distribution
function (PDF)) are estimated to be Az < 0.01 at z < 1,
reaching Az ~ 0.01 at z ~ 1 (Darvish et al. 2015b), consistent
with the photo-z versus spectroscopic redshift comparison.
At z ~ 2-3, the typical photo-z PDF uncertainties are
Az ~ 0.07-0.1 (larger at z ~ 2), larger than the photo-z
versus spectroscopic redshift uncertainties. However, this is
due to the fact that the spectroscopic sample targets brighter
galaxies. Indeed, when we limit our sample to brighter galaxies
(K; < 22), we find the photo-z PDF uncertainties of Az ~
0.05-0.03 at z ~ 2-3, more consistent with the uncertainties
estimated through the photo-z versus spectroscopic redshift
comparisons.

3.2. Stellar Mass and SFR Estimation

Stellar masses and SFRs were obtained by Ilbert et al.
(2013), using a spectral energy distribution (SED) template
fitting procedure to the available UV, optical, and mid-IR
photometry. The templates were made using BCO3 (Bruzual &
Charlot 2003), assuming a Chabrier IMF, three metallicities, an
exponentially declining star formation history (SFH) with
different timescales (7 = 0.1-30 Gyr), and the Calzetti et al.
(2000) extinction law. Contributions from nebular emission
lines were considered based on an empirical relation between
emission line fluxes and the UV light (Ilbert et al. 2009). The
typical stellar mass and SFR uncertainties are AM ~ 0.1 dex
and ASFR ~ 0.1-0.2 dex, respectively. We also estimated
SFRs using the relation between the dust-corrected NUV
continuum flux and SFR (Kennicutt 1998), and found a very
good agreement between the estimated UV- and SED-based
SFRs over a broad range of SFRs (-2 < log(SFR)
M, yrfl) < 3). The median absolute deviation between the
two SFRs is ~0.1-0.15 dex. Throughout this work we only use
the SED-based SFRs.

3.3. Density Estimation

The density estimation method has been described in detail
in Darvish et al. (2015b). We briefly explain it here. We
estimate the density field for a series of overlapping redshift
slices (z-slice) whose widths are determined by the median of
the photo-z uncertainty at each redshift. For each z-slice, we
assign a weight to each galaxy which shows the likelihood of
each galaxy belonging to the z-slice of our interest. The weight
for each galaxy is determined by measuring the fraction of the
photo-z PDF of the galaxy that lies within the boundaries of
each z-slice. The incorporation of the weights is very important
when one deals with photo-z to estimate the density field. The
weights tend to significantly reduce the projection effect of
foreground and background galaxies due to the uncertainties in
the photo-z, as only the tail of the photo-z PDF of these
contaminants (with small weights) intersects with the z-slice of
our interest.

Darvish et al. (2015b) performed two sets of extensive
simulations to check the performance of different density
estimators, including fifth and tenth nearest neighbors,
Delaunay triangulation, adaptive kernel smoothing, and
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Voronoi tessellation. The simulations showed that the adaptive
kernel smoothing and Voronoi tessellation outperform the other
methods. Here, we use the Voronoi tessellation density
estimator. It makes no prior assumptions about the shape of
physical structures and it is scale-independent. These char-
acteristics make the Voronoi tessellation immensely robust
because in reality, the cosmic web has a complex and multi-
scale nature. The Voronoi tessellation estimates the density
field over a broad range of scales from core of clusters to
sparsely populated voids (e.g., see the range of overdensity
values —0.6 < log(l + 6) < 1.7 in Section 4). In order to
incorporate the galaxy weights into the Voronoi tessellation
method, we used a Monte Carlo approach that is fully
explained in Darvish et al. (2015b).

Density field construction based on photometric redshifts
automatically suppresses the redshift space distortions that exist
in studies based on spectroscopic redshifts because the photo-z
uncertainties are typically larger than these distortions.
However, very large photo-z uncertainties tend to wash out
the structures in the distribution of galaxies. Several studies
have shown that using photo-z with typical photo-z uncertain-
ties of o, 2 0.01 cannot properly reconstruct the density field,
particularly in very dense regions (Cooper et al. 2005; Malavasi
et al. 2016). We note that this is not an issue for our density
field estimation out to z ~ 1. However, at higher redshifts, our
photo-z uncertainties are large enough that they probably wash
out extremely dense environments. This might be partly the
reason for the lack of extremely dense regions (log(1 + 6) =
1.5) beyond z = 1.5 in our study (e.g., see Section 4, Figure 1),
when combined with the cosmic variance (the size of the
COSMOS field) and how the large-scale structure grows (i.e.,
massive halos that are able to effectively quench galaxies are
not as numerous at higher redshifts as those at lower redshifts).
Nonetheless, even at z = 1.5, we can still construct relatively
dense environments, and that is because of the incorporation of
galaxy weights and the adaptive nature of the z-slices (they
change according to the typical photo-z uncertainties at each
redshift). However, we note that our results at high redshifts
might be partly affected by the photo-z uncertainties.

4. RESULTS

Using the surface density field constructed in the COSMOS
field with the Voronoi tessellation method, we study the
dependence of the observable parameters of galaxies, such as
SFR and quiescent fraction, on their local overdensity and
stellar mass. We also investigate the fractional role of stellar
mass and the environment in quenching the star formation
activity in galaxies.

4.1. Evolution of SFR and sSFR with Environment, Galaxy
Type, and Stellar Mass

In this section, we investigate the dependence of star
formation activity (SFR and sSFR) on local overdensity, stellar
mass, and galaxy type and its evolution with redshift. The error
bars incorporate Poisson errors and the cosmic variance
uncertainties. The cosmic variance contribution is estimated
using Moster et al. (2011). Even for the massive 11 < log
(M/M;) < 11.5 systems, the fractional uncertainties due to the
cosmic variance are small and change between ~15%—-10% at
z = 0.1-3.1 in the COSMOS field.
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Figure 1. Median SFR (top) and sSFR (bottom) as a function of overdensity at different redshifts for all the galaxies (left) and only the star-forming systems (right).
The error bars incorporate Poisson errors and cosmic variance uncertainties. At z < 1, the median SFR and sSFR strongly depend on the overdensity and they decrease
with increasing overdensity. However, at higher redshifts (z 2 1), the median SFR and sSFR become almost independent of the environment (overdensity). When we
only consider the star-forming galaxies, the median SFR and sSFR become independent of the environment (overdensity) at all the redshifts considered in this study

0.1<z<3.0).

4.1.1. Evolution of SFR and sSFR with Environment for the Overall
Galaxy Population

Figure 1 (top left) shows the median SFR of galaxies (star-
forming and quiescent) as a function of overdensity for our
mass complete samples at different redshifts. Regardless of the
environment, we find that at a fixed overdensity, the median
SFR is higher for higher-z samples compared to those at lower
redshifts. This is consistent with the continuous decline in the
global star formation density of the universe since z ~ 2—3
that has been established by many previous studies (e.g., Sobral

et al. 2013; Khostovan et al. 2015; see Madau & Dick-
inson 2014 for a review).

However, we clearly see that the amount of decline depends
on the environment. At z < 1, the median SFR of all the
galaxies (quiescent and star-forming) strongly depends on the
overdensity and decreases with increasing overdensity, parti-
cularly for the overdensity values log(l + ¢) = 0.5. For
example, for the 0.1 < z < 0.5 sample, the median SFR
decreases by ~2 orders of magnitude as the overdensity
increases by almost the same factor. However, at higher
redshifts (z 2 1) we do not find a significant relation between
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the median SFR and overdensity and the median SFR becomes
almost independent of the environment. The decline in the
median SFR in low-density environments is ~1.6 dex since
z ~ 3, whereas this decline in dense environments is ~3.6 dex
from z ~ 3 to the present time.

If the environment was mostly relevant for quenching the
less massive galaxies, given the fact that our high-z samples do
not contain the less massive systems, the environmental
independence of the median SFR at z 2> 1 might be due to a
selection effect. We investigate this by selecting only galaxies
that are more massive than the mass completeness limit of our
highest-z sample (log(M /M)> 9.97). We find that our results
still hold with the new sample selection. The results are
presented in the Appendix.

We find similar results for the relation between sSFR and the
environment for all the galaxies (Figure 1 (bottom left panel)).
At z < 1, there is a tight anti-correlation between the median
sSFR and the overdensity for all the galaxies, especially for log
(1 + 6) 2 0.5. However, for the z 2 1 samples, we find that
the sSFR becomes independent of the overdensity values.

Using a large sample of galaxies in the COSMOS field at z <
3, Scoville et al. (2013) found a strong anti-correlation between
the median SFR and environmental density percentile for their
low redshift samples. However, at z 2 1.2, Scoville et al.
(2013) did not find a strong relation between the environment
and the median SFR of the observed galaxies, as shown in their
Figures 15 and 16. They found similar trends between the star
formation timescale (inverse of the sSFR) and environmental
density percentile, in the sense that at z < 1.2, the star
formation timescale is larger at higher density percentile levels.
These results are fully consistent with what we found in this
section and our results confirm the similar previous studies in
the COSMOS field.

4.1.2. Reversal or No Reversal of SF-density Relation?

At low-z (z < 0.2), many studies show a lower SFR or sSFR
in denser regions compared to less dense, field-like environ-
ments for all galaxies (see e.g., Balogh et al. 2004; Kauffmann
et al. 2004; Baldry et al. 2006), which are in agreement with
our result in this section for our low-z samples (Figure 1).

However, at intermediate redshifts (z ~ 1), there is no
consistency in the relation between the environment and SFR
in galaxies. Some studies retrieve the relations found in the
local universe (e.g., Patel et al. 2009; Muzzin et al. 2012), some
provide evidence for the flattening of the local relations (e.g.,
Griitzbauch et al. 2011; Scoville et al. 2013), and there are even
reports of a reversal of the star formation—density relation
(e.g., Elbaz et al. 2007; Cooper et al. 2008; Welikala
et al. 2016).

We clearly see no reversal of the star formation—density
relation for our z ~ 1 sample and our results follow the local
universe trends, completely consistent with, e.g., Patel et al.
(2009) and Muzzin et al. (2012). As already noted by Scoville
et al. (2013), the claim of star formation—density reversal by
Cooper et al. (2008) is hard to judge according to their Figure 9
(b). We argue that the reversal seen in Elbaz et al. (2007) is
probably due to the cosmic variance and the small dynamical
range of the environments considered in their study, as they
only used the GOODS fields. Furthermore, later studies in the
GOODS fields by Popesso et al. (2011) attributed this reversal
to AGN contamination and Ziparo et al. (2014) found no
evidence for the reversal of the star formation activity at z ~ 1
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using a similar data set. Atz ~ 1, Sobral et al. (2011) also found
an increase of star formation activity for star-forming galaxies
at intermediate densities, likely related to galaxy groups (and/
or filaments; Darvish et al. 2014). However, they found that
this enhancement is accompanied by a decline of star formation
activity in the dense environment and clusters. Sobral et al.
(2011) argued that this is likely the reason for inconsistencies at
z ~ 1, as some studies only reach up to intermediate/group
environments, while others only focus on rich clusters.

At z 2 1, we still see no dependence of the median SFR,
sSFR, and the quiescent fraction (see Section 4.2) on the
environment. This might be partly due to the larger photo-z
uncertainties at higher redshifts and the lack of extremely dense
regions in the COSMOS field due to the cosmic variance and
how the large-scale structure grows over time, although we can
still probe relatively dense environments at z 2 1 (log(1 + 6) ~
1.4). Moreover, our results represent a median value for SFR,
averaged over a variety of environments with similar over-
densities but possibly different dynamical states and physics.
Nonetheless, the literature results in this redshift range are still
controversial as some studies have found a reversal of the star
formation—density relation (e.g., Tran et al. 2010; Santos
et al. 2015), whereas others have shown that some kind of star
formation—density relation still exists well beyond z ~ 1 (e.g.,
Quadri et al. 2012; Strazzullo et al. 2013; Kawinwanichakij
et al. 2014; Newman et al. 2014; Smail et al. 2014; Hartley
et al. 2015; Hung et al. 2016). Part of this controversy might be
due to the interpretation of the results and how the environment
is selected and its dynamical state. For example, the existence
of a large number of star-forming galaxies in clusters does not
necessarily mean that the star formation—density relation is
reversed. In addition, the selection of relaxed, mature clusters
(selected through, e.g., X-ray emission, an overdensity of red
galaxies, and the existence of a red sequence) automatically
biases the environmental study toward a population of passive,
quenched galaxies, whereas the selection of less-mature
protoclusters that are still in the formation process (selected
through, e.g., Lya or Ha overdensities; Chiang et al. 2015)
leads to a bias in favor of blue star-forming systems.

Therefore, we argue that the cause of the discrepancies might
be cosmic variance, the different dynamical range of environ-
ments probed, the inclusion of, e.g., AGNs in the study,
different SFR measures with different timescales, the inter-
pretation of the results, how the environment is selected, and
the dynamical state of the environment. Detection of a large
sample of structures with different dynamical states in large-
volume surveys such as LSST, Euclid, and WFIRST will shed
more light on this topic in the near future.

4.1.3. Evolution of SFR and sSFR with Environment and Stellar Mass
for Star-forming Galaxies

Although we find a strong SFR—overdensity anti-correlation
for the z < 1 samples for all galaxies, this correlation depends
on the galaxy type. Figure 1 (top right) shows the median SFR
of only the star-forming galaxies as a function of overdensity at
different redshifts. When we only consider the star-forming
galaxies, the median SFR becomes independent of the
environment (overdensity) at all the redshifts considered in
this study (0.1 < z < 3.1). In other words, while a galaxy is
star-forming, on average, its star formation activity becomes
independent of the environment in which it resides (Figure 1
(top right)). Therefore, the SFR—overdensity trends for the z <
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1 samples seen in Figure 1 (top left) are due to the existence of
the quiescent galaxies that populate denser environments.
Denser environments increase the likelihood of a galaxy
becoming quiescent. We also find no relation between the
sSFR and the environment (overdensity) for the star-forming
galaxies out to z ~ 3 (Figure 1 (bottom right panel)).

We further divide the star-forming sample into stellar mass
bins and investigate the environmental dependence of the
median SFR for star-forming systems at fixed stellar mass bins.
Figure 2 clearly shows that within the uncertainties, the median
SFR of star-forming galaxies is also independent of the
overdensity at fixed stellar mass bins. This is unexpected as one
might expect an environmental dependence of the SFR for (at
least) less massive star-forming galaxies, since several studies
at low-z have shown that late-type galaxies in dense
environments and clusters are significantly deficient in atomic
hydrogen, have lower star formation activity, and have
truncated star-forming and atomic hydrogen disks (for a
review, see e.g., Boselli & Gavazzi 2006, 2014). We highlight
that the environmental dependence of SFR for star-forming
galaxies seen in some local universe studies applies mostly to
less massive systems (log(M/My) < 9)—with a mass range
not covered in this study—that are located mostly in dense
cluster environments. However, we note that at a given
overdensity value, the median SFR for star-forming galaxies
is higher for more massive systems out to z ~ 3, particularly for
lower redshift samples.

The mass dependence of the SFR for star-forming galaxies is
not surprising as many studies have established a tight
correlation (typical SFR dispersion of ~0.2-0.3 dex) between
SFR and stellar mass of star-forming galaxies, that is, the main-
sequence of star-forming galaxies (e.g., Brinchmann
et al. 2004; Daddi et al. 2007; Karim et al. 2011; Sobral
et al. 2014; Shivaei et al. 2015). We find evidence for the
flattening of this relation at higher redshifts (Figure 2).
However, the detailed analysis of this is beyond the scope of
this work. Moreover, the overdensity independence of the
median SFR at fixed stellar mass bins for star-forming galaxies
(seen in Figure 2) is another way of presenting the
environmental independence of the main-sequence of star-
forming galaxies seen in many previous studies (e.g., Peng
et al. 2010; Koyama et al. 2013, 2014; Darvish et al. 2014).
This indicates that the environment does not significantly affect
and regulate the mass build-up of the star-forming galaxies
through their star formation activity. However, it decides the
probability of a given galaxy becoming quiescent.

The environmental independence of the median SFR for star-
forming galaxies (even at fixed stellar mass bins) agrees well
with a plethora of observations and simulations at different
redshifts, highlighting that, on average, many properties of the
star-forming galaxies that are directly or indirectly linked to
star formation activity (e.g., SFR, sSFR, EW versus stellar
mass, main-sequence of star-forming galaxies) do not depend
on their host environment (e.g., Patel et al. 2009; Peng et al.
2010; Muzzin et al. 2012; Wijesinghe et al. 2012; Koyama
et al. 2013, 2014; Cen 2014; Darvish et al. 2014, 2015a;
Hayashi et al. 2014; Lin et al. 2014; Ricciardelli et al. 2014;
Vogelsberger et al. 2014; Sobral et al. 2015; Duivenvoorden
et al. 2016; Hung et al. 2016). Indeed, the likelihood of a
galaxy becoming quenched increases in denser environments.
Therefore, many studies note that the main role of the
environment is to set the fraction of quiescent galaxies (e.g.,
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Patel et al. 2009; Peng et al. 2010; Sobral et al. 2011; Muzzin
et al. 2012; Darvish et al. 2014; also see Section 4.2), whereas
for star-forming systems, on average, their star formation
activity is almost independent of the environment. Darvish
et al. (2015a) suggested differences in the SFHs as a possible
cause of the difference in the fraction of star-forming galaxies
in different environments.

However, there is no consensus on this topic, as some studies
have found an environmental dependence of SFR, even for
star-forming galaxies (e.g., von der Linden et al. 2010; Vulcani
et al. 2010; Patel et al. 2011; Haines et al. 2013; Tran et al.
2015; Erfanianfar et al. 2016). We note that the majority of
these studies have found a reduction of ~0.1-0.3 dex in the
mean SFR of star-forming galaxies in denser environments.
This is well within, or of the order of, the intrinsic SFR
dispersion of ~0.2-0.3 dex around the mean main-sequence of
star-forming galaxies. Erfanianfar et al. (2016) attributed this
reduction to a large fraction of red, disk-dominated galaxies in
denser regions. Tran et al. (2015) found that for a galaxy cluster
at 7 ~ 1.6, the average SFR for Ha-detected galaxies in the core
is half of those in the outer regions. However, their result might
have been affected by the incompleteness of their spectroscopic
sample in the outer regions. Moreover, the estimated mean
sSFR of their sample seems to be independent of the
environment. We also note that due to the uncertainties in the
SED-based SFRs (~0.1-0.2 dex; see Section 3.2), in the
presence of a weak environmental dependence of the main-
sequence we would not be able to see that in our work.
Therefore, we conclude that the inconsistencies in the
environmental dependence of the SFR for star-forming galaxies
could be due to the different selection functions and methods
used to define the environment (Muldrew et al. 2012; Darvish
et al. 2015b), the inclusion of red galaxies in the sample,
sample incompleteness, uncertainties in the SFR indicators, etc.

Nevertheless, recent studies have shown that not all
characteristics of the star-forming galaxies are independent of
the environment. For example, gas-phase metallicities were
found to slightly depend on the environment (e.g., Mouhcine
et al. 2007; Shimakawa et al. 2015; also see Genel 2016 for
detailed simulations), and electron densities and dust extinction
were shown to be a function of the environment (e.g., Koyama
et al. 2013; Shimakawa et al. 2015; Sobral et al. 2015; Darvish
et al. 2015a; Sobral et al. 2016). In the following section, we
focus on the fraction of quiescent/star-forming galaxies as a
function of overdensity, stellar mass, and redshift and try to
disentangle the partial roles of the environment and stellar mass
in star formation quenching in galaxies.

4.2. Evolution of the Quiescent Fraction with the Environment
and Stellar Mass

In the previous section, we argued that the main role of the
environment is to set the fraction of quiescent/star-forming
galaxies. We now investigate this by studying the fraction of
quiescent galaxies as a function of overdensity, stellar mass,
and redshift.

4.2.1. Quiescent Fraction as a Function of Environment

Figure 3 (left panel) shows the fraction of quiescent galaxies
(with different stellar masses) as a function of overdensity and
for our mass complete samples at different redshifts. The error
bars are estimated following Poisson statistics and the
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Figure 2. Median SFR as a function of overdensity for different stellar mass bins and at different redshifts for star-forming galaxies only. Different colors correspond
to different stellar mass bins. For clarity, the error bars of only the most and the least massive bins are shown. At all the redshifts considered in this study
(0.1 < z < 3.1), the median SFR for star-forming galaxies at a fixed environment strongly depends on stellar mass (particularly at z < 1), i.e., the median SFR for
star-forming galaxies at all fixed density levels is always higher for more massive galaxies compared to less massive star-forming systems. However, the median SFR
for star-forming galaxies at fixed stellar mass bins is almost independent of their host environment, within the uncertainties. This is a clear representation of the
environmental independence of the main-sequence of star-forming galaxies (SFR vs. stellar mass), seen in previous studies.
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Figure 3. Fraction of quiescent galaxies as a function of overdensity (left) and stellar mass (right) and at different redshifts. At z < 1 we find that the fraction of
quiescent galaxies strongly depends on the overdensity. This increases with overdensity from ~20% at log(1 + 6) < 0.5 to ~60%—-80% at log(1 + ) ~ 1.6. However,
at higher redshifts (z 2 1), the fraction of quiescent galaxies does not significantly change with the environment (overdensity). In addition, we find that at a fixed
overdensity, the fraction of quiescent galaxies is higher at lower redshifts, which is a manifestation of the Butcher—Oemler effect. The fraction of quiescent galaxies
(located in different environments) strongly depends on stellar mass as well. At all redshifts (for both z < 1 and z > 1 samples), the fraction of quiescent galaxies
monotonically increases with stellar mass. However, at a fixed stellar mass, this fraction is higher at lower redshifts compared to higher-z samples. This is an indication

of the galaxy mass-downsizing.

uncertainties due to the cosmic variance. At z < 1 we find that
the fraction of quiescent galaxies depends on the overdensity.
This increases with overdensity from ~20% at log(1 + 6) < 0.5
to ~60%—80% at log(1 + &) ~ 1.6. The increase is particularly
steep at log(1 + 6) = 0.5. However, it does not significantly
change with environment (overdensity) at z = 1 (except for the
1.5 < z < 2.0 sample at the densest regions, although those
have large error bars). For example, at 2.0 < z < 3.1, the
fraction of quiescent galaxies as a function of overdensity
remains at ~10% at all overdensity levels.

Additionally, we find that at a fixed overdensity the fraction
of quiescent galaxies is higher at lower redshifts. This is a clear
manifestation of the Butcher—Oemler effect (Butcher &
Oemler 1978), stating that the fraction of blue star-forming
galaxies is higher for higher-z galaxy clusters compared to their
local counterparts (see e.g., Butcher & Oemler 1978; Couch &
Sharples 1987; Aragon-Salamanca et al. 1993; Dressler
et al. 1994). Moreover, given the environmental independence
of the median SFR for star-forming galaxies (even at fixed
stellar mass bins, Section 4.1) and the environmental depend-
ence of their fraction at z < 1, we conclude that quenching of
star-forming galaxies (with stellar masses of log(M /M) = 9
covered in this study) due to the environment should happen in
a relatively short timescale.

4.2.2. Quiescent Fraction Growth Rate

Figure 4 (left panel) shows the quiescent fraction as a
function of lookback time for some fixed overdensity values.
At lookback times 28 Gyr (z = 1), the quiescent fraction
increases with cosmic time almost independent of the
environment. However, we find that at z < 1 (lookback times
<8 Gyr) the enhancement in the fraction of quiescent galaxies
with cosmic time is larger for galaxies located in denser

environments. We quantify the quiescent fraction growth with
cosmic time assuming a linear growth in the quiescent fraction
at a given overdensity. Figure 4 (right panel) shows the
quiescent fraction growth rate as a function of overdensity for
galaxies located at lookback times <8 and =8 Gyr. At look-
back times =8 Gyr the quiescent fraction growth rate is almost
independent of the environment. However, at lookback times
<8 Gyr and at a given overdensity the quiescent fraction grows
monotonically with cosmic time, with the growth rate
increasing with density. Galaxies are transferred from the
star-forming population to the quiescent system more rapidly in
denser environments compared to less dense regions.

Our result regarding the growth of the quiescent fraction
agrees qualitatively with Capak et al. (2007a) and Hahn et al.
(2015) who found a faster growth rate of early-type galaxies
(and non-star-forming systems) in denser regions at z < 1.
Rettura et al. (2010, 2011) also showed that, independent of the
environment, stellar mass is the main parameter that regulates
the formation epoch of early-type galaxies. However, they
found that at a given stellar mass, denser environments can
trigger a faster mass assembly event for the early-type systems,
fully consistent with our result.

4.2.3. Quiescent Fraction as a Function of Stellar Mass

It has been shown that the fraction of quiescent galaxies is
also a function of stellar mass (e.g., Baldry et al. 2006; Sobral
et al. 2011). We investigate the relation between stellar mass
and quiescent fraction, as shown in Figure 3 (right panel).

According to Figure 3 (right panel), the fraction of quiescent
galaxies (located at different environments) strongly depends
on stellar mass. At all redshifts (for both z < 1 and z > 1
samples), the fraction of quiescent galaxies monotonically
increases with increasing stellar mass. However, at a fixed
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Figure 4. (Left panel) Fraction of quiescent galaxies as a function of lookback time for some fixed overdensity values. At lookback times 228 Gyr (z 2 1) the quiescent
fraction increases with cosmic time almost independent of the environment. However, at z < 1 (lookback times <8 Gyr) the growth in the fraction of quiescent
galaxies with cosmic time is larger for galaxies located in denser environments. (Right panel) Quiescent fraction growth rate (per Gyr) as a function of overdensity for
galaxies located at lookback times <8 Gyr and 28 Gyr samples. At lookback times 28 Gyr the quiescent fraction growth rate is almost independent of the
environment. However, at lookback times <8 Gyr the growth rate increases with overdensity.

stellar mass, this fraction is higher at lower redshifts compared
to higher-z samples. For example, at 2.0 < z < 3.1, the fraction
of quiescent galaxies varies from ~0% for log(M /M) ~ 10
systems to ~20% for log(M /M) ~ 11 galaxies; whereas at
0.1 < z<0.5, log(M/M;) ~ 10 galaxies comprise ~30% of
the quiescent population and this fraction increases to ~80%
for log(M /M) ~ 11 galaxies.

In fact, this is another form of galaxy “mass-downsizing”
(e.g., Cowie et al. 1996; Bundy et al. 2006), indicating that
higher mass galaxies form and quench their star formation
activity earlier than less massive systems. According to Figure 3
(right panel), by 2.0 < z < 3.1, ~20% of log(M /M) ~ 11
have already assembled and quenched their star formation
activity, whereas for log(M /M) ~ 10 this fraction (~20%) is
observed at much later times (at 0.8 < z < 1.1). Using this, we
derive an upper limit for the typical time delay between the
quenching of less massive (log(M/M.) ~ 10) and more
massive (log(M /M) ~ 11) galaxies and estimate it to be At ~
3.4 £ 0.9 Gyr.

4.2.4. Quiescent Fraction as a Function of the Environment and
Stellar Mass

One major difference that is clearly seen in the left and right
panels of Figure 3 is that at all redshifts (0.1 < z < 3.1), the
fraction of quiescent galaxies depends on stellar mass, but this
fraction depends on overdensity (environment) only up to z ~ 1
and not significantly at higher redshifts. This leads us to the
conclusion that environmental quenching is only effective at
7 < 1, whereas mass quenching is the dominant quenching
mechanism at z 2> 1.

We further investigate this by studying the fraction of
quiescent galaxies as a function of overdensity and redshift for
fixed stellar mass bins (Figure 5) and the fraction of quiescent
galaxies as a function of stellar mass and redshift for fixed

overdensity bins (Figure 6). Figure 5 shows the fraction of
quiescent galaxies as a function of overdensity for different
stellar mass bins and at different redshifts. Different colors
correspond to different stellar mass bins. According to Figure 5,
at all the redshifts considered (0.1 <z < 3.1) the fraction of
quiescent galaxies in a fixed environment strongly depends on
stellar mass, i.e., the fraction of quiescent galaxies at all fixed
density levels is always higher for more massive galaxies
compared to less massive systems out to z ~ 3. However, as
shown in Figure 6, the fraction of quiescent galaxies at a fixed
stellar mass depends on overdensity (shown with different
colors) only at z < 1 and not significantly at higher redshifts. At
a fixed stellar mass and at z < 1 this fraction is higher in denser
regions.

When we combine the results shown in Figures 3, 5, and 6,
we conclude that the quenching of galaxies due to environ-
mental effects (external processes) is effective at lower
redshifts (z < 1), while the stellar mass of galaxies (internal
processes) is the dominant quenching mechanism at higher
redshifts (z 2 1). We further investigate this in Section 4.3.

Our results in this section are in general agreement with e.g.,
Peng et al. (2010), Sobral et al. (2011), Muzzin et al. (2012),
Tovino et al. (2010), and Lee et al. (2015). Muzzin et al. (2012)
showed that at z ~ 1 the sSFR of star-forming galaxies in a
fixed environment depends on stellar mass, but at a fixed stellar
mass it is independent of the environment. Peng et al. (2010)
studied a sample of galaxies in the SDSS and zCOSMOS (z ~
0.7) and showed that for massive galaxies mass quenching is
the primary quenching mechanism for all environments and at
all redshifts, while environmental quenching becomes pre-
dominantly important at lower redshifts, particularly for less
massive galaxies. Sobral et al. (2011) showed that stellar mass
is the main predictor of star formation activity in galaxies at z ~
1, but the environment is responsible for star formation
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Figure 5. Fraction of quiescent galaxies as a function of overdensity for
different stellar mass bins and at different redshifts. Different colors correspond
to different stellar mass bins. For clarity, the error bars of only the most and the
least massive bins are shown. At all the redshifts considered in this study (0.1
<z < 3.1), the fraction of quiescent galaxies at a fixed environment strongly
depends on stellar mass, i.e., the fraction of quiescent galaxies at all fixed
density levels is always higher for more massive galaxies compared to less
massive systems out to z ~ 3.

quenching in all galaxies in dense environments. Recently, Lee
et al. (2015) found that at z > 1.4 the quiescent fraction is
almost independent of the environment, but it is a strong
function of stellar mass. They concluded that the stellar mass is
the main parameter controlling galaxy quenching out to z ~ 2
for log(M/Ms) > 10 systems, whereas environmental
quenching is only relevant at z < 1. All these results signify
the importance of the galaxy environment in suppressing the
star formation activity at lower redshifts and stellar mass at
higher-z, and they are qualitatively in agreement with the
results in this section.

As we already mentioned in Section 3.3, part of the absence
of environmental trends at z ~ 1 might be due to a combination
of cosmic variance, how the large-scale structure grows, and
the larger photo-z uncertainties at higher redshifts. This sets the
need for very large area surveys with large spectroscopic and/
or photometric data sets, a possibility that can be achieved in
the near future with surveys and facilities such as LSST,
Euclid, and WFIRST (see, e.g., Cucciati et al. 2016).

4.3. Environmental and Mass Quenching Efficiencies

In Section 4.2 we showed that the quiescent fraction is a
function of both the environment and stellar mass, in the sense
that the quiescent fraction increases with the environment and
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Figure 6. Fraction of quiescent galaxies as a function of stellar mass for
different overdensity bins and at different redshifts. Different colors correspond
to different overdensity bins. For clarity, the error bars of only the densest and
the least-dense overdensity bins are shown. At a fixed stellar mass, the
quiescent fraction depends on the environment (overdensity) only at z < 1 and
not significantly at higher redshifts. At a fixed stellar mass and at z < 1, this
fraction is higher in denser regions.

stellar mass. Here, we investigate how efficiently the environ-
ment and stellar mass quench galaxies.

4.3.1. Definition of Quenching Efficiency

In order to quantify the ability of the environment and stellar
mass in quenching the star formation activity in galaxies, we
follow the approach proposed by Peng et al. (2010) (also see
van den Bosch et al. 2008; Quadri et al. 2012; Lin et al. 2014).
At any given redshift, z, we define the environmental
quenching efficiency, €eny (0, 9, m, z), as the fraction of
galaxies at a given stellar mass, m, which would be star-
forming in low-density environments (with overdensity 1 +
do), but have had their star formation quenched in denser
environments (with overdensity 1 + ) due to some physical
processes that are related to the environment:

fQ (5’ m, Z) - fQ (60’ m, Z)
1 - fQ (60$ m’ Z)

where fQ (6, m, z) is the fraction of quiescent galaxies with
stellar mass m that are located in an environment with
overdensity 1 + 6 at redshift z and f; (60, m, z) is the fraction
of quiescent galaxies with stellar mass m that are located in a
low-density environment (field) with overdensity 1 + §, at
redshift z. In this work, we choose the low-density, field-like

ey

Eenv (0, 80, M, 2) =
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Figure 7. (Left panel) Ratio of environmental quenching efficiency at redshift z (. (z)) to the same quantity for our z = 0.1-0.5 sample (&qy (z = 0.1-0.5)), as a
function of overdensity values. For clarity, we only show this ratio for denser regions (log(1 + 6) > 0.8). We find that at a given overdensity, ceny (2) /€eny (z = 0.1-0.5)
ratio increases with decreasing redshift, showing that the overall efficiency of the environment in quenching galaxies increases with cosmic time. (Right panel) Ratio
of stellar mass quenching efficiency at z (emass () to the same quantity at z = 0.1-0.5 (€mass(z = 0.1-0.5)). For massive galaxies log(M /M) 2 10.2), we find that
stellar mass quenching efficiency increases with cosmic time from z ~ 3 to z ~ 1. However, at z < 1, the stellar mass quenching efficiency does not change much with
cosmic time for log(M /M) 2 10.2 systems. For less massive galaxies (log(M /M) < 10.2), the increase in the mass quenching efficiency with cosmic time continues

toz~0.1.

environment overdensity as log(l + &p) < —0.6. However, we
note that fine-tuning around this value does not change the
results in this section. Similarly, at any given redshift z, we
define the mass quenching efficiency, €m,ss (m, mg, 0, z), as the
fraction of galaxies at a given overdensity value, 1 + 6, which
would be star-forming if they were very low-mass systems
(with stellar mass myg), but have had their star formation
quenched because of their high stellar mass (with stellar mass
m) due to some physical processes that are related to stellar
mass:

fQ (m’ 6’ Z) _fQ (m09 6’ Z)
[ fymo, 6, )

where fj (m, 6, z) is the fraction of quiescent galaxies that is
located in the overdensity level 1 + ¢ and has a stellar mass of
m at redshift z, and fQ (my, 6, z) is the fraction of quiescent
galaxies that is located in the overdensity level 1 4 ¢ and has a
stellar mass of my at redshift z. In selecting the low stellar mass
level (mg) we use the stellar mass limit at each redshift.

@)

€mass (M, Mo, 0, 7) =

4.3.2. Quenching Efficiency as a Function of Environment and
Stellar Mass

In general, the environmental and mass quenching efficien-
cies are functions of both environment and stellar mass.
However, we first investigate the environmental quenching
efficiency as a function of overdensity only (for all stellar
masses) and the mass quenching efficiency as a function of
stellar mass only (for all environments). Figure 7 (left) shows
the environmental quenching efficiency at redshift z (e (2))
normalized to the same quantity for our z=0.1-0.5 sample
(€env (z = 0.1-0.5)), as a function of overdensity values. For
clarity, we only show this for denser regions (log(1 + 6) > 0.8)
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as for less dense regions the ¢,y (z) values are around zero and
a slight fluctuation around zero results in a large variation in the
estimated ratio. We find that at a given overdensity, the
€eny (2)/€env(z = 0.1-0.5) ratio increases with decreasing red-
shift, showing that the overall efficiency of the environment in
quenching galaxies increases with cosmic time, consistent with
Lee et al. (2015). We also investigate a similar ratio for mass
quenching efficiency (Figure 7 (right)). For massive galaxies
(log(M /M) 2 10.2), we find that the stellar mass quenching
efficiency increases with cosmic time from z ~ 3 to z ~ 1 and
has flattened out since z ~ 1. However, for less massive
galaxies (log(M /M) < 10.2), the increase in the mass
quenching efficiency continues to the present time. Since the
overall environmental quenching efficiency is negligible at z 2>
1, the physical processes related to mass quenching are the
main channel for quenching of star formation at z = 1.
Recently, Hayward & Hopkins (2015) presented an
analytical model for how the stellar feedback processes drive
outflows and regulate star formation activity in the presence of
a turbulent ISM. Their model predicts that in massive galaxies
(log(M /M) 2 10) at z < 1, stellar feedback-driven outflows
are suppressed as the gas fraction of such galaxies decreases to
values below which the outflow fraction decreases signifi-
cantly. They also showed that this is not the case for less
massive systems as they still have a large gas fraction even at
low redshifts. Since outflows are capable of quenching galaxies
and they are linked to the mass quenching process, this model
might support our result and explain why the mass quenching
efficiency for massive >10'° M, galaxies has not changed
much since z ~ 1. Moreover, this also suggests that the physics
of the mass quenching process is associated mostly with stellar
feedbacks (Hopkins et al. 2014). In addition, cold gas should
also be hindered from flowing into the galaxy disk (e.g.,
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Figure 8. Environmental quenching efficiency as a function of overdensity for
different stellar mass bins and at different redshifts. Different colors correspond
to different stellar mass bins. For clarity, the error bars of only the most and the
least massive bins are shown. Within the uncertainties, the environmental
quenching efficiency at a fixed overdensity is almost independent of stellar
mass except for very massive system (log(M/Mg) 2 10.7). This mass
dependence is more pronounced at lower redshifts and larger overdensity
values. This suggests that denser environments (particularly at lower redshifts)
are able to more efficiently quench galaxies with high stellar masses, possibly
due to a higher merger rate of massive systems in denser regions.

through heating). Therefore, the halo quenching process might
also play a role.

Furthermore, we study the mass dependence of ¢.,, and the
environmental dependence of €,. Figure 8 shows the
environmental quenching efficiency as a function of environ-
ment and for several stellar mass bins at different redshifts. We
find that within the uncertainties, ¢, is almost independent of
stellar mass, except for massive galaxies in dense regions and
at z < 1. That is, denser environments more efficiently quench
galaxies that are more massive, particularly at lower redshifts.
Moreover, according to Figure 9, we also see that within the
uncertainties, €nyass 1S almost independent of environment,
except for galaxies located in very dense environments at z < 1.
This suggests that quenching processes that are associated with
higher stellar masses act more efficiently in denser
environments.

Our result regarding the mass dependence of the environ-
mental quenching efficiency is consistent with Lin et al. (2014)
who showed that the environmental quenching efficiency
depends on stellar mass out to z ~ 0.8, with ¢, greater for
more massive galaxies. In agreement with our results, Knobel
et al. (2015) showed that “satellite quenching” (the driver of
environmental quenching; Peng et al. 2012) is almost
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Figure 9. Mass quenching efficiency as a function of stellar mass for different
overdensity bins and at different redshifts. Different colors correspond to
different overdensity bins. For clarity, the error bars of only the densest and the
least-dense overdensity bins are shown. Within the uncertainties, the mass
quenching efficiency at a fixed stellar mass is almost independent of
overdensity except for very dense environments. This density dependence is
more pronounced at lower redshifts and for more massive systems. This
suggests that stellar mass quenching acts more efficiently in denser
environments (particularly at lower redshifts).

independent of stellar mass, except for the most massive
satellites (log(M /M) > 11), suggesting some degree of
association between mass and environmental quenching.
However, several previous studies have suggested that the
ability of the environment to quench galaxies does not depend
on the mass of galaxies and the ability of stellar mass to quench
galaxies is independent of where galaxies are located in
different environments, at least out to z ~ 2 (e.g., Peng et al.
2010 out to z ~ 1; Quadri et al. 2012 out to z ~ 2). However,
our results show that these fail in very dense environments or
for very massive systems. We argue that the disagreement
between our results and those of Quadri et al. (2012) in very
dense environments and for very massive systems might be due
to the smaller dynamical range of environments considered in
Quadri et al. (2012) and the association between massive
systems and dense environments. Environments in Quadri et al.
(2012) only cover up to log(l + &) ~ 0.6 and in this
overdensity regime we find a good agreement between our
results and those of Quadri et al. (2012). However, the
environments probed by Peng et al. (2010) are similar to those
investigated in this study and the cause of discrepancy in very
dense regions and for massive galaxies is still not clear to us.
However, it might be due to their different selection of star-
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forming and quiescent galaxies, as they only used single color
information to separate them.

We note that due to the possible entanglement between very
dense environments and very massive galaxies, particularly at z
< 1 (see e.g., Bolzonella et al. 2010; Darvish et al. 2015b;
Mortlock et al. 2015), the higher environmental quenching
efficiency for massive systems and the higher mass quenching
efficiency in dense environments might have the same origin
which is reflected into two apparently different trends (also see,
e.g., Knobel et al. 2015; Carollo et al. 2016).

5. DISCUSSION

We showed that for star-forming galaxies in the mass range
of this study (log(M/My) = 9), the median SFR is almost
independent of environment out to z ~ 3. However, we showed
that the fraction of quiescent galaxies increases with over-
density at z < 1. The combination of these two suggests that the
environmental quenching mechanism should occur in a
relatively short timescale. Moreover, we showed that denser
environments quench massive galaxies more efficiently and
stellar mass quenching is also more efficient in denser
environments. Therefore, we should consider a physical
mechanism which should be able to best interpret our
observations. Ram pressure stripping and (major and minor)
mergers are among the environmentally related mechanisms
that are capable of quenching galaxies on a relatively short
timescale (<1 Gyr). However, ram pressure stripping strongly
depends on the mass of the galaxy and is primarily effective in
quenching less massive (log(M/Ms) < 9) systems in dense
core of clusters. Therefore, although it is a fast-quenching
process, it cannot explain why the environmental quenching
efficiency is larger for more massive galaxies.

Many observations have shown that at least part of the
evolution of massive quiescent galaxies is due to mergers. For
example, Skelton et al. (2009) have argued that dry mergers
between galaxies along the red sequence can explain the
shallower slope of the bright end of the red sequence. Bundy
et al. (2009) showed that massive galaxies (log(M /M) 2 11)
are more likely to host merging companions than less massive
(log(M /My,) ~ 10) systems. van der Wel et al. (2009) showed
that major merger is the dominant evolutionary agent to
produce massive, passive galaxies by analyzing the distribution
of axial ratio of quiescent galaxies in the local universe. The
mass-size evolution of quiescent galaxies (e.g., van der Wel
et al. 2008) clearly shows that mergers play a role in affecting
the evolution of passive, early-type systems. A. Faisst et al.
(2016, in preparation) showed that fast, merger-induced
quenching can better describe the size evolution of massive
log(M /M) > 11 quiescent galaxies. Additionally, there is
evidence that cluster quiescent systems and those in denser
environments are larger than their counterparts in the field and
low-density regions (e.g., Cooper et al. 2012; Lani et al. 2013;
Delaye et al. 2014) and that massive brightest cluster galaxies
have almost doubled their stellar mass since z ~ 1, possibly due
to mergers (e.g., Lidman et al. 2012; Burke & Collins 2013;
Lin et al. 2013; Shankar et al. 2015).

Due to a large number density of galaxies in dense
environments, galaxy merger events are more likely to occur
in denser environments compared to the field. This is also
supported by the environmental dependence of the mean
merger rate of dark matter halos seen in numerical simulations
(e.g., Fakhouri & Ma 2009). Moreover, there is evidence for
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the merger rate being higher for more luminous and more
massive galaxies in both simulations and observations (e.g.,
Patton & Atfield 2008; Xu et al. 2012). Interestingly, Sobral
et al. (2011) showed that the merger rate is higher for more
massive Ho star-forming systems located in denser environ-
ments at z ~ 0.84. Therefore, the merger scenario (with its short
quenching timescale) can qualitatively explain why the
environmental quenching efficiency is higher for more massive
galaxies in denser environments.

This picture can also explain why the mass quenching
efficiency is larger in denser environments. Prior to mergers,
the tidal interactions between galaxies causes the gas in the
periphery of the interacting systems to become compressed and
funnel toward the central part of the galaxy (e.g., Mihos &
Hernquist 1996; Kewley et al. 2006). This leads to a
rejuvenation of the central regions, followed by a temporary
enhancement in star formation activity, accompanied by the
central outflows and feedbacks. Since feedbacks are scaled with
mass quenching process, this might explain the higher
efficiency of mass quenching mechanism in denser
environments.

However, if the physics of the mass quenching is mostly
attributed to the AGN activity at z < 1, given the higher mass
quenching efficiency in denser environments at lower redshifts,
in principle, there should be a relation between the AGNs and
denser environments. Nevertheless, studies at lower redshifts
have either found an environmental invariance of the AGN
fraction or a lower fraction of AGNs in denser environments
(e.g., Miller et al. 2003; Kauffmann et al. 2004; Best
et al. 2005; Martini et al. 2006; Popesso & Biviano 2006;
Sobral et al. 2016), with evidence for a higher fraction of
AGNs in denser environments only at higher redshifts (e.g.,
Martini et al. 2013; Donoso et al. 2014). This might suggest
that the physics of mass quenching at z < 1 is mostly related to
non-AGN feedbacks (possibly stellar feedbacks) and that non-
AGN feedback processes might be more effective in denser
environments at z < 1.

As we mentioned before, because of a possible connection
between very dense environments and very massive galaxies,
particularly at z < 1, the higher environmental quenching
efficiency for massive systems and the higher mass quenching
efficiency in dense environments found in this work might
originate from the same physics, reflected into two apparently
different trends.

We also note that there is substantial evidence for central and
satellite galaxies following different SFHs and having different
quenching timescales (e.g., Wetzel et al. 2013), in the sense
that centrals slowly become quenched in a long timescale
(=2 Gyr), whereas quenching of satellites happens gradually in
a long timescale after their first infall, followed by a rapid
<1 Gyr quenching (Wetzel et al. 2013). Since at a given stellar
mass the fraction of quiescent satellites is higher than the
quenched centrals (for stellar masses of <10''M,, at z=0 and
higher redshifts; see, e.g., Knobel et al. 2013; Wetzel et al.
2013; Hirschmann et al. 2014; Omand et al. 2014), our sample
is probably populated by satellite systems and that might be the
reason for the overall fast environmental quenching mechanism
we found in our work. Therefore, a careful separation of
galaxies into central and satellites might reveal different
environmental quenching timescales in our work, a study that
can be performed in the future.
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6. SUMMARY AND CONCLUSION

We use a mass complete sample of color—color selected
quiescent and star-forming galaxies in the COSMOS field at
z=0.1-3.1 to study the effects of the stellar mass and local
environment of galaxies, estimated via the Voronoi tessellation
method, on the star formation activity of galaxies (e.g., median
SFR, sSFR, quiescent fraction, environmental and mass
quenching efficiencies). The key results from our work are as
follows:

1. At z < 1, the median SFR and sSFR of all galaxies and
the star-forming fraction decrease with increasing over-
density (environment) and they become almost indepen-
dent of the environment at z 2> 1. When we only consider
the star-forming galaxies, their median SFR and sSFR do
not significantly change with environment out to z ~ 3,
even at a fixed stellar mass, indicating the environmental
independence of the main-sequence of star-forming
galaxies. However, denser environments increase the
chance of a galaxy becoming quiescent. Hence, the role
of the environment is to control the fraction of star-
forming and quiescent galaxies. Given the environmental
independence of the median SFR for star-forming
galaxies (even at fixed stellar mass bins) and the
environmental dependence of their fraction at z < 1, we
conclude that environmental quenching of star-forming
galaxies should happen in a relatively short time-
scale (<1 Gyr).

2. The quiescent fraction growth rate is almost independent
of environment at lookback time Z8Gyr (z = 1).
However, at lower redshifts (z < 1), it increases with
increasing overdensity. Galaxies become quenched more
rapidly in denser environments compared to less dense
regions at low-z.

3. The quiescent fraction increases with stellar mass at all
the redshifts considered in this study (0.1 < z < 3.1).
At a given stellar mass, the fraction of quiescent galaxies
is higher at lower redshifts. This is a manifestation of the
galaxy mass-downsizing. We estimate an upper limit for
the typical time delay between the quenching of less
massive (log(M /M) ~ 10) and more massive (log
(M /M) ~ 11) galaxies to be Ar ~ 3.4 £+ 0.9 Gyr.

4. The quiescent fraction at a fixed environment strongly
depends on stellar mass and it is always higher for more
massive galaxies compared to less massive systems out to
z ~ 3. However, at a fixed stellar mass, the quiescent
fraction depends on the environment only at z < 1 and
not significantly at higher redshifts. At a fixed stellar
mass and at z < 1, this fraction is higher in denser
regions. This suggests that environmental quenching is
practically important at z < 1, whereas mass quenching is
the major factor of star formation truncation in galaxies at
z2 1.

5. The overall environmental quenching efficiency increases
with cosmic time, in the sense that denser environments
at lower redshifts more efficiently quench galaxies
compared to the same environments at higher redshifts.
The environmental quenching efficiency is almost
independent of stellar mass, except for very massive
galaxies (logM /M) 2 10.7) at z < 1. Dense
environments at z < 1 are able to more efficiently quench
more massive galaxies than less massive systems. For the
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purpose of quenching, external processes act more
efficiently on more massive galaxies. This might be due
to a higher merger rate of massive galaxies in denser
environments at z < 1.

6. For massive galaxies (log(M /M) 2 10.2), we find that
the overall stellar mass quenching efficiency increases
with cosmic time from z ~ 3 to z ~ 1 and flattens out
since z ~ 1. However, for less massive galaxies (log
(M/Mz) < 10.2), the increase in the mass quenching
efficiency continues to the present time. The mass
quenching efficiency is almost independent of environ-
ment except for very dense environments at lower
redshifts. For the purpose of quenching, internal
processes act more efficiently in denser environments at
z < 1, with a possible non-AGN (stellar) feedback
physics for mass quenching. Due to a correlation between
stellar mass and the environment, particularly at lower
redshifts, the mass dependence of environmental quench-
ing and the environmental dependence of mass quenching
at z < 1 might originate from the same fundamental
physics.
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APPENDIX

In Section 4.1, we showed that at 7 < 1, the median SFR and
sSFR of galaxies strongly depend on their host environment.
However, at z 2 1 we found an environmental independence of
the median SFR and sSFR. If the environment is mostly
relevant for quenching the less massive galaxies, since our
high-z samples do not contain the less massive systems, the
environmental invariance of the median SFR at z = 1 might be
due to our selection of only the massive galaxies at higher
redshifts. We investigate this by selecting only galaxies that are
more massive than the mass completeness limit of our highest-z
sample (log(M /M) > 9.97) at all redshifts. Figure 10 shows
the results given the new sample selection. We clearly see that
our results given in Section 4.1 still hold with the new sample
selection. We note that the median sSFRs for low-z samples are
shifted toward lower values because of the selection of more
massive galaxies in the new sample selection process. The
slight environmental dependence (only seen in very dense
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Figure 10. Similar to Figure 1 but based on a new sample selection. The new sample selection only comprises galaxies that are more massive than the mass
completeness limit of the highest-z sample (log(M /M) > 9.97). We find that our results presented in Section 4.1 do not depend on the sample selection.

regions) of the star-forming galaxies for the 0.5 < z < 0.8
sample is not significant at p < 0.05 level (<20).
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