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ABSTRACT

We investigate the effects of galaxy environment on the evolution of the quiescent fraction ( fQ) from z = 0.8 t0 0.0
using spectroscopic redshifts and multi-wavelength imaging data from the PRIsm MUlIti-object Survey (PRIMUS)
and the Sloan Digital Sky Survey (SDSS). Our stellar mass limited galaxy sample consists of ~14,000 PRIMUS
galaxies within z = 0.2-0.8 and ~64,000 SDSS galaxies within z = 0.05-0.12. We classify the galaxies as
quiescent or star-forming (SF) based on an evolving specific star formation cut, and as low or high density
environments based on fixed cylindrical aperture environment measurements on a volume-limited environment
defining population. For quiescent and SF galaxies in low or high density environments, we examine the evolution
of their stellar mass function (SMF). Then using the SMFs we compute Jo (M) and quantify its evolution within
our redshift range. We find that the quiescent fraction is higher at higher masses and in denser environments. The
quiescent fraction rises with cosmic time for all masses and environments. At a fiducial mass of 10! M, from
z~ 0.7 to 0.1, the quiescent fraction rises by 15% at the lowest environments and by 25% at the highest
environments we measure. These results suggest that for a minority of galaxies their cessation of star formation is
due to external influences on them. In other words, in the recent universe a substantial fraction of the galaxies that

cease forming stars do so due to internal processes.

Key words: cosmology: observations — galaxies: evolution — galaxies: groups: general — galaxies: star formation —

galaxies: statistics

1. INTRODUCTION

Galaxies, in their detailed properties, carry the imprints of
their surroundings, with a strong dependence of the quiescent
fraction of galaxies on their local environment (e.g., Hub-
ble 1936; Oemler 1974; Dressler 1980; Hermit et al. 1996;
Guzzo et al. 1997; for a recent review see Blanton &
Moustakas 2009). The strength of this dependence is itself a
strongly decreasing function of galaxy stellar mass; at the
extreme, the lowest mass (<10° M) galaxies end their star
formation only in dense regions, and never in isolation (Geha
et al. 2012). These effects also vary with redshift at least in the
densest clusters, as observed in the changing fraction of late-
type spirals relative to the field, found in studies of the
morphology—density  relation  (Dressler 1984; Fasano
et al. 2000; Smith et al. 2005; Desai et al. 2007). Clearly
understanding the properties of galaxies in the present-day
universe requires a careful investigation of the role of
environment, and how that role changes over time.

Nevertheless, the evolution of the role of environment is a
relatively subtle effect and must be interpreted within the
context of the evolving galaxy population. For instance, the
most dramatic change in galaxy properties during the past eight
billion years has been the remarkable decline in the star
formation rate of galaxies in the universe (Hopkins &
Beacom 2006). This decline appears dominated by decreases
in the rates of star formation of individual galaxies (Noeske
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et al. 2007). There is evidence that a large fraction of the
decline is associated with strongly infrared-emitting starbursts
(Bell et al. 2005; Magnelli et al. 2009). As Cooper et al. (2008)
and others have pointed out, because the environmental
dependence of total star formation rates (SFRs) at fixed
redshift is relatively small, environmental effects are unlikely to
cause the overall SFR decline.

During this period, the major classes of galaxies that we
observe today have already been firmly in place (Borch et al.
2006; Bundy et al. 2006; Taylor et al. 2009; Moustakas
et al. 2013). Though not as dramatic as the history of galaxies
prior to z ~ 1, detailed observations of the stellar mass function
(SMF) find significant evolution of the galaxy population with
the decline in the number density of massive star-forming (SF)
galaxies accompanied by an increase in the number density of
quiescent galaxies (Blanton et al. 2006; Borch et al. 2006;
Bundy et al. 2006; Moustakas et al. 2013). Moustakas et al.
(2013), for instance, find that since z ~ 1.0 the ~50% decline
in the number density of massive SF galaxies
(My > 10" M) is complemented by the rise in number
density of  intermediate-mass quiescent galaxies
(My ~ 10%9-10'° Mg), by a factor of 2-3, and massive

quiescent galaxies (My > 10! Mg ), by ~20%. On the color—
magnitude diagram, this corresponds to the doubling of the red
sequence over this period (Bell et al. 2004; Borch et al. 2006;
Faber et al. 2007). These changes in galaxy population are
likely a result of physical processes that cause the cessation of
star formation in SF galaxies.
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Of the numerous mechanisms that have been proposed to
explain this cessation, favored models suggest that internal
processes such as supernovae or active galactic nuclei heat the
gas within the galaxy, which consequently suppresses the cold
gas supply used for star formation (Keres et al. 2005, Croton
et al. 2006, Dekel & Birnboim 2008). Other models propose
that environment dependent external processes such as ram-
pressure stripping (Gunn & Gott 1972; Bekki 2009), strangu-
lation (Larson et al. 1980; Balogh et al. 2000), or harassment
(Moore et al. 1998) contribute to the cessation.

Observations such as Weinmann et al. (2006) and Peng et al.
(2010) credit some of these proposed internal processes for the
cessation of star formation, especially in massive galaxies.
Meanwhile, observations of galaxy properties such as color and
morphology correlating with environment suggest that envir-
onment may play a role in ceasing star formation (Blanton &
Moustakas 2009 and references therein). However, it remains
to be determined whether the environmental trends in galaxy
properties reflect the direct effect of external environment on
the galaxies’ evolution (e.g., ram pressure, tidal forces,
mergers) or reflect statistical differences in the histories of
galaxies in different environments (e.g., an earlier formation
time in dense regions).

In this paper we take the most straightforward investigation
by directly determining the SF properties of galaxies as a
function of environment, stellar mass and redshift in a single,
consistently analyzed data set. This analysis can reveal how
galaxies end their star formation over time, quantitatively
establish the contribution of environmental effects to the
overall trends, and reveal whether those trends happen equally
in all environments. However, such an analysis has not been
done previously due to the lack of sufficiently large samples. In
this paper, we apply this approach using the PRIsm MUIti-
object Survey (PRIMUS; Coil et al. 2011; Cool et al. 2013),
the largest available redshift survey covering the epochs
between 0 < z < 1.

In Section 2 we present a brief description of the PRIMUS
and Sloan Digital Sky Survey (SDSS) data, our mass complete
sample construction, and galaxy environment measurements.
After dividing our galaxy sample into subsamples of SF or
quiescent and high or low density environments, we compute
and examine the evolution of the SMFs for our subsamples in
Section 3. In Section 4, we calculate the quiescent fraction,
analyze the evolution of the quiescent fraction, quantify the
effects of environment on the quiescent fraction evolution, and
discuss the implications of our quiescent fraction results on the
cessation of star formation in galaxies. Finally in Section 5 we
summarize our results.

Throughout the paper we assume a cosmology with
Q, =03, Qx =07, and Hy = 70 km s~! Mpc~!. All magni-
tudes are AB-relative.

2. SAMPLE SELECTION

We are interested in quantifying the effects of galaxy
environment on the evolution of the quiescent fraction over the
redshift range 0 < z < 1. For our analysis, we require a sample
with sufficient depth and high quality spectroscopic redshift to
probe the redshift range and to robustly measure galaxy
environment. PRIMUS with its ~120,000 spectroscopic red-
shifts provides a large data set at intermediate redshifts for our
analysis. In addition, we anchor our analysis with a low redshift
sample derived from the SDSS (York et al. 2000).
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In Sections 2.1 and 2.2 we provide a brief summary of the
PRIMUS and SDSS data used for our sample selection. In
Section 2.3 we define our stellar mass complete galaxy sample.
Then, in Section 2.4, we classify the sample galaxies as
quiescent or SF. We calculate the environment using a volume-
limited Environment Defining Population (EDP) in Section
2.5. Finally, in Section 2.6, we account for edge effects in the
surveys.

2.1. PRIMUS

At intermediate redshifts we use multiwavelength imaging
and spectroscopic redshifts from PRIMUS, a faint galaxy
survey with ~120,000 redshifts (o, /(1 + z) &~ 0.5%) within the
range z ~ 0—1.2. The survey was conducted using the IMACS
spectrograph on the Magellan I Baade 6.5 m telescope with a
slitmask and low dispersion prism. For details on the PRIMUS
observation methods such as survey design, targeting, and data
summary, we refer readers to Coil et al. (2011). For details on
redshift fitting, redshift precision and survey completeness we
refer readers to Cool et al. (2013).

While the PRIMUS survey targeted seven distinct extra-
galactic deep fields for a total of ~9 deg?, we restrict our
sample to five fields that have GALEX and Spitzer/IRAC
imaging for a total of ~5.5 deg? (similar to the sample selection
in Moustakas et al. 2013). Four of these fields are a part of the
Spitzer Wide-area Infrared Extragalactic Survey (SWIRE:”) the
European Large Area Infrared Space Observatory Survey—
South 1 field (ELAIS-S1'’) the Chandra Deep Field South
SWIRE field, and the XMM Large Scale Structure Survey field
(XMM-LSS). The XMM-LSS consists of two separate but
spatially adjacent fields: the Subaru/XMM-Newton DEEP
Survey field (XMM-SXDS'') and the Canadian-France—
Hawaii Telescope Legacy Survey field (XMM-CFHTLS'?).
Our fifth and final field is the Cosmic Evolution Survey
(COSMOS'") field. For all of our fields we have near-UV
(NUV) and far-UV (FUV) photometry from the GALEX Deep
Imaging Survey (DIS; Martin et al. 2005; Morrissey
et al. 2005) as well as ground-based optical and Spitzer/IRAC
mid-infrared  photometric catalogs. Moustakas et al.
(2013) provides detailed descriptions of integrated flux calcu-
lations in the photometric bands for each of our fields.
Furthermore, we derive the K-corrections from the photometry
using K-correct (v4.2; Blanton & Roweis 2007).

Finally, using the spectroscopic redshift and broad wavelength
photometry we apply i SEDfit, a Bayesian SED modeling code,
to calculate stellar masses and SFRs for our sample galaxies
(Moustakas et al. 2013). 1SEDfit uses the redshift and the
observed photometry of the galaxies to determine the statistical
likelihood of a large ensemble of generated model SEDs. The
model SEDs are generated using Flexible Stellar Population
Synthesis models (Conroy et al. 2009; Conroy & Gunn 2010)
based on the Chabrier (2003) IMF, along with a time dependent
dust attenuation curve of Charlot & Fall (2000) and other prior
parameters discussed in Section 4.1 and Appendix A of
Moustakas et al. (2013). For details on the effects of prior
parameter choices of iSEDfit on physical properties of galaxies

o http://swire.ipac.caltech.edu/swire/swire.html
10 http://dipastro.pd.astro.it/esis

1 http://www.naoj.org/Science/SubaruProject/SDS
'2 http://www.cfht.hawaii.edu/Science/CFHLS

13 http://cosmos.astro.caltech.edu
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we refer readers to the Appendix of Moustakas et al. (2013). For
the observed photometry, we use the GALEX FUV and NUV,
the two shortest IRAC bands at 3.6 and 4.5 um (the two longer-
wavelength IRAC channels are excluded because 1 SEDfit does
not model hot dust or polycyclic aromatic hydrocarbons
emission lines), and the optical bands.

2.2. SDSS-GALEX

At low redshifts, we use spectroscopic redshifts and ugriz
photometry from the SDSS Data Release 7 (DR7; Abazajian
et al. 2009). More specifically we select galaxies from the New
York University Value-Added Galaxy Catalog (hereafter
VAGC) that satisfy the main sample criterion and have galaxy
extinction corrected Petrosian magnitudes 14.5 < r < 17.6 and
spectroscopic  redshifts within  0.01 < z < 0.2 (Blanton
et al. 2005b). We further restrict the VAGC sample to only
galaxies with medium depth observations with total exposure
time greater than 1 ks from GALEX Release 6. This leaves 167,
727 galaxies.

Next, we use the MAST/CasJobs'® interface and a 4”
diameter search radius, to obtain the NUV and FUV
photometry for the SDSS-GALEX galaxies. For optical
photometry, we use the ugriz bands from the SDSS model
magnitudes scaled to the r-band cmodel magnitude. These
photometric bands are then supplemented with integrated JHK
magnitudes from the 2MASS Extended Source Catalog (XSC;
Jarrett et al. 2000) and with photometry at 3.4 and 4.6 um from
the WISE All-sky Data Release.'” Further details regarding the
SDSS-GALEX sample photometry can be found in Section 2.4
of Moustakas et al. (2013). As previously done on the
PRIMUS data in Section 2.1, we use 1SEDfit to obtain the
stellar masses and SFRs for the SDSS-GALEX sample.

The SDSS-GALEX data discussed above is derived from the
NYU-VAGC based on SDSS DR7, using the standard SDSS
photometric measurements. Several investigators have found
that the background subtraction techniques used in the standard
photometric catalogs introduce a size dependent bias in the
galaxy fluxes and consequently stellar masses (Blanton
et al. 2005a; West 2005; Bernardi et al. 2007; Lauer et al.
2007; Hyde & Bernardi 2009; West et al. 2010).

In order to quantify the effects of these photometric
underestimations in our analysis, we tried replacing our SDSS
fluxes in the ugriz band with ugriz fluxes from the NASA-
Sloan Atlas catalog, which incorporate the improved back-
ground subtraction presented in Blanton et al. (2011) and uses
single-Seric fit fluxes rather than the standard SDSS cmodel
fluxes. Using the ratio of the luminosity derived from the
improved photometry over the luminosity derived from the
standard NYU-VAGC photometry, we apply a preliminary
correction to the stellar mass values obtained from iSEDfit
assuming a consistent mass-to-light ratio. This mass correction
leads to a significant increase in the SMF for M > 10" Mg;
however, the effect of the mass correction was negligible for
the quiescent fraction evolution results. As a result, for the
results presented here we use the standard SDSS fluxes and we
do not discuss the issues with photometric measurements any
further in this paper. We note that a thorough investigation of
these issues to understand their effect on the SMF requires a

14 http://galex.stsci.edu/casjobs
15 http://wise2.ipac.caltech.edu/docs/release/allsky
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reanalysis of both the SDSS photometry and the deeper
photometry used for PRIMUS targeting.

2.3. Stellar Mass Complete Galaxy Sample

From the low redshift SDSS-GALEX and intermediate
redshift PRIMUS data we define our mass complete galaxy
sample. We begin by imposing the parent sample selection
criteria from Moustakas et al. (2013). More specifically, we
take the statistically complete primary sample from the
PRIMUS data (Coil et al. 2011) and impose magnitude limits
on optical selection bands as specified in Moustakas et al.
(2013), Table 1. These limits are in different optical selection
bands and have distinct values for the five PRIMUS target
fields. We then exclude stars and broad-line AGN to only select
objects spectroscopically classified as galaxies, with high-
quality spectroscopic redshifts (Q > 3). Lastly, we impose a
redshift range of 0.2 < z < 0.8 for the PRIMUS galaxy
sample, where z > 0.2 is selected due to limitations from
sample variance and z < 0.8 is selected due to the lack of
sufficient statistics in subsamples defined below.

For the PRIMUS objects that meet the above criteria, we
assign statistical weights (described in Coil et al. 2011 and
Cool et al. 2013) in order to correct for targeting incomplete-
ness and redshift failures. The statistical weight, w;, for each
galaxy is given by

-1
Wi = (ftarget X fc;ollision X fs‘uccess) ’ (1)

as in Equation (1) in Moustakas et al. (2013).

Since we are ultimately interested in a mass complete galaxy
sample to derive SMFs and QFs, next we impose stellar mass
completeness limits to our galaxy sample. Stellar mass
completeness limits for a magnitude-limited survey such as
PRIMUS are functions of redshift, the apparent magnitude limit
of the survey, and the typical stellar mass-to-light ratio of
galaxies near the flux limit. We use the same procedure as
Moustakas et al. (2013), which follows Pozzetti et al. (2010),
to empircally determine the stellar mass completeness limits.
For each of the target galaxies we compute My, using
log Mjim = log M + 0.4 (m — myy, ), where M is the stellar
mass of the galaxy in Mg, My, is the stellar mass of each
galaxy if its magnitude was equal to the survey magnitude
limit, m is the observed apparent magnitude in the selection
band, and my;;,, is the magnitude limit for our five fields. We
construct a cumulative distribution of M;,, for the 15% faintest
galaxies in Az = 0.04 bins. In each of these redshift bins, we
calculate the minimum stellar mass that includes 95% of the
galaxies. Separately for quiescent and SF galaxies, we fit
quadratic polynomials to the minimum stellar masses versus
redshift (SF or quiescent classification is described in the
following section). Finally, we use the polynomials to obtain
the minimum stellar masses at the center of redshift bins,
0.2-0.4, 0.4-0.6, and 0.6-0.8, which are then used as PRIMUS
stellar mass completeness limits.

For the low redshift portion of our galaxy sample, we start
by limiting the SDSS-GALEX data to objects within
0.05 < z<0.12, a redshift range later imposed on the
volume-limited EDP (Section 2.5). To account for the targeting
incompleteness of the SDSS-GALEX sample, we use the
statistical weight estimates provided by the NYU-VAGC
catalog. Furthermore, we determine a uniform stellar mass
completeness limit of 10'%2 Mg, above the stellar mass-to-light
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ratio completeness limit of the SDSS-GALEX data within the
imposed redshift limits (Blanton et al. 2005a; Baldry
et al. 2008; Moustakas et al. 2013). We then apply this mass
limit in order to obtain our mass-complete galaxy sample at low
redshift.

We now have a stellar mass complete sample derived from
SDSS-GALEX and PRIMUS data. Since our sample is derived
from two different surveys, we account for the disparity in the
redshift uncertainty. While PRIMUS provides a large number
of redshifts out to z = 1, due to its use of a low dispersion
prism, the redshift uncertainties are significantly larger
(0./(1 + z) % 0.5%) than the uncertainties of the SDSS
redshifts. In order to have comparable environment measures
throughout our redshift range, we apply PRIMUS redshift
uncertainties to our galaxy sample selected from SDSS-
GALEX. For each SDSS-GALEX galaxy, we adjust its redshift
by randomly sampling a Gaussian distribution with standard
deviation ¢ = 0.005(1 + zspss), Where zspss is the SDSS
redshift of the galaxy.

2.4. Classifying Quiescent and Star-forming Galaxies

We now classify our mass complete galaxy sample into
quiescent or SF using an evolving cut based on specific SFR
utilized in Moustakas et al. (2013) Section 3.2. This classifica-
tion method uses the SF sequence, which is the correlation
between SFR and stellar mass in SF galaxies observed at least
until z ~ 2 (Noeske et al. 2007; Williams et al. 2009; Karim
et al. 2011). The PRIMUS sample displays a well-defined SF
sequence within the redshift range of our galaxy sample. Using
the power-law slope for the SF sequence from Salim et al.
(2007) (SFR o M%%5) and the minimum of the quiescent/SF
bimodality, determined empirically, we obtain the following
equation to classify the target galaxies (Equation (2) in
Moustakas et al. 2013):

10g(SFR s ) = —0.49 + 0.64 log(M — 10)
+1.07(z - 0.1), )

where M is the stellar mass of the galaxy. If the target galaxy
SFR and stellar mass lie above Equation (2) we classify it as
SF; if below, as quiescent (Moustakas et al. 2013 Figure 1).

2.5. Galaxy Environment

We define the environment of a galaxy as the number of
neighboring EDP galaxies (defined below) within a fixed
aperture centered around it. We use fixed aperture measure-
ments in order to quantify galaxy environment with an aperture
sufficiently large to encompass massive halos (Muldrew
et al. 2012; Skibba et al. 2013).

For our aperture, we use a cylinder of dimensions:
R = 2.5Mpc and H,, = 35 Mpc. We note that H,, is the
full height of the cylinder and R,, and H,, are comoving
distances. We use a cylindrical aperture to account for the
PRIMUS redshift errors and redshift space distortions (i.e.,
“Finger of God” effect). As Cooper et al. (2005) and Gallazzi
et al. (2009) find, +1000 km s~! optimally reduces the effects
of redshift space distortions. The PRIMUS redshift uncertainty
at z ~ 0.7 corresponds to o, < 0.01, so our choice of 35 Mpc
for the aperture height accounts for both of these effects. Our
choice of cylinder radius was motivated by scale dependence
analyses in the literature (Blanton et al. 2006; Wilman
et al. 2010; Muldrew et al. 2012), which suggest that galactic
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properties such as color and quiescent fractions are most
strongly dependent on scales <2 Mpc, around the host dark
matter halo sizes.

Before we measure the environment for our galaxy sample,
we first construct a volume limited EDP with absolute
magnitude cut-offs (M,) in redshift bins with Az ~ 0.2. The
M, cut-offs for the EDP are selected such that the cumulative
number density over M, for all redshift bins are equal. We
make this choice in order to construct an EDP that contains
similar galaxy populations through the redshift range (i.e.,
accounts for the progenitor bias). In their analysis of this
method, Behroozi et al. (2013) and Leja et al. (2013) find that
although it does not precisely account for the scatter in mass
accretion or galaxy—galaxy mergers, it provides a reasonable
means to compare galaxy populations over a wide range of
cosmic time.

In constructing the PRIMUS EDP we use the same PRIMUS
data used to select our galaxy sample (described in Section 2.3).
We again restrict the PRIMUS galaxies to 0.2 < z < 0.8 and
divide them into bins of Az = 0.2. Before we consider the
cumulative number densities in the redshift bins, we first
determine the M, limit for the highest redshift bin (z = 0.6-0.8)
by examining the M, distribution with bin size AM, = 0.25 and
select M, ;i near the peak of the distribution where bins with
M, > M, 1in have fewer galaxies than the bin at M, j,. We
conservatively  choose M, ;m (0.6 <2< 0.8) to be
M, = =20.97. Then for the lower redshift bins, we impose
absolute magnitude limits (M, jy,) such that the cumulative
number density, calculated with the galaxy statistical weights,
of the bin ordered by M, is equal to the cumulative
number density of the highest redshift bin with M, )iy
(0.6 < z < 0.8) = -20.97.

For the SDSS EDP, we do not use the SDSS-GALEX parent
data, which is limited to the combined angular selection
window of the VAGC and GALEX (Section 2.2). Instead, since
FUV, NUV values are not necessary for the EDP, we extend
the parent data of the SDSS EDP to the entire NYU-VAGC,
including galaxies outside of the GALEX window function.
Furthermore, we impose a redshift range of 0.05-0.12 on the
SDSS EDP. This redshift range was determined to account for
the lack of faint galaxies at z ~ 0.2 and the lack of bright
galaxies at z ~ 0.01 in the VAGC. As with the PRIMUS
redshift bins, we determine the SDSS EDP M, j;,, by matching
the cumulative number density of the highest redshift bin. For
redshift bins z = 0.05-0.12, 0.2-0.4, 0.4-0.6, 0.6-0.8 we get
M, jim = —20.95, -21.03, -20.98 and -20.97, respectively.
These absolute magnitude limits are illustrated in Figure 1,
where we present the absolute magnitude (M,) versus redshift
for the galaxy sample (black squares) ad the EDP (red circles).
The left-most panel corresponds to the samples derived from
the SDSS-GALEX data while the rest correspond to samples
derived from the PRIMUS data divided in bins with Az ~ 0.2.
Figure 1 shows clear M, cutoffs in the M, distribution versus
redshift for the EDP on top of our galaxy sample.

For our SDSS-GALEX galaxy sample, in Section 2.3, we
apply PRIMUS redshift errors in order to establish a consistent
measurement of environment throughout our redshift range.
We appropriately apply equivalent redshift adjustments for the
SDSS EDP. For the SDSS EDP galaxies that are also contained
within the SDSS-GALEX sample, we adjust the redshift by an
identical amount. For the rest, we apply the same redshift
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Figure 1. Absolute magnitude M, vs. redshift for our mass complete galaxy sample (black squares) with the Environment Defining Population (red circles) plotted on
top. Both samples are divided into redshift bins: z = 0.05-0.12, 0.2-0.4, 0.4-0.6, and 0.6-0.8 (panels left to right). The lowest redshift bin (z ~ 0.05-0.12; leftmost
panel) contain our galaxy sample and EDP selected from SDSS. The rest contain galaxies and EDP selected from PRIMUS. The redshift limits for the lowest redshift
bin are empirically selected based on the bright and faint limits of SDSS galaxies. Stellar mass completeness limits, described in Section 2.3, are imposed on the
galaxy population. Meanwhile, M, limits are applied to the EDP such that the number density in each panel are equivalent (Section 2.5).

adjustment procedure described in Section 2.3 in order to
obtain PRIMUS Ievel redshift uncertainties.

Finally, we measure the environment for each galaxy in our
galaxy sample by counting the number of EDP galaxies, 7y,
with R.A., decl., and z within our cylindrical aperture centered
around it. n.,, accounts for the statistical weights of the EDP
galaxies. For our galaxy sample, the expected ne,, given the
uniform number density in each of our EDP redshift bin and
volume of our cylindrical aperture is (ne,y) = 1.3. Once we
obtain environment measurements for all the galaxies in our
galaxy sample, we classify galaxies with ne,, = 0.0 to be in
“low” environment densities and galaxies with 7,y > 3 to be
in “high” environment densities. The high environment cutoff
was selected in order to reduce contamination from galaxies in
low environment densities while maintaining sufficient statis-
tics. In Section 4.2 we will also explore higher density cutoffs
for nepy.

The analysis we describe below uses a fixed cylindrical
aperture with dimensions R,, = 2.5 Mpc and H,, = 35 Mpc to
measure environment. The same analysis was extended for
varying aperture dimensions R,, = 1.5, 2.5, 3.0 Mpc and
H,, = 35, 70 Mpc with adjusted environment classifications.
The results obtained from using different apertures and
environment classifications are qualitatively consistent with
the results presented below.

2.6. Edge Effects

One of the challenges in obtaining accurate galaxy
environments using a fixed aperture method is accounting for
the edges of the survey. For galaxies located near the edge of
the survey, part of the fixed aperture encompassing it will lie
outside the survey regions. In this scenario, n.,, only reflects
the fraction of the environment within the survey geometry.

To account for these edge effects, we use a Monte Carlo
method to impose edge cutoffs on our galaxy sample. First,
using ransack from Swanson et al. (2008), we construct a
random sample of Nsack = 1,000,000 points with R.A. and
decl. randomly selected within the window function of the EDP
(SDSS EDP and PRIMUS EDP separately). We then compute

the angular separation, 6,,, that corresponds to R,, (Sec-
tion 2.5) at the redshift of each sample galaxy i. For each
sample galaxy we count the number of ransack points within
0;.ap of the galaxy: n; ransack . Afterwards, we compare 7; rangack t0
the expected value computed from the angular area of the
environment defining aperture and the EDP window function:

N ransack

2
<nransack >i = X ﬂgi,ap ><ﬁhresh : 3)

EDP

Agpp is the total angular area of the EDP window function and
Jinresn 18 the fractional threshold for the edge effect cut-off. For
Ry = 2.5 Mpc, we use fy..n = 0.75. If 1 ransack > (Pransack )i
then galaxy i remains in our sample; otherwise, it is discarded.
Once the edge effect cuts are applied, we are left with the final
galaxy sample. For our SDSS-GALEX galaxy sample, ~12% of
galaxies are removed from the edge effect cuts. For our
PRIMUS galaxy sample, ~40% of galaxies are removed from
the edge effect cuts.

In Figure 2 we present the distribution of environment
measurements (ne,y) for our final galaxy sample in redshift
bins: z = 0.05-0.12, 0.2-0.4, 0.4-0.6, and 0.6-0.8. The
quiescent galaxy contributions are colored in red while the SF
galaxy contributions are colored in blue and patterned. We
classify galaxies with ne,y = 0.0 to be in low density
environments and galaxies with ng,, > 3.0 to be in high
density environments. We list the number of galaxies (Ng,) in
each of the mass complete subsamples classified by redshift,
quiescent or SF, and environment in Table 1.

Although we imposed PRIMUS redshift errors on our SDSS
galaxies to consistently measure environment throughout our
entire sample, we note a significant discrepancy between the
Neny distributions of the SDSS and PRIMUS samples. For
example, in each of the PRIMUS redshift bins, ~40% of
galaxies in the redshift bin are in low density environments and
roughly 30% are in high density environments. In contrast, in
the SDSS redshift bin, ~20% of galaxies in the redshift bin are
in low density environments and ~35% are in high density
environments. We remind the reader that this is mainly due to
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Figure 2. Normalized distribution of environment measurements (n¢ny) for our
mass complete galaxy sample within the survey edges. A fixed cylindrical
aperture of Ry, = 2.5 Mpc and H,, = 35 Mpc is used to measure environment.
The star-forming galaxies contribution to the distribution is colored in blue and
diagonally patterned. The contribution from quiescent galaxies is colored in
red. Galaxies with ne,y = 0.0 are in low density environments and galaxies
with ne,y > 3.0 are in high density environment. We note that the significant
difference among the SDSS distribution and the PRIMUS distributions above
is due to the different stellar mass completeness limits imposed on each redshift
bin of our galaxy sample.

the varying stellar mass-completeness limits imposed on our
galaxy sample for each redshift bins and does not affect our
results.

3. RESULTS: SMF

Our galaxy sample has so far been classified into quiescent
or SF and low or high density environments. We further divide
these subsamples into redshift bins: 0.05-0.12, 0.2-0.4,
0.4-0.6, and 0.6-0.8 for a total of 16 subsamples. In
Section 3.1, we calculate the SMF for each of these
subsamples. Then we examine the evolution of active and
quiescent subsample SMFs in different environments in
Section 3.2.

3.1. Stellar Mass Function Calculations

To calculate the SMFs we employ a non-parametric 1/Vjax
estimator commonly used for galaxy luminosity functions and
SMF in order to account for Malmquist bias, as done in
Moustakas et al. (2013) and discussed in the review Johnston
(2011). The differential SMF is given by the following
equation:

N
®(log M)A(log M) = z

j=1 /max,avail,i

Wi

“)

w; is the statistical weight of galaxy i and ® (log M)A (log M)
is the number of galaxies (N) per unit volume within the stellar
mass range [log M, log M + A(log M)]. The equation above
is the same as Equation (3) in Moustakas et al. (2013) except
that we use Vyax avail instead than V,,,, to account for the edge
effects of the survey discussed in Section 2.6.

Vmax,i 1 the maximum cosmological volume where it is
possible to observe galaxy i given the apparent magnitude
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limits of the survey. However in Section 2.6 we remove
galaxies that lie on the survey edges from our sample. In doing
so, we reduce the maximum cosmological volume where a
galaxy can be observed, thereby reducing the fraction of Vjux ;
that is actually available in the sample. We introduce the term
Vinax.availi t0 €xpress the maximum volume accounting for the
survey edge effects.

To calculate Viax avail,i» We use a similar Monte Carlo method
as the edge effect cutoffs in Section 2.6. First, we generate a
sample of points with random R.A., decl. within the window
function of our galaxy sample (SDSS-GALEX window
function and the five PRIMUS fields) and random z within
the redshift range. These points are not to be confused with the
ransack sample in Section 2.6. We apply the edge effect cuts
on these random points as we did for our galaxy sample using
the same method as in Section 2.6. Within redshift bins of
Az ~ 0.01, we calculate the fraction of the random points that
remain in the bin after the edge effect cuts over the total
number of random points in the bin: f... We then apply this
factor to compute Viax avail = Vinax X fedge. The V. values in
the equation above are computed following the method
described in Moustakas et al. (2013) Section 4.2 with the
same redshift-dependent K-correction from the observed SED
and luminosity evolution model.

To calculate the uncertainty of the SMFs from the sample
variance, we use a standard jackknife technique (following
Moustakas et al. 2013). For the PRIMUS galaxies, we calculate
SMFs after excluding one of the five target fields at a time. For
the SDSS target galaxies we divide the field into a 12 x 9
rectangular R.A. and decl. grid and calculate the SMFs after
excluding one grid at a time. From the calculated SMFs we
calculate the uncertainty:

M

N in this equation is the number of jackknife SMFs in the
stellar mass bin. (®/) is the mean number density of galaxies in
each stellar mass bin for all of the jackknife @/ s.

3.2. Evolution of the SMF in Different Environments

In Figure 3, we present the SMFs of the quiescent/SF
(orange/blue, bottom/top panels) and high/low density envir-
onment (left/right panels) subsamples. The redshift evolution
of the SMFs in each of these panels are indicated by a darker
shade for lower redshift bins. The width of the SMFs represent
the sample variance uncertainties derived in Section 3.1.

While a detailed comparison of the SMFs in each panel for
different epochs is complicated by the different stellar mass
completeness limits, we present some notable trends in each
panel. In panel (a), SF galaxies in low density environments,
we find a significant decrease in the high mass end of the SMF
(M > 10'%7 M) over cosmic time. Meanwhile at lower

masses (M < 10'%% M), we observe no noticeable trend in
the SMF. In panel (b), SF galaxies in high density
environments, we do not observe any clear trends above the
knee of the SMF (M ~ 10'%7 M) but an increase in SMF
below the knee. For the quiescent population in low density
environment, panel (c), we observe a potential decrease at
higher masses (M > 1097 Mg,). Lastly for the quiescent
population in high density environments, panel (d), we find
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Figure 3. Evolution of stellar mass functions of star-forming (top) and quiescent (bottom) galaxies in low (left) and high (right) density environments throughout the
redshift range z = 0-0.8. The environment of each galaxy was calculated using a cylindrical aperture size of R = 2.5 Mpc and H = 35 Mpc and classified as low
environment when 7n,, = 0.0 and as high environment when re,y > 3.0. The SMFs use mass bins of width A log(M/Mg) = 0.2. In each panel we use shades of
blue (star-forming) and orange (quiescent) to represent the SMF at different redshift, higher redshifts being progressively lighter.

significant increase in ® for lower masses but little trend at
higher masses.

Observing the evolutionary trends in SMF for each of these
sub-populations provides a narrative of the different galaxy
evolutionary tracks involving environment and the end of star
formation. For example, the decrease in the massive SF
galaxies in low density environments over cosmic time can be
attributed to the transition of those galaxies to any of the other
panels. The SF galaxies in low density environments that have
ended star formation over time are possibly responsible for the
increase of the quiescent, low density environment SMF over
time. The SF galaxies that fall into higher density environments
explain the increase in the SF high density environment SMF
below the knee. Finally, SF galaxies in high density
environments that have ended their star formation, quiescent
galaxies that have transitioned from low to high density
environments, and SF galaxies in low density environments
that end their star formation while infalling to high density
environments all contribute to the overall increase of the high
environment quiescent SMF.

In addition to the evolution over cosmic time, we observe
noticeable trends when we compare the SMFs for SF and
quiescent galaxies between the two environments. Comparison
of the SMFs in low versus high density environments reveal a
noticeable relation between mass and density, with SMFs in
high density environments having more massive galaxies,

especially evident in our lowest redshift bin. We further
confirm this trend when we compare the median mass between
the two environments to find that the median mass for galaxies
in high density environments is significantly greater than in low
density environments. The relationship between mass and
environment observed in our SMFs reflects the well-established
mass—density relation and observed mass segregation with
environment in the literature (Norberg et al. 2002; Zehavi 2002;
Blanton et al. 2005a; Bundy et al. 2006; Scodeggio et al. 2009;
Bolzonella et al. 2010).

While our mass complete subsample coupled with robust
environment measurements allows us to compare SMF
evolution for each of our subsamples out to z = 0.8, we
caution readers regarding the photometric biases affecting the
SDSS imaging (and perhaps the other imaging sources) and
reserve detailed analysis of the SMFs for future investigation.

4. RESULTS: QUIESCENT FRACTION

The SMFs calculated in the previous section illustrate the
stellar mass distribution of our galaxy population and its
evolution over cosmic time. In this section, using the SMFs of
our subsamples, we compare the quiescent and the SF
populations by calculating the fraction of galaxies that have
ended their star formation, the quiescent fraction.
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Figure 4. Evolution of the quiescent fraction f; for galaxies in low (left) and high (right) density environments for z < 0.8. Jqs were calculated using the SMFs in
Figure 3, as described in Section 4.1. Darker shading indicates lower redshift and the width represents the standard jackknife uncertainty.

While the fractional relation of the SF and quiescent
populations has been investigated in the past, with limited
statistics, disentangling the environmental effects from under-
lying correlations among observable galaxy properties such as
the color—mass or mass—density relations (Cooper et al. 2010)
remains a challenge. With the better statistics available from
SDSS and PRIMUS, we evaluate the quiescent fraction in bins
of stellar mass, redshift, and environment in Section 4.1. By
analyzing the quiescent fraction with respect to these proper-
ties, in Section 4.2 we explicitly compare the quiescent fraction
evolution in low and high density environments. Our
comparison reveal the subtle environmental effects on the
quiescent fraction evolution. Furthermore, by quantifying this
environmental effect, we are able constrain the role of
environmental effects on how galaxies end their star formation.

4.1. Evolution of the Quiescent Fraction

From the SMF number densities (®) computed in the
previous section, the quiescent fraction is computed as follows,

Dq

fQ (M*, Z) = m

(6)

®q and Dgf are the total number of galaxies per unit volume in
stellar mass bin of A(log M) = 0.20 dex for the quiescent and
SF subsamples, respectively (Equation (4)). We compute f,
for high and low density environments for all redshift bins as
plotted in Figure 4, which shows the evolution of f; for high

(right panel) and low (left panel) density environments. As in
Figure 3, the evolution of the quiescent fraction over cosmic
time is represented in the shading (darker with lower redshift)
and the uncertainty is represented by the width. For the
uncertainty in the quiescent fraction, we use the standard
jackknife technique, following the same steps as for the SMF
uncertainty in Section 3.1.

Most noticeably in Figure 4, we find f, increases
monotonically as a function of mass at all redshifts and
environments. In other words, for galaxies in any environment
since z ~ 0.8, galaxies with higher masses are more likely to
have ceased their star formation. With the roughly linear
correlation between galaxy SFR to galaxy color and morphol-
ogy, we find that this trend reflects the well established color—
mass and morphology—mass relations: more massive galaxies
are more likely to be red or early-type (Blanton &
Moustakas 2009).

Focusing on the redshift evolution of f,, we find that for
both environments f, increases as redshift decreases. For high
density environments, this is analogous to the Butcher—Oemler
effect (Butcher & Oemler 1984), which states that galaxy
populations in groups or clusters have higher f, . (lower fQ) at
higher redshift. This evolution occurs with roughly the same
amplitude in low environments as well.

In addition, when we compare the stellar masses at which
fQ = 0.5 for each subsample, the so-called Msg_s9, we find
that this quantity decreases over cosmic time. This corresponds
to the well-known mass-downsizing pattern found by previous
investigators (e.g., Bundy et al. 2006). Furthermore, the mass-
downsizing trend observed in each of our environment
subsample is qualitatively consistent with the trend observed
in zCOSMOS Redshift Survey for isolated and group galaxies
(Iovino et al. 2010).

Finally, we compare between our low and high density
environment f;s at each redshift bin interval. For our lowest

redshift bin, we find that f; at low density environments ranges

from ~0.4 to ~0.9 for 10'2 Mg < My < 10> Mg. Over
the same mass range, f, at high density environment ranges
from ~0.55 to ~0.9. For our SDSS sample, f, in high density
environments is notably higher.

For our PRIMUS sample at z~ 0.3, over
10%° Mg < My < 10" Mg f, ranges from ~0.2 to ~0.65
for low density environment, while at high density environment
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fQ ranges from ~0.2 to ~0.8. Similarly, at z ~ 0.5, over

10" Mg < My < 102 My f, ranges from ~0.3 to ~0.6 for
low density environment and f;, ranges from ~0.3 to ~0.7 for
high density environments. Finally in our highest redshift bin
z ~ 0.7, over the mass range 10'%° My < My < 10115 M,
Jo ranges from ~0.35 to ~0.6 for low density and ~0.45 to
~0.8 for high density. For the entire redshift range of our
sample, fq in high density environment is higher than f; in low
density environments.

We note that for M, < 10'° Mg at z ~ 0.3, we find no
significant difference between f; in low and high density
environments. Similar quiescent/red fraction studies (e.g.,
Baldry et al. 2006; Cucciati et al. 2010) find, at these redshifts
and mass range, a greater environment dependence in fo. Our
classification of SF/quiescent galaxies may contribute to this
discrepancy with other quiescent fraction studies. We also note
that for My < 10" Mg at z ~ 0.3, only three of the five
PRIMUS fields used in our analysis (XMM-SXDS, XMM-
CFHTLS, and COSMOS; see Section 2.1) contribute galaxies
to our sample. As a result our jack-knife method, which
calculates uncertainty by excluding one PRIMUS field at a
time, may underestimate the uncertainty thereby making an
accurate comparison difficult at low masses. For our analysis,
we focus on My > 100 M.

While there is a significant difference in f, between the
environments, since the difference is observed from our highest
redshift bin, it is not necessarily a result of environment
dependent mechanisms for ending star formation. In order to
isolate any environmental dependence, in the following section
we quantitatively compare the evolution of the quiescent
fraction between the different environments.

4.2. Environmental Effects on the Quiescent Fraction Evolution

In order to more quantitatively compare the f;, evolution for
different epochs and environments, we fit f;, for each subsample
to a power-law parameterization as a function of stellar mass,

fo(My) = alog (AA:* ) + b, (7

fid

where a and b are best-fit parameters using MPFIT (Mark-
wardt 2009) and Mygg represents the empirically selected
fiducial mass within the stellar mass limits where there is a
sufficiently large number of galaxies. We primarily focus on
Mg = 10195 M. We list the best-fit parameters a and b for
each subsample in Table 2.

In Figure 5 we present the evolution of f,(Myq) from
z~07 to ~0.1 at low (blue) and high (red) density
environments for Mg = 10'%° Mg (solid fill) and 10'! M
(pattern fill). The width of the evolution represents the
uncertainty derived from MPFIT. As noted earlier in
Section 4.1, f, in high density environments is significantly
greater than f; in low density environments for both fiducial
mass choices. Throughout our sample’s redshift range
Jo Meahigh — fo (Miia)iow ~ 0.1.

In addition, the f,(Myq) evolution illustrates that the
quiescent fraction in low density environment increases over
cosmic time: f, (Mgd, 2 ~ 0.1) — fo (Mg, 2 ~ 0.7) ~ 0.1.
This significant quiescent fraction evolution for low density

HAHN ET AL.

1o T T
ool |
s30m

0.8 ~ /‘OH.O M@

0.6

fo(Mria)

0.4

0.2 n

O0L v v vy
0.0 0.2 0.4 0.6 0.8 1.0

Redshift (z)

Figure 5. Evolution of the quiescent fraction at fiducial mass, f, (Msa), for
low (blue) and high (red) density environments within the redshift range
z = 0.0-0.8. We present the f, (Mgq) evolution for Myq = 10'%5 Mg (solid

fill) and 10" M, (patterned fill) with the uncertainty of the best-fit parameter b
in Equation (7) represented by the width of the line. While the high density
fo (M) is greater than low density environment f;, (Mgq) over the entire

redshift range of our sample, there is a significant increase in fy (M) over

cosmic time for both environments. For the environment cut-offs (7¢qy = 0.0
for low and neyy > 3.0 for high), there is no significant difference in the slope
of the evolution between the environments.

environments suggests that internal mechanisms, indepen-
dent of environment, are responsible for a significant
amount of star formation cessation. Meanwhile, the f, (M)

evolution in high density environment (f;, (Mg, z ~ 0.1) = f,
(Mg, z ~ 0.7) ~ 0.12) shows little additional evolution.

When we increase our choice of Mgy to 10'! M, aside
from an overall shift in f;, (Myq) by ~0.2, we observe the same

evolutionary trends. f, (Mg = 10" M) for both low and
high density environments each increase by ~0.2 from at all
redshifts we study. Increasing the fiducial mass to 10" Mg
does not significantly alter the evolutionary trends in either
environment. Although the varying stellar mass completeness
at each redshift bin limits the masses we probe for the f,
evolution, our f;, evolution exhibits little mass dependence.

However, the uncertainties in the PRIMUS redshifts may
contaminate our fixed aperture measurements of galaxy
environment. Consequently, we consider in Figure 6 more
stringent high density environment classifications, extending
the cut off to ne,y > 5 and 7 (specified in the top right legend
and represented by the color of the shading). Aside from the
increase in uncertainties that accompany the decrease in sample
size of the purer high environment sample, we find an
extension of the f, difference between the environments we
stated earlier. A more stringent high environment classification
significantly increases the overall f,(Myq), which rises
monotonically with the ne,, limit.

More importantly, a purer high environment classification
reveals a more significant environment dependence on the f;
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Figure 6. f;, (Mgq = 10'% M) evolution compared to f,,q (M ~ 10'%5 M) in the literature: Baldry et al. (2006) (diamond) and Geha et al. (2012) (cross) from

SDSS (panel a), Tovino et al. (2010) (empty square) and Kova¢ et al. (2014) (triangle) from zCOSMOS (panel b), and Peng et al. (2010) from both SDSS and
zCOSMOS (panel c). The f,., values from Iovino et al. (2010), Kova¢ et al. (2014), Baldry et al. (2006), and Peng et al. (2010) are calculated from the best-fit
parameterizations presented in the respective works. High density environment is represented in red and low density environment is represented in blue. The f; value

from Geha et al. (2012) is the f, value at M =

10'%55 M. Uncertainties in the Iovino et al. (2010) best-fit £, is omitted due to insufficient information on the cross

correlation terms of the fit parameters. For Kovac et al. (2014) we apply the offset between the color-based and SFR-based galaxy classification in order to plot the fo

estimates. We also plot the fo (Mg = 10'%5 M) evolution of our sample with varying environment cut-offs specified on the top right. As in Figure 5 the width of

the f (Mg = 10'%3 M) evolution represent the uncertainty in the best-fit parameters of Equation (7).

evolution. While the difference between the f;, evolution in low
and high density environment is negligible for the n.,, > 3 cut-
off, there is a notable difference in fQ evolution between our
highest cut-off ne, > 7 and our low density environment.
Jo Mg, 2~ 0.1) = fo (Mg, 2~ 0.7) ~ 025 for neny > 7
versus fQ (Mg, z ~ 0.1) —fQ (Mg, 2~ 0.7) ~ 0.1 for low
density environment. In addition to the environment indepen-
dent internal mechanisms that can explain the f;, evolution in
low density environments, there may be other environment
dependent mechanisms that can account for the moderate
environment dependence of the f, evolution. Our measured

difference in the f, evolution between environments provides

an important constraint for any environmental models for
ending star formation.

4.3. Comparison to Literature

Although a direct comparison with other results is difficult
due to our sample specific methodology, a number of results
from the literature have investigated the quiescent fraction in
comparable fashions. In this section we compare our f, results
from above to a number of these results, specifically from
SDSS and zCOSMOS, with similarly defined samples and
analogous environment classifications.

In Figure 6, we plot best-fit parameterization of f,_; for high
and low density environment from SDSS (panel a), zZCOSMOS
(panel b), and Peng et al. (2010) (filled square; panel d) from
both surveys. From Iovino et al. (2010) (empty square; panel
b), we calculate f,.,;, = 1 — f;, . using the best-fit f;, . from the

10

mass bin M = 10'%3 — 10'°% M. From Kova¢ et al. (2014)
(triangle; panel b) we plot an estimated Jo by applying the
residual between SFR based and color based galaxy classifica-
tions to the best-fit f 4 at M = 10'%% My, for low (5 = 0.0)
and high density environments (5§ = 1.5). Similarly, from
Baldry et al. (2006) (diamond; panel a) we plot f, derived

from the best-fit £, at M = 10'“°M,, for low (6 = 0.0) and
high density environment (6 = 1.0). For Geha et al. (2012)
(cross; panel a), we plot Jo for their isolated galaxy sample in

their mass bin closest to 10'%> Mg, M = 10!%5 My, Finally
for Peng et al. (2010) (square; panel c), we plot the
parameterized f., at M = 1019 My using their best-fit
parameters for low (5§ =0.0) and high (6 =1.4) density
environments.

For our lowest redshift bin SDSS sample, we find that our
Jo for low and high environments are consistent with other
SDSS f; (or f,.4) measurements as a function of environment.
For example, Baldry et al. (2006) uses projected neighbor
density environment measures (log X) to obtain f;, (M) for a
range of environmental densities. Although the different
environment measurements make direct comparisons difficult,
in their corresponding higher environments (log £ > 0.2 in

Baldry et al. 2006) fo(M ~ 109 Mo) ~ 0.6 and f,

(M ~ 10" M)~0.9, which is in agreement with our high
density environment. Likewise, for lower environments
(log £ < —0.4 in Baldry et al. 2006) f, (M ~ 10'°2 Mo)

~0.4 and f, (M ~ 10" Mg) ~ 0.8, which also agree with
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our low density environment f,. The Baldry et al. (2006)
points (diamond) in Figure 6 reflect this agreement.

More recently, Tinker et al. (2011), using a group-finding
algorithm on the SDSS DR7, presents the relationship between
Jo and overdensity for galaxies within the mass range
log M =[9.8, 10.1]. The Tinker et al. (2011) f, at the lowest
and highest overdensities, f, ~ 0.4 and f; ~ 0.6 respectively,
are consistent with our f, for low and high density
environment at the lower mass limit (log M ~ 10.2).

A modified Tinker et al. (2011) sample is used in Geha et al.
(2012) to obtain Jo for isolated galaxies over a wider mass

range (107* Mg to 10112 My). Although Geha et al. (2012)
probe a slightly lower redshift range (z < 0.06), their f;, is
consistent with our low density sample. Within the overlapping
mass range, at the low mass end Geha et al. (2012) find
Jo My ~ 10'°2 M) ~ 0.3 and at the high mass end they find

Jo M ~ 102 M) ~ 0.8. Both of these values agree with
our lowest redshift f, results in low density environment.

Figure 6 illustrates the f, agreement for My = 10'%5 M.

For z > 0.2, we compare our PRIMUS f, results to the f 4
(or 1 — f,e) results from the zCOSMOS Redshift Survey
(Tovino et al. 2010; Kovag et al. 2014), which covers a similar
redshift range as PRIMUS. ITovino et al. (2010), and Kovac
et al. (2014) using a mass-complete galaxy sample derived
from zCOSMOS and a group catalog, 3D local density
contrast, and overdensity environment measurements, respec-
tively, compare f,., with respect to environment. The f . for
group and isolated galaxies from Iovino et al. (2010) are
generally inconsistent with our 1 — f; for high and low density
environments.

Similarly, f,., for high and low overdensities in Kovac et al.
(2014) are greater overall than the PRIMUS f, values in high

and low density environments. However, Kovac et al. (2014)
points out that there is a significant difference between
classifying the quiescent population using color and SFR due
to dust-reddening in SF galaxies. For their lower redshift bin
(0.1 < z < 0.4) Kovac et al. (2014) find that their f, defined
by color is greater than f, defined by SFR by roughly 0.2.
While for their higher redshift bin (0.4 <z < 0.7) the
difference is 0.15-0.19. Although Kova¢ et al. (2014) does
not elaborate on how the galaxy classification discrepancy
applies to the different environments, if we simply account for
the difference uniformly for f_, at all environments, the Kovac
et al. (2014) results in their lower redshift bin are roughly
consistent with our f; at high and low density environments.
Even accounting for the dust-reddening of f;, Kovac et al.
(2014) finds a significantly higher f, in their higher red-
shift bin.

In Figure 4, the f, evolution with respect to mass reveals,
qualitatively, little mass dependence in the evolution. More-
over, in Figure 5, we illustrated that adjusting the fiducial mass
only shifted the overall f, (M;q), but did not change the f,
evolutionary trend. The consistency in the f, evolutionary
trends over change in fiducial mass suggests that f, evolution
exhibit little mass dependence within the mass range probed in
our analysis. In contrast to the weak mass dependence we
observe in our results, Iovino et al. (2010) find significantly
different f;, evolution at M ~ 10" Mg and M ~ 10" Mo,
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for both group and isolated galaxies. In fact at their highest
mass bin (10'%°—10""* My), lovino et al. (2010) find no
evolution for both environments: constant f; . ~ 0.1 over
z = 0.3-0.8 for both group and isolated galaxy populations.

Meanwhile in their mass bin most comparable to
Mg ~ 10195 Mg (10'3 Mo—10'"8 M), Tovino et al.
(2010) finds that f, . evolves by ~0.1 from z = 0.5 to 0.25
for group galaxies and by ~0.3 from z = 0.55 to 0.3 for isolated
galaxies as presented in panel (b) of Figure 6. Altogether, with
mass bins beyond the fiducial masses we explore, Iovino et al.
(2010) find a strong mass dependence with f, evolving
significantly more in lower mass bins. While our sample from
PRIMUS provides larger statistics than zZCOSMOS, the mass-
completeness limits we impose on our sample limits the mass
range we probe (e.g., M > 10'%5Mg for our z ~ 0.7 bin).
Consequently our results cannot rule out mass dependence in
the f evolution at lower masses.

In Figures 5 and 6 we quantified that throughout our redshift
range, high density environments have a significantly greater
fQ (Mq) than the low density environments. This finding is in
agreement with the zCOSMOS results from Cucciati et al.
(2010) and Kovac et al. (2014). As illustrated in panel (b) of
Figure 6, Kova¢ et al. (2014) finds f, in high density
environment significantly greater than f, at low density
environment. Moreover, since galaxy color serves as a proxy
for SFR, our results support the existence of the color—density
relation (Cooper et al. 2010; Cucciati et al. 2010) and is not
consistent with the color—density relation being merely a
reflection of the mass—density relationship, as Scodeggio et al.
(2009) suggest it is based on the Vimos VLT Deep Survey
(02<z<14).

In Section 4.2, we showed that f, in low density
environments evolves over cosmic time. From this trend we
deduce that internal, environment independent, mechanisms
contribute to ending star formation in galaxy evolution. Iovino
et al. (2010) from zCOSMOS, plotted in Figure 6 panel (b),
also find that f, in low density environment increases with
decreasing redshift. On the other hand Kovac et al. (2014), also
from zCOSMOS, presents that f, in low density environment
decreases over cosmic time. While the uncertainties for the
parameterized f;, are not listed, and thus not shown in Figure 6,
once they are accounted for, Kova¢ et al. (2014) find no
significant f, evolution over cosmic time. However, once we
account for the dust-reddening of the f,;, we find a more
significant decrease over cosmic time (Figure 6 panel b).

Furthermore, in Section 4.2, our comparison of the fQ
evolution between the lowest density environment and the
highest density environment revealed a modicum of evidence
for the existence of environment dependent mechanisms. The
same comparison with zCOSMOS results (Iovino et al. 2010;
Kova¢ et al. 2014) present trends inconsistent with our
findings. First, comparing the high (red) and low (blue)
density environments for Iovino et al. (2010) in Figure 6 shows
that there are indeed pronounced discrepancies between the f,
evolution in different environments. Group galaxies in Iovino
et al. (2010) have higher overall f, than isolated galaxies.
However, unlike our results, which find a greater fQ evolution
at higher density environments, f; in Tovino et al. (2010) shows
the opposite environment dependence that there is a signifi-
cantly greater f, evolution for isolated galaxies. Once the large
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Table 1
Galaxy Subsamples
Neny Ngal M“m Mr,lim
Quiescent Star-forming Quiescent Star-forming
0.05 < z<0.12 Neny = 0.0 6533 7508 10192 Mg 1092 Mg -20.95
feny > 3.0 14673 9717
all 33553 29864
02<z<04 feny = 0.0 363 1231 10%8 Mo 10%8 Mg -21.03
feny > 3.0 379 756
all 1086 2879
04<2z<06 Neny = 0.0 536 1498 10193 Mg 10193 Mg -20.98
Neny > 3.0 490 854
all 1560 3577
06 <z<038 Neny = 0.0 567 1254 1097 Mg 10196 M -20.97
feny > 3.0 498 671
all 1668 2964
Total 77151

Notes. Number of galaxies (Nga) in the mass complete subsamples within the edges of the survey (Section 2). The subsamples are classified based on environment
(neny) and star formation rate (star-forming or quiescent). The lowest redshift bin is derived from SDSS; the rest are from PRIMUS. We also list the stellar mass
completeness limit, My, for our sample along with the r-band absolute magnitude limits, M, jin,, for the Environment Defining Population.

uncertainties in the fq, fit are taken into account, Iovino et al.
(2010) state that the fo is difficult to measure from their
sample.

Next, Kovac et al. (2014) also find that overall f; is greater
in high density than in low density environments. Like their
low density environment f, evolution, f, in high density
environment decreases over cosmic time between their two
redshift bins. Although the decrease in f, over cosmic time
conflicts with our results, Kova¢ et al. (2014) finds a greater
(less negative) Jo evolution in high density environments
relative to low density environments, suggesting an environ-
ment dependence that is in the same direction as our results.
We note that the negative slopes of the f, evolution in both
environments are enhanced in Figure 6 due to the dust-
reddening correction we impose to the Kovac et al. (2014) f. 4
results.

Due to the redshift uncertainties in PRIMUS, our galaxy
environment measures are more susceptible to contamination.
As discussed in Coil et al. (2011) and Cool et al. (2013),
PRIMUS has redshift success rate of >75%; in comparison,
zCOSMOS has 88% redshift completeness for the entire
sample and 95% complete within the redshift range
0.5 < z< 0.8 (Lilly et al. 2009). Although the zCOSMOS
survey provides more precise spectroscopic redshifts, PRIMUS
has higher overall completeness due to its high targeting
fraction of ~80%. zCOSMOS has a spatial sampling rate of
~30%-50% and a overall completeness rate of 48%-52%
(Knobel et al. 2012). Our sample also provides larger statistics
and covers a larger portion of the sky. Our SDSS-GALEX
sample covers 2505 deg?. More comparably, our PRIMUS
sample covers 5.5 deg?, over three times the sky coverage of
zCOSMOS (1.7 deg?). Furthermore, our PRIMUS sample is
constructed from five independent fields which allows us to
significantly reduce the effects of cosmic variance.

As listed in Table 1, after our edge effect cuts and stellar
mass completeness limits, our sample consists of 13,734

Table 2
Best Fit Parameters for f, (M) Fit
171<z2<2 Environment a b
0.05 <z<0.12 Neny = 0.0 0.410 £ 0.018 0.469 £ 0.007
Neny > 3.0 0.270 £ 0.016 0.620 + 0.008
02<z<04 Neny = 0.0 0.340 £ 0.032 0.432 £ 0.015
Heny > 3.0 0.432 £ 0.018 0.544 £+ 0.010
04<z<06 Neny = 0.0 0.263 £ 0.038 0.381 £ 0.018
Reny > 3.0 0.289 £ 0.018 0.446 £ 0.013
06<z<038 Neny = 0.0 0.284 + 0.036 0.352 £ 0.019
Neny > 3.0 0.468 + 0.065 0.429 + 0.023

Notes. Best fit parameters in Equation (7) for each subsample Jo M) in
Figure 4 for Mgq = 10105 M.

galaxies from PRIMUS over 0.2 <z< 0.8 and 63,417
galaxies from SDSS over 0.05 < z < 0.12. Meanwhile, Iovino
et al. (2010) has 914 galaxies with M > 10'%3 Mg over

0.1 <z <006 and 1033 galaxies with M > 10'%°M over
0.1 < z < 0.8. For the actual sample used to obtain the best-fit
Jo values in Figure 6, Iovino et al. (2010) has 617 galaxies. In

comparison, our PRIMUS sample alone contains >20 times the
number of galaxies. While there is a considerable difference in
the overall f, between our results and those of Iovino et al.
(2010), the use of different methodologies, particularly for
galaxy classification and environment measurements, make
such comparisons ambiguous. On the other hand, the
discrepancies in the f, evolutionary trends with our results
may be explained by the limited statistics in the Iovino et al.
(2010) sample.

The more recent Koval et al. (2014) provides larger
statistics with 2340 galaxies in their lower redshift bin
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(0.1 < z < 0.4) and 2448 galaxies in their higher redshift bin
(04 < z < 0.7). Although their sample is smaller than the
PRIMUS sample, which contains over twice times the number
of galaxies, the Kova¢ et al. (2014) sample provides a more
stable comparison. Once their results are adjusted for the dust-
reddening, we find that their overall f, is more or less
consistent with our overall f,. However, it is difficult to explain
the significant discrepancies in the f, evolutionary trends. The
significant overdenities observed in the COSMOS field at
7z ~ 0.35 and z ~ 0.7 (Lilly et al. 2009; Kova¢ et al. 2010) may
have a significant effect on the zZCOSMOS results and offer a
possible explanation for the discrepancies.

5. SUMMARY AND DISCUSSION

Using a stellar mass complete galaxy sample derived from
SDSS and PRIMUS accompanied by a consistently measured
galaxy environment from robust spectroscopic redshifts, we
measure the SMFs for SF and quiescent galaxies in low and
high density environments over the redshift range
0.05 < z < 0.8. From these SMFs, we compare the proportion
of galaxies that have ended their star formation within the
subsamples by computing the quiescent fraction for each of
them. In order to better quantify the evolution of the quiescent
fraction over cosmic time, we fit our quiescent fraction
anchored at a fiducial mass.

From our analyses we find the following notable results. The
first three demonstrate that previous findings that are well
known in the local universe are applicable out to z ~ 0.7. The
last two are consistent with the findings of Peng et al. (2010)
but provide increased detail on the environmental dependence
of galaxy evolution.

1. From the SMFs, we find that the galaxy population in
high density environments, both SF and quiescent, have a
higher median mass, thus confirming the mass—density
relation and mass-segregation in different environments
throughout our sample’s redshift range.

2. For all subsamples, f, increases monotonically with
galaxy stellar mass, showing a clear mass dependence
and reflecting the well-established color-mass and
morphology—mass relations.

3. We illustrate that f, in high density environments is

greater than f, in low density environments for

M ~ 10'95-10"" My and out to redshift z ~ 0.7. This
result reflects the well known trend that galaxies in high
density environment are statistically redder, have lower
SFRs, and are more massive.

4. fq increases significantly with redshift for both low and
high density environments. For high density environ-
ment, this trend is the Butcher—Oemler effect. Further-
more, the f, evolution in low density environment
suggest the existence of internal environment-indepen-
dent mechanisms for ending star formation.

5. Comparison of the f, (Mpgq) evolution for a range of
environment classifications reveals that the since z = 0.8,
Jo has evolved by a greater amount in the highest density
environments. For our purest high environment sample
(Reny > 7), the total Jo evolution is ~0.1 greater than the
total f; evolution in low density environment, revealing a
moderate dependence on environment.
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Many physical mechanisms have been proposed to explain
the cessation of star formation observed in many galaxies.
Recently star formation cessation has often been classified into
internal or external mechanisms, and sometimes more speci-
fically into mass-dependent and environment-dependent
mechanisms (Baldry et al. 2006; Peng et al. 2010). The
significant redshift evolution of the f, in low density
environments confirms the existence of internal mechanisms
that end SF in galaxies.

Furthermore, the greater f;, evolution in the highest density
environment relative to low density environments suggests that
in addition to the internal mechanisms, in high density
environments such as groups and clusters, environment-
dependent effects may also contribute to the end of star
formation. Our results do not specifically shed light on which
mechanisms (e.g., strangulation, ram-pressure stripping, etc.)
occur in high density environments. Not to mention, the
mechanism could yet be indirect; for example, the galaxies in
higher density environments could end star formation primarily
due internal processes, which affect the galaxies that end up in
groups and clusters more greatly. Nevertheless, our results
impose important constraints on the total possible contribution
of environment dependent mechanisms that models must
satisfy, providing a limit on the role of environment in ending
star formation in galaxies.
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