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ABSTRACT

We present results on the environmental dependence of the star-forming galaxy main sequence
in 11 galaxy cluster fields at 1.0 < z < 1.5 from the Gemini Observations of Galaxies in Rich
Early Environments Survey (GOGREEN) survey. We use a homogeneously selected sample of
field and cluster galaxies whose membership is derived from dynamical analysis. Using [O 11]-
derived star formation rates (SFRs), we find that cluster galaxies have suppressed SFRs at fixed
stellar mass in comparison to their field counterparts by a factor of 1.4 &+ 0.1 (~3.30) across
the stellar mass range: 9.0 < log (M,./Mg) < 11.2. We also find that this modest suppression in
the cluster galaxy star-forming main sequence is mass and redshift dependent: the difference
between cluster and field increases towards lower stellar masses and lower redshift. When
comparing the distribution of cluster and field galaxy SFRs to the star-forming main sequence,
we find an overall shift towards lower SFRs in the cluster population, and note the absence of
a tail of high SFR galaxies as seen in the field. Given this observed suppression in the cluster
galaxy star-forming main sequence, we explore the implications for several scenarios such as
formation time differences between cluster and field galaxies, and environmentally induced
star formation quenching and associated time-scales.

Key words: galaxies: clusters: general — galaxies: evolution.

1 INTRODUCTION

Measurements of the galaxy stellar mass function and cosmic star
formation rate (SFR) as a function of redshift have demonstrated
that the global star formation activity of galaxies peaked at z ~
2, declining until the present day (e.g. Madau & Dickinson 2014
and references therein). This evolution is also seen as a decrease
in the specific SFR (sSFR) of galaxies with time since z ~ 2 (e.g.
Whitaker et al. 2012 and others), and is characterized as evolution
in the correlation between SFR and stellar mass, referred to as the
star-forming main sequence (MS; Noeske et al. 2007). However,
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comparing the evolution of the stellar mass functions for star-
forming and quiescent galaxies separately (Peng et al. 2010; Muzzin
et al. 2013) shows that a stellar mass-dependent ‘quenching’ of
star formation must also be taking place. This quenching refers
to a comparatively rapid terminal cessation of star formation that
leads to the gradual build-up of the passively evolving galaxy
population.

There is also evidence that the evolution of galaxies depends
on their environment — whether this means local density, or their
location as a satellite galaxy within a more massive host dark matter
halo. At z < 1, galaxies in denser environments such as galaxy
groups and galaxy clusters universally have lower fractions of star-
forming galaxies than the field (e.g. Kauffmann et al. 2004; Balogh
et al. 2004a; Cooper et al. 2006, 2007; Poggianti et al. 2006; Kimm
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et al. 2009; Peng et al. 2010; von der Linden et al. 2010; Muzzin
et al. 2012; Mok et al. 2013; Davies et al. 2016; Guglielmo et al.
2019; Pintos-Castro et al. 2019).

One explanation for this trend is that galaxies in groups and
clusters are subject to additional processes that enhance the quench-
ing rate (e.g. Balogh et al. 2004a; Peng et al. 2010; Wetzel et al.
2013). If this is the case, there should exist a transition galaxy
population in groups and clusters that have low but non-zero SFRs.
The bimodality in the galaxy colour and SFR distribution (e.g.
Strateva et al. 2001; Baldry et al. 2004; Balogh et al. 2004b;
Cassata et al. 2008; Wetzel, Tinker & Conroy 2012; Taylor et al.
2015) suggests that these transition galaxies are rare, implying a
rapid transformation from the star forming to quiescent population.
Identifying these transition galaxies from their lower than average
SFRs requires large, carefully selected samples over a wide stellar
mass range, and results todate are mixed. Several studies have
claimed little to no trend in the star-forming MS with environment
(e.g. Peng et al. 2010; Muzzin et al. 2012; Wetzel et al. 2012;
Wijesinghe et al. 2012; Koyama et al. 2013); others find a modest
trend in the sense that star-forming galaxies in denser environments
have lower SFRs at fixed stellar mass than that of their counterparts
in the field (e.g. von der Linden et al. 2010; Vulcani et al.
2010; Patel et al. 2011; Popesso et al. 2011; Haines et al. 2013;
Paccagnella et al. 2016; Rodriguez del Pino et al. 2017; Wang
et al. 2018).

In order to reconcile the modest, at best, differences between
the SFRs of galaxies in groups, clusters and the field at low
redshift with the fact that clusters host a much larger fraction of
quenched galaxies, Wetzel et al. (2013) introduced a two-parameter
model to describe the suppression of star formation for satellites in
massive haloes. In this ‘delayed-then-rapid’ quenching scenario, as
a satellite galaxy infalls into a cluster, there is a period of time within
which a galaxy’s SFR follows that of typical field galaxy evolution.
After this ‘delay-time’, a galaxy experiences a swift truncation in
its SFR.

Using a galaxy group/cluster catalogue (based on Yang et al.
2005) from the Sloan Digital Sky Survey Data Release 7 at 0.04 <
7z < 0.06 (York et al. 2000; Abazajian et al. 2009), together with a
high-resolution, cosmological N-body simulation to track satellite
orbits, Wetzel et al. (2013) empirically fits a delayed-then-rapid
quenching scenario where galaxy SFRs are unaffected for 2—4 Gyr
following infall, after which star formation quenches rapidly. The
long delay time is somewhat puzzling, given the shorter dynamical
times associated with galaxy orbits. However, some authors (e.g.
Muzzin et al. 2014; Taranu et al. 2014; Oman & Hudson 2016) find
good agreement with models where quenching begins only when
galaxies first pass within a small radius near the cluster core or
where environmental quenching is driven by halting gas accretion
(e.g. Fillingham et al. 2015).

A promising approach to better understand these results is to look
at higher redshift clusters and groups. Because the dynamical time
for a virialized system is shorter at higher redshift, and independent
of halo mass (Tinker & Wetzel 2010; Tinker et al. 2013; McGee,
Bower & Balogh 2014), we might hope to determine if these
quenching time-scales are associated with orbital parameters. An
alternative might be that they are determined by properties of the
galaxy itself (e.g. gas content and SFR); these generally evolve
at a different rate from the dynamical time, allowing us to break
the degeneracy (McGee et al. 2014). Observations probing groups
and clusters at intermediate redshifts are generally consistent with
a total quenching time (i.e. the time between infall and cessation
of star formation) that evolves approximately like the dynamical
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time (e.g. Tinker & Wetzel 2010; Mok et al. 2014; Balogh et al.
2016; Foltz et al. 2018). However, there are indications that the
delay time at z ~ 1 is shorter than would be expected from a simple
scaling with dynamical time from z ~ 0 (McGee et al. 2014).
These authors suggest that the high SFRs associated with galaxies
coupled with mass-loaded winds at z ~ 1, means that they will
exhaust their gas supply on a time-scale that is shorter than the
dynamical time and hence quench before any orbit-related process
like ram-pressure stripping can be effective. This phenomenon,
called ‘overconsumption’, also proves to be a good match to the
stellar mass dependence of the observed quenched galaxy fraction
at z ~ 1 (Balogh et al. 2016; Fossati et al. 2017; Kawinwanichakij
et al. 2017; Chartab et al. 2019).

It is therefore interesting to extend this work to even higher
redshift, z > 1, where galaxies are significantly younger, have higher
SFRs and lower depletion time-scales (e.g. Tacconi et al. 2013,
2018). While there are pioneering studies of galaxy clusters at higher
redshifts (e.g. z> 1; Strazzullo et al. 2006; Gobat et al. 2008; Snyder
etal. 2012; Lotz et al. 2013; Martini et al. 2013; Nantais et al. 2013;
Zeimann et al. 2013; Newman et al. 2014; Stanford et al. 2014;
Nanayakkara et al. 2016; Nantais et al. 2017; Strazzullo et al. 2019),
deep spectroscopic cluster studies of galaxies of all types for arange
of halo masses do not currently exist, and the typical properties of
cluster galaxies at this epoch are still unknown.

The goal of this study is to measure the difference in the star-
forming galaxy MS between cluster and field galaxies with a
deep spectroscopic sample of homogeneously targeted galaxies
above z > 1. For this purpose, we use the recently completed
Gemini Observations of Galaxies in Rich Early ENvironments
(GOGREEN) survey (Balogh et al. 2017). In Section 2, we describe
the key survey details including the cluster sample and some
aspects of the data reduction. In Section 3, we present results
on the environmental dependence of the star-forming MS and the
corresponding discussion in Section 4. We conclude our findings
in Section 5. Throughout the paper, we adopt a flat A cold dark
matter cosmology with ©,, = 0.3, and a Hubble constant of Hy =
70 kms~! Mpc~!. We also assume a Chabrier initial mass function
(IMF; Chabrier 2003).

2 THE GOGREEN SURVEY

The GOGREEN survey' is based on a Gemini Large and Long
Program using the GMOS instruments (Murowinski et al. 1998;
Hook et al. 2004) on Gemini North and South telescopes to obtain
unbiased multiobject spectroscopy of galaxies of all types down
to stellar masses M, ~ 10'%3M,. The survey targets 21 systems
spanning a wide range in halo mass at 1.0 < z < 1.5. In addition
to deep spectroscopy, the GOGREEN survey has obtained over 100
h of UBVRIZYJK and IRAC 3.6 um imaging for the majority of
the target fields, providing photometric products including stellar
masses, accurate rest-frame UVJ colour measurements and charac-
terization of spectroscopic completeness. Crucially, the survey is
designed to produce a field sample of comparable size to that of the
targeted groups and clusters, selected under the same conditions.
One of the key science goals of GOGREEN is to probe envi-
ronmental quenching and the growth of the stellar mass function
at this early epoch. The survey is also designed to examine the
stellar populations and dynamics of galaxies in clusters that span

TA list of all GOGREEN papers can be found on the following webpage:
http://gogreensurvey.ca/data-releases/publicationspress/.
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Table 1. This table summarizes the key properties of the 11 clusters used in this study that are targeted by the GOGREEN
survey. z. is the initial cluster mean redshift estimate, taken from Balogh et al. (2017), with the exception of SpARCS0219, for
which the z. estimates have been obtained using the peak of the z distribution. Ny is the number of objects with good-quality
redshifts in the cluster field from either GOGREEN or the literature, avoiding double entries, and Npem is the number of
galaxies that are considered as members by at least one of the two C.L.U.M.P.S and Clean algorithms. oo is the rest-frame
line-of-sight velocity dispersion of the cluster obtained by using the galaxy membership probabilities as weights. Finally, ro0c
is the overdensity radius of the cluster (where the overdensity 200 times critical at the cluster redshift), estimated from oos

using equation (B3) in Mamon, Biviano & Boué (2013).

Cluster name RA BCG DEC BCG Ze Nt Nmem  0los (kms™")  ragoe (Mpc)
SPT-CLJ0205-5829 02:05:48.19 —58:28:49.0 1320 70 28 678 £ 57 0.76 & 0.09
SPT-CLJ0546-5345 05:46:33.67 —53:45:40.6 1.067 103 67 977 + 68 1.17 + 0.09
SPT-CLJ2106-5844 21:06:04.59 —58:44:27.9 1132 81 50 1055 + 83 1.23 4+0.10
SpARCS0035-4312 00:35:49.68 —43:12:23.8 1335 129 29 840 & 52 0.93 + 0.07
SpARCS0219-0531 02:19:43.56 —05:31:29.6 1325 56 9 810 + 77 0.79 £ 0.12
SpARCS0335-2929 03:35:03.56 —29:28:55.8 1368 133 27 542 4+ 33 0.67 + 0.08
SpARCS1034 + 5818 10:34:49.47 +58:18:33.1 138 40 11 250 + 28 0.24 + 0.03
SpARCS1051 + 5818 10:51:11.23 +58:18:02.7 1.035 185 42 689 + 36 0.88 + 0.07
SpARCS1616 + 5545 16:16:41.32 +55:45:12.4 1.156 214 60 782 + 39 0.92 & 0.06
SpARCS1634 + 4021 16:34:37.00 +40:21:49.3 1177 190 69 715 + 37 0.85 + 0.06
SpARCS1638 + 4038 16:38:51.64 +40:38:42.9 1.196 174 56 564 + 30 0.70 + 0.06

a wide range in halo mass at 1.0 < z < 1.5 when the Universe
was <6 Gyr old. Candidate groups and clusters are selected in
three approximate bins of mass: groups (M < 10"My), typical
clusters (10" < M /Mg < 5 x 10'*), and very massive clusters
(M > 5 x 10*M). Within GOGREEN, we target nine group mass
candidates in the COSMOS (Finoguenov et al. 2007; George et al.
2011) and Subaru XMM Deep Survey (SXDS; Finoguenov et al.
2010) fields, nine typical clusters from the Spitzer Adaptation of
the Red-sequence Cluster Survey (SpARCS; Muzzin et al. 2009;
Wilson et al. 2009; Demarco et al. 2010), five of which have
extensive GMOS spectroscopic follow-up from the Gemini Cluster
Astrophysics Spectroscopic Survey (GCLASS; Muzzin et al. 2012),
and we target three very massive clusters from the South Pole
Telescope (SPT) survey (Brodwin et al. 2010; Foley et al. 2011;
Stalder et al. 2013). In this study, we focus on eleven of the
GOGREEN clusters, the properties of which are described in
Section 2.3 and summarized in Table 1.

2.1 Spectroscopic data

In this section, we summarize the relevant spectroscopic observa-
tions, spectroscopic targeting, and reduction for the data used in this
study. Full details are given in the survey description paper (Balogh
et al. 2017) and a forthcoming data release paper (Balogh et al. in
preparation). Spectroscopic targets were selected using magnitude
and colour cuts from combined deep GMOS z -band imaging and
Spitzer IRAC 3.6 um photometry. The GMOS z -band imaging was
obtained as part of the GOGREEN programme, and 5o depths
range from 24.75 to 25.70 for the 11 GOGREEN clusters used in
this study. More details regarding the integration time, condition,
and depths for each individual field can be found in Balogh et al.
(2017).

We focus on 11 of the 12 GOGREEN cluster fields, omitting the
twelfth GOGREEN cluster, SpARCS1033, from this analysis, as
the K-band observations are not yet complete. We complemented
our own deep 3.6 pm Spirzer IRAC imaging with publicly available
imaging (50 AB depth of at least 2 wJy or AB = 23.1) from
SERVS (Mauduit et al. 2012), S-COSMOS (Sanders et al. 2007),
and SpUDS (Galametz et al. 2013), and additional CO programmes
(PI: Menanteau, PID = 70149; PI: Brodwin, PIDs = 60099, 70053).

Targeted galaxies are selected to have total magnitudes of [3.6] <
22.5 and 7' < 24.25, avoiding low-redshift (z < 1) contamination
by imposing a colour cut determined using the colour—-magnitude
distribution of galaxies with high-quality photometric redshifts in
UltraVISTA (Muzzin et al. 2013). Spectroscopic slit masks were
designed in order to obtain high numbers of bright and faint galaxies
while also ensuring reasonable completeness in the cluster core.
For further details regarding mask design and for technical details
regarding data reduction, we refer the reader to section 2.4.3 and
section 3 in Balogh et al. (2017).

Most observations were obtained with the upgraded Hamamatsu
detectors on GMOS-N and GMOS-S (Gimeno et al. 2016), though
some of the earliest data taken on Gemini-N used the older EEV
deep depletion detectors. All fields were observed with the R150
grating to maximize the wavelength coverage (observed wavelength
range of the spectra is ~ 5500—10 500 A) on the detector and ensure
high-redshift completeness. Nod-and-shuffle mode was used to
ensure good sky subtraction at red wavelengths, and to maximize slit
density in the cluster cores. All observations were obtained with the
detector binned 2 x 2, delivering a dispersion of 3.8 A pixel~! for
the Hamamamatsu detectors and 3.5 A pixel ! for the EEV detector.
With slit widths of 1 arcsec, the resulting spectral resolving power
is R ~ 460 (with spectral resolution ~20 A pixel™"). A relative
flux calibration is applied to the spectra based on standard star
observations taken once per semester. Absolute flux calibration
is described in Section 2.2. Telluric absorption is corrected using
MOLECFIT (Kausch et al. 2015; Smette et al. 2015), and redshifts are
computed via cross-correlation with a variety of templates, using
MARZ (Hinton et al. 2016).

GOGREEN deliberately builds upon the previous lower redshift
galaxy cluster survey GCLASS (Muzzin et al. 2009; Wilson et al.
2009; Demarco et al. 2010), for which data were taken in a very
similar manner (similar exposure times), and we incorporate GMOS
spectroscopy for five of the z > 1 clusters from that survey in our
analysis.

2.2 Photometric data

We use K-band selected photometric catalogues derived from
deep, multiband imaging (van der Burg et al. in preparation).

MNRAS 493, 5987-6000 (2020)
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Stellar masses are derived from SED fitting to multiwavelength
photometry, using FAST (Kriek et al. 2009, 2018) and stellar
population synthesis models from Bruzual & Charlot (2003). A
Chabrier IMF (Chabrier 2003), solar metallicity, and the dust law
from Calzetti et al. (2000) are assumed. The star formation history
(SFH) is parametrized as SFR o e"*, where 7 ranges between
10 Myr and 10 Gyr, and the age is left as a free parameter. We note
that stellar masses derived from non-parametric SFHs have been
found to be typically ~0.2 dex higher than those derived in this
work (Leja et al. 2019a, b; Webb et al. in preparation).

To obtain an absolute calibration for the GOGREEN spectra,
we use the appropriate /-band photometry. We first interpolate
the filter response curve, R, to match the spectral wavelength
distribution using cubic-spline interpolation. We then integrate over
the interpolated filter response curve multiplied by the spectral flux,
fi., to give the total spectral flux:

Amax Amax
fou = / Rfadny) [ (R . ()
A

min Amin

After converting this spectral flux in wavelengths to frequency, we
then multiply the entire spectra by the ratio of the spectral flux
and the total /-band flux derived from the photometry to obtain
flux-calibrated spectra corrected for slit losses.

2.3 Cluster membership

We use the dynamical properties of the galaxies to select those that
are cluster members, employing two methodologies. One approach,
referred to as the Clean algorithm (Mamon et al. 2013), uses an
estimate of the cluster line-of-sight velocity dispersion, o, to
predict the cluster mass from a scaling relation. The other algorithm,
referred to as C.L.U.M.P.S (Munari et al. in preparation) is based
on the Shifting Gapper (SG) method of Fadda et al. (1996). In this
paper, cluster members are defined as those that are identified by
either the Clean or C.L.UM.P.S algorithm. We refer the reader
to Section A in the appendix for more details regarding these
membership algorithms.

In Table 1, we list the cluster mean redshift zZ, the number of
objects with good-quality redshifts in the cluster field from either
GOGREEN or the literature, N, and the number of member
galaxies that are considered members by at least one of the two
C.L.UM.PS and Clean algorithms, Nyen. We also include the
rest-frame line-of-sight velocity dispersion, o, derived from this
dynamical membership procedure, and an estimate of . for each
cluster in Table 1. We note that our spectroscopic targeting extends
beyond 700, but does not equally sample the area beyond this
radius. Throughout this paper, the centre of the cluster is taken as
the location of the BCG when available. In this work, the BCG
is defined as the most massive galaxy with photometric redshift
consistent with the cluster mean redshift, and projected within
500 kpc from the main galaxy overdensity (for more details, we
refer the reader to van der Burg et al. in preparation). We note
that excluding potential active galactic nucleus (AGN) candidates
(identified via several diagnostics) produces no qualitative change
in our results. From works such as Martini et al. (2013), we expect
a consistent AGN fraction in our cluster galaxy sample with respect
to the field at 1.0 < z < 1.5. We also note that the expected fraction
in clusters is small (e.g. <0.1) and that many of these AGNs are
likely to be in early-type galaxies (e.g. Kauffmann et al. 2003).

MNRAS 493, 5987-6000 (2020)
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Figure 1. Example of the marginalized probability distributions produced
by our MCMC analysis of [O 11] emission for the five parameter model
of a composite of a linear continuum and a Gaussian emission line. The
parameters are the slope (m), the intercept (c), the galaxy redshift (z), the

peak flux of the emission (F[p(f’)alfl]), and the width of the [O 1I] emission line

(010 -

2.4 O1 detection

We take a Bayesian model selection approach in detecting [O11]
emission in the GOGREEN galaxy spectra. Separately, we fit two
models to the data, with the first assuming a linear continuum and the
second assuming a composite of a linear continuum and a Gaussian
emission line according to

eak
Frog() =mA+c+N (Mo w(+2IFGS o0 m) O

Both models depend on the following three parameters: m and ¢ are
the slope and intercept of the continuum, and z is the galaxy redshift.
The second model also depends on two parameters describing the
Gaussian-shaped emission: F{‘gﬁu is the peak flux of the emission
and 001 is the width of the [O II] emission line. We assume that
our uncertainties follow a normal distribution, and therefore our
likelihood function for both models is

1 . fi_fmcdel : 1
1“L=_§Z< ) z_ixz, (3)

o
i=1 !

We employ EMCEE, an affine-invariant ensemble sampler for
Markov chain Monte Carlo (MCMC), to efficiently explore our
parameter space and determine the posteriors of the model param-
eters (Foreman-Mackey et al. ). We utilize 50 walkers and perform
800 iterations per model per spectrum (including a ‘burn-in’ of
300 iterations), assuming flat priors for model parameters. We fit a
section of the spectra within the wavelength range of =150 A from
the predicted location of the [O I1] emission line given the galaxy
redshift. An example of the marginalized probability distributions
produced by our MCMC analysis for the five-parameter model is
demonstrated in Fig. 1. We use Bayesian Information Criterion
(BIC) as a criterion for model selection among the two models
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Figure 2. Galaxy redshift and F([O 11]) where points are colour coded
by the ABIC criteria described in Section 2.4. Galaxies where the model
including both a continuum and an [O 11] emission line are strongly favoured
over a model with just a continuum are represented as purple circles.
Galaxies where neither model is strongly favoured are represented as green
squares, and galaxies where the continuum-only model is strongly favoured
are represented as dark orange diamonds. The 80 per cent flux completeness
limit, F([O 11]) = 2.2 x 1077 erg em~2 57!, is shown as a dashed grey line.
Galaxies above this flux limit are selected as star forming and are used for
the subsequent analysis.

described above, one which assumes an emission line is present
at the expected rest-frame wavelength of [O 11], and one which
assumes there is no emission line present at the rest-frame wave-
length of [O 11]. BIC is based on the likelihood function, and takes
into account the number of parameters in a model so as to penalize
models with more parameters to avoid a possible increase in the
likelihood solely by increasing the number of parameters (Schwarz
1978). The form for calculating the BIC is

BIC = kIn(n) — 21n(£) , “4)

where n is the number of data points, & is the number of parameters
estimated by the model, and £ is the maximum value of the
likelihood function of the model. The model with the lowest BIC
is preferred, with the degree of model favourability adopted by the
classification of Kass & Raftery (1995), which takes into account
the ABIC. We take a conservative approach, adopting a criterion
of ABIC > 10 to ensure that the model with an emission line is
favoured only with ‘very strong’ evidence against higher BIC. Cases
for which ABIC < 10 indicate that evidence for supporting a model
where an emission line is weak or evidence for a model without an
emission line is preferred. In Fig. 2, we show the galaxy redshift and
F([O 1]) for all galaxies (regardless of membership), where points
are colour coded by the ABIC criteria. We note that adjusting these
criteria from ‘very strong’ evidence to ‘strong’ evidence (ABIC >
6) has little effect on the number distributions of objects in these
categories.

To deduce the minimum [O 11]-derived flux, F([O 11]), with which
to securely select [O 11] detections, we bin galaxies by flux and
calculate the percentage of galaxies within each flux bin where
the emission-line model is very strongly favoured according to the
BIC criterion. We then fit this relation between flux and ratio of
model criterion with a fourth-degree polynomial and define the
minimum F([O 11]) as the flux at which this percentage reaches
80 per cent. With this conservative limit of F([O1I]) =2.2 x
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10~7ergcm=2 57!, there are 262 total [O 11] detections, including
100 cluster galaxies and 162 field galaxies.

2.5 [O1]-derived SFRs

The [O 11]-derived SFRs for the GOGREEN galaxies are calculated
from the measured [O 1] luminosities according to the relation from
Gilbank et al. (2010), where

SFRy/ (Mpyr™') = L0 1])/(3.80 x 10*ergs™") . (3)

We use the empirical correction derived from H « to correct this
nominal SFR (SFRy) for the metallicity and dust dependence of
[O 11] luminosity on SFR as a function of stellar mass, such that
corrected SFR is given by
SFR,
SFR = , (6)
a tanh[(x — b)/c]+d

where x =log (M./Mg),a=—1.424,b=9.827,¢=0.572,and d =
1.700. For more details regarding the empirically derived correction,
we refer to Gilbank et al. (2010). The SFR calibration assumes a
Kroupa IMF, while the stellar masses were measured with a Chabrier
IMEF, so we apply a conversion from a Kroupa IMF to a Chabrier IMF
(Kroupa = 1.122 Chabrier) to ensure consistency with the galaxy
stellar mass measurements (e.g. Cimatti et al. 2008). While the
Gilbank et al. (2010) relation is derived for lower redshift objects,
Sobral et al. (2012) and Hayashi et al. (2013) demonstrate that
H « and [O 11] luminosities correlate well at higher redshifts (z ~
1.5), though indications are that galaxies are somewhat less dust
extincted for a given H o luminosity compared with low redshift.
As long as the abundance and properties of dust are not environment
dependent, this should not alter our conclusions about the relative
SFR in cluster and field galaxies. However, if the average dust
content of cluster galaxies is lower than that of field galaxies (as
is hinted by McGee & Balogh 2010; Zeimann et al. 2013), we
would expect lower intrinsic SFRs for cluster galaxies (see also
Gallazzi et al. 2009). We discuss this further in Section 3. We
have checked that SFRs derived from [O 11] correlate with SFRs
derived from H « for a very small subset of the [O 11] detections
for which H o measurements are available from HST/WFC3 G141
grism spectroscopy from Matharu et al. (2019). We also note that the
[O 11]-derived GOGREEN star-forming MS and the distributions of
SFR with respect to the star-forming MS are remarkably similar
to those from an H «-derived galaxy sample at a similar epoch
(we refer the reader to Section 4.1 and Appendix B for further
details).

In Fig. 3, we show that this sample of star-forming galaxies has
predominantly blue colours in UVJ colour—colour space. We note
that making an additional selection to exclude red galaxies from the
sample does not qualitatively change our results.

2.6 Cluster and field sample properties

In Fig. 4, we present the stellar mass and redshift distributions of
the cluster and field sample. In this [O II]-emitting galaxy sample,
field galaxies generally sit at lower stellar masses than the cluster
galaxies. For this reason, we perform the subsequent analyses in bins
of stellar mass. In Fig. 4, it is also clear that while the mean redshifts
of the two samples are very similar (A < z > =0.01), the shapes
of the distributions are quite different. The cluster galaxies are
situated in the redshift space of individual clusters, whereas the field

MNRAS 493, 5987-6000 (2020)

220z Arenuer o uo 1sanb Aq L£Z08/5/2865/7/E6/2I0IME/SeIuwW/Wwod"dno-olWapeo.//:sdiy oy papeojumod



5992 L. J. Oldetal.

®  Cluster galaxies i
¢ Field galaxies i
e © i
2.0 1 ¢ . §
% -
o, % § 7
% }.o o« & .
4 X%

15 - N ¢
N N ,;r?@ .Q}‘ ) Q@ .
bl ¢ 0’0 O.. ‘....“" » N

° 0“‘0 ¢+ e 4 ¢ ¢

1.0 PR 16 ¢ )

RO ST L ST I
I A A . * ¢
° n Siatneg R e
¢ 0 % 08ye T ' 0
LA $s N AR ¢
051 X I '. ¢
*
L]
¢
0.0

"2025  0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
V-J

Figure 3. UVJ diagram of [O 11] emitters with classifications from Muzzin
et al. (2013) for 1 < z < 4 (adapted from Williams et al. 2009), where
quiescent galaxies are above the dashed line in the upper left region, and
star-forming galaxies are below the dashed line.

L7771 Field galaxies
[ Cluster galaxies

Figure 4. The stellar mass (left) and redshift (right) distributions for the
field (dashed purple) and cluster (solid crimson) samples. The vertical lines
represent the mean stellar mass and mean redshift of the cluster and field
galaxy populations.

galaxies span a wider and more homogeneous redshift distribution.”
To ensure any difference in the star-forming MS between cluster and
field is not due to differences in the underlying redshift distribution
between our cluster and field samples, we apply a correction to
the mean field SFR according to the mean redshift difference in
cluster and field in each stellar mass bin. The correction is calculated
using the observed cosmic star formation redshift relation for field
galaxies from Schreiber et al. (2015):

logyo (SFRMS [MOyril]) =m—moy—+agr —a

x[max(0, m — m; — a,r)]?, 7

2A two-sample KS test rejects that these two samples are drawn from the
same stellar mass distribution with a p-value of 0.00017. The two-sample
KS test p-value for the field and cluster redshift samples is found to be 0.06.
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Figure 5. The MS of star formation of cluster galaxies versus field galaxies
in the GOGREEN fields. The solid purple and crimson markers signify
the mean field SFRs and the cluster galaxy SFRs in each stellar mass bin,
respectively. The field SFRs have been corrected using the cosmic SFR
versus z relation of equation (7) in order to match the mean redshift of
cluster galaxies within each stellar mass bin. The error bars represent the
bootstrap standard error from bootstrap resampling the data within each bin.
The dashed and dotted grey lines represent the SFRs that correspond to the
80 per cent flux completeness limit at z = 1.0 and z = 1.5, respectively.

where r = log;o(1 +z), m = logio(M./10° Mg), with my =
0.5+0.07,a0=15+£0.15,a; =0.3 £0.08, m; =0.36 £ 0.3, and
a, = 2.5 £ 0.6. We note that the size of this correction is smaller
than the statistical error bars in Fig. 5.

3 RESULTS

In Fig. 5, we present the star-forming galaxy MS for cluster galaxies
in the GOGREEN sample (crimson circles) and galaxies in the field
(purple diamonds). We show the mean SFR of cluster and field
galaxies (solid, larger data points with error bars) in bins of stellar
mass where bin widths are chosen adaptively to maintain a similar
number of objects in each stellar mass bin. The error bars represent
the bootstrap standard error.

From this comparison, we identify a modest environmental
dependence on the star-forming galaxy MS: cluster galaxy SFRs
are lower than their counterparts in the field at fixed stellar mass.
To quantify this difference, we first fit the observed MS for the
full sample using the Theil-Sen estimator (Theil 1950; Sen 1968)
for robust linear regression of the relation between log (M, ) and
log (SFR). We then use this main-sequence relation to calculate a
ASFRys distribution for both the cluster galaxy and the field galaxy
samples.

The cluster and field ASFRys distributions are shown in Fig. 6,
where the solid crimson vertical line represents the mean cluster
galaxy ASFRys and the dashed purple vertical line represents the
mean field galaxy ASFRys. The mean difference in log (ASFRys)
between the cluster and field? is —0.145 My, yr~!. Dividing by the
combined bootstrap standard error (0.045 dex) yields a significance

3We exclude one cluster galaxy and three field galaxies whose ASFRys is
more than 20 outside this fit to avoid these extreme values of ASFR from
dominating the comparison of different populations.
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Figure 6. Cluster and field ASFRys distributions. The solid crimson
vertical line represents the mean cluster galaxy ASFRys, and the dashed
purple vertical line represents the mean field galaxy ASFRys.

of ~3.30.* A two-sample KS test rejects that these two samples
come from the same distribution with a p-value of 1.4 x 1075,
We see a similar difference in the specific SFRs of the samples,
with a difference in average log (SSFR) of —0.128 £ 0.046 dex
at the ~2.80 level. We now focus on the shape of the ASFRys
distributions. We see that the cluster population has a small tail to
lower SFRs. The most significant difference is the near absence of
cluster galaxies with significantly enhanced SFRs, although these
galaxies are common in the field.

We note that the small correction we make to account for the
different mean redshifts of the two samples using the Schreiber et al.
(2015) as described in Section 4 does not have a significant effect
on these results. However, the fixed [O 11] flux limit corresponds
to a different SFR limit at z = 1.0 and z = 1.5. Because of the
different redshift distributions of the cluster and field samples, this
can lead to a difference that is not accounted for by this correction.
To be even more conservative, if we select a subsample for which
the SFR is greater than that corresponding to the 80 per cent flux
completeness limit at z = 1.5, we reduce the sample to 64 cluster
and 130 field galaxies, but find the same qualitative trend between
cluster and field at the ~2.40 level.

Separating the sample by redshift, we find that our result is driven
by the lower redshift end of the sample.” At z < 1.3, the significance
of the difference between cluster and field log (ASFRys) and
log (AsSFRyis) is ~4.90 and ~4.60, respectively. Our sample
above redshift z > 1.3 is small, limited to 21 cluster and 42
field galaxies. We find no significant difference between the
cluster and field log (ASFRys) and log (AsSFRys) for this small
subsample.

4If we downsample the field to match that of the cluster galaxy sample size,
we find similar values of significance (for 10 000 random subsamples, the
median and mean significance is 2.80).

SIn these redshift subset comparisons, we apply an SFR limit derived by
converting the 80 per cent F([O 11]) limit to an SFR at the higher redshift
limit of the sample —i.e. z = 1.3 for the 1.0 < z < 1.3 sample and z = 1.5
for the 1.3 < z < 1.5 sample.

GOGREEN star-forming main sequence 5993
4 DISCUSSION

4.1 Environmental dependence of the star-forming MS

In this study, we identify an environmental dependence on the star-
forming galaxy MS at 1.0 < z < 1.5, where cluster galaxies have
lower log ASFRys at fixed stellar mass than their counterparts in
the field by a factor of 1.4, with a significance in log ASFRys of
~3.30 across all stellar masses, but strongest at lower stellar masses
(Fig. 5).

Our findings are in good agreement with those of Noirot et al.
(2018), who find a significant suppression in the MS of the CARLA
cluster sample, relative to the field sample of Whitaker et al. (2014)
at z ~ 1.5. However, our results appear to differ somewhat from
some other studies at a comparable redshift. For example, Zeimann
et al. (2013) use HST grism data to measure H « fluxes of galaxies
in 18 clusters at 1.0 < z < 1.5 and find no significant environmental
dependence of the star-forming MS.

Comparing their H «-derived SF properties directly in a consis-
tent manner with that of this paper, we find that the GOGREEN
[O 11]-derived ASFRys distributions are very similar to that of the
H «-derived ASFRy;s from Zeimann et al. (2013). From a direct
comparison of cluster and field ASFRy distributions, we see a
hint that the cluster ASFRys are lower than the field at lower stellar
masses, but in agreement with Zeimann et al. (2013), this difference
is not statistically significant. We refer the reader to Appendix B
for more details. Although the authors do observe that the H «
equivalent widths (EWs) of the cluster star-forming galaxies are
lower than their counterparts in the field for M, < 10'© Mg, they
attribute this to a difference in SFH. They also find weak evidence
that the dust content of cluster galaxies is lower than that in the
field.

Using a sample of galaxy groups at 0.5 < z < 1.1 from COSMOS,
AEGIS, ECDFS, and CDFN fields, Erfanianfar et al. (2016) find
little variation in the star-forming MS with environment. Our result
also differs from other studies at a range of redshifts (e.g. Elbaz
et al. 2007; Cooper et al. 2008; Popesso et al. 2011) which claim to
observe a reversal of the sSSFR-density trend, such that star-forming
galaxies in dense environments have higher sSFR than the field.
However, it is noted in these studies that the samples are dominated
by groups rather than clusters, and so this reversal in the trend of
sSFR density does not necessarily apply to massive clusters. Many
of these results are also driven by higher mass galaxies, where dust
corrections are most important. We note that Popesso et al. (2011)
find a trend that is similar to the one we observe, when restricted to
lower stellar mass galaxies.

Taken by itself, the environmental dependence on the star-
forming galaxy MS that we find allows for numerous interpretations.
In this work, we consider two possible interpretations: a formation
time dependence on cluster and field populations, motivated by
the results of van der Burg et al. (in preparation) and Webb et al.
(in preparation); and a delayed-than-rapid quenching model based
on Wetzel et al. (2013) that has shown to provide a good match
to certain studies at lower redshift. While these scenarios are not
necessarily the only interpretations possible given our observational
results, they serve as useful reference points.

4.2 Formation time predictions

A simple scenario to explain the observed suppression in the cluster
star-forming galaxy MS compared to that of the field without
the need to invoke environmentally driven quenching in cluster
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Figure 7. The average difference in formation time between cluster and
field galaxies versus the difference in log (ASFRys) between the two
samples. These values are derived from the Schreiber et al. (2015) cosmic
SFR versus redshift relation, assuming two fiducial stellar masses located
at the minimum (dashed dotted) and maximum (solid) ends of the stellar
mass distribution of our sample. The red dotted line shows the observed
log (ASFRys) difference between cluster and field.

environments is that cluster galaxies have simply formed earlier
than field galaxies.®

To explore this scenario, we employ the Schreiber et al. (2015)
cosmic SFR versus redshift relation to find the difference in redshift
(and hence time) required to produce the observed difference
between cluster and field log (ASFRys) of —0.145 Mg yr~!. In
Fig. 7, we show an example of the formation time difference
between cluster and field galaxies versus the resulting difference
in log (ASFRys) for two fiducial stellar masses that are taken
as the minimum (dashed dotted) and maximum (solid) stellar
masses of galaxies in our sample. The red dotted line shows
the observed log (ASFRys) difference between cluster and field,
which corresponds to formation time differences of >0.75 Gyr for
high-mass galaxies (log (M,./Mg) ~ 11.2) and >1.3 Gyr for low-
mass galaxies (log(M./Mg) ~ 9.0). While these formation time
differences are long, requiring a substantial ‘head start’ for cluster
galaxies compared to galaxies in the field, they are not inconsistent
with works focussing on other observables such as the Fundamental
Plane, for example, Saglia et al. (2010), who find differences in
ages of cluster and field galaxies of ~1 Gyr at a fixed stellar mass
and redshift using the EDisCS cluster sample. However, we note
that other works also based on Fundamental Plane such as van
Dokkum & van der Marel (2007) find smaller differences in the
ages of stars in massive cluster galaxies compared to the field of
~0.4 Gyr.

4.3 Environmental quenching time-scale predictions

We now move to exploring an alternative scenario where a simple
interpretation of our observations is that recently accreted cluster

SThis scenario is not necessarily supported by assembly bias, where the
relation between age and clustering depends on the halo mass relative to the
characteristic collapse mass, M, at a given redshift. At My;; > >M_, younger
haloes are clustered more strongly than older haloes, with the reverse being
true at My;; < <M. (Wechsler et al. 2006; Gao & White 2007; Zentner,
Hearin & van den Bosch 2014).

MNRAS 493, 5987-6000 (2020)

galaxies are undergoing an environmentally driven decline in star
formation without the need to invoke a formation time difference
between cluster and field galaxies. To try and quantify what the
implied quenching rates would be, we consider a toy model based
on Wetzel et al. (2013). In this model, after a satellite galaxy infalls
into a cluster halo, there is a period of time referred to as the ‘delay-
time’, fgelay, Within which a galaxy’s SFR follows that of the typical
field evolution. After the delay-time, there is then a period of rapid
decrease in SFR that declines at a rate defined by t, often referred
to as the ‘fading time’:

SFR — {SFR(tstan)e(_(t_t“"")/r); t > fytart

SFR(?), I < fyar » ®

where tstart = tinfal + tdelay-

This ‘delayed-then-rapid’ quenching scenario is also supported
by studies such as McCarthy et al. (2008) who find that
satellite galaxies in hydro-dynamical simulations typically
maintain a significant fraction of their hot gas after infall
into the cluster potential. Mok et al. (2014), who study the
Group Environment Evolution Collaboration 2 (GEEC2)
sample of galaxy groups at 0.8 < z < 1.0, also find that
it is necessary to invoke a model that includes a period of
typical field SF activity before rapidly quenching to explain
the observed fractions of star-forming/intermediate/quiescent
fractions (a no delay scenario would require longer
fading times that would overproduce intermediate-colour
galaxies).

It is our goal to constrain the parameters Zqc1ay and 7 in this model
using the measured properties of cluster and field galaxies. We
choose to focus on galaxies in both the observed cluster and field
population with log M, /Mg < 10.3and at 1.0 < z < 1.3 in an effort
to restrict our study to satellite galaxies where we expect quenching
is not dominated by internal processes (unlike massive galaxies),
and where our [O 11]-derived SFRs are expected to be most robust
given the lower dust extinction.

We first generate a parent sample of galaxies whose infall
redshifts correspond to the time at which the galaxies were ac-
creted into the cluster. We employ a physically motivated distri-
bution of infall redshifts, following Neistein, van den Bosch &
Dekel (2006) and Neistein & Dekel (2008), and use a functional
form of the average mass accretion history similar to that of
the main progenitor (MP) halo in the Extended Press-Schechter
formalism (Press & Schechter 1974; Bond et al. 1991; Lacey &
Cole 1993).7 For more details regarding how this infall redshift
distribution was generated, we refer the reader to Appendix C.
We show the cumulative distribution of accretion redshifts for
the modelled galaxies for each of the six clusters at z < 1.3 in
Fig. 8.

We use the observed field sample, with 50 random selections
per cluster member and evolve their SFRs to these infall redshifts,
via the Schreiber et al. (2015) relation described in Section 2.6. To
be able to compare this model cluster population to the observed
cluster distribution, we then evolve their SFRs from the assigned
infall redshifts forwards to the parent cluster redshift according to a
range of fgqay and T time-scales. Our aim is to exclude unlikely
combinations of fgly and T by deducing which resulting SFR

7In this model, mass accretion history is based on when a galaxy is accreted
into the most massive halo; that is, this model does not consider the effect of
group pre-processing. Alternatively, if massive accretion is based on when
galaxy first becomes a satellite, we would expect longer delay time-scales.
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Figure 8. Cumulative distributions of physically motivated accretion red-
shifts for the modelled galaxies based on six clusters at z < 1.3, described
in further in detail in Section 4.3. The location where the curves plateau
corresponds to the observed cluster redshift.

distributions are significantly different from the observed cluster
galaxy SFR distribution.?

‘We use the MS fit described in Section 3 to calculate a ASFR_ys
distribution for both the observed cluster galaxies and the model
cluster population, ASFRodeiciuss for all time-scales. For each
time-scale realization, we then perform a two-sample KS test on
the observed cluster galaxy distribution and the model cluster
population distribution i.e. KS(ASFR s, ASFRodercius) 1O test
against the null hypothesis that two independent samples are drawn
from the same continuous distribution. Higher two-sample KS test
p-values indicate a smaller absolute maximum distance between the
cumulative distribution functions of the two samples, and therefore
more likely time-scale values.

In addition to the parametrization of the delayed-then-rapid
quenching model described in equation (8), we also present an
alternative parametrization following from Hahn, Tinker & Wetzel
(2017)°, where
SFR — {SFR(t)e(*(t*lslan)/TH)’ t > toar ©)

SFR(?), I = ILsart -

In the first parametrization, equation (8), t represents the SFR
evolution during the quenching epoch (f > (fiptan + fdelay)). In
the absence of environmental effects, T < oo as the SFRs of the
field galaxies evolve.!? In the second parametrization, equation (9),
Ty represents the additional quenching on top of the normal
SFR evolution, and is therefore a clearer indicator of the role of
environmental quenching. We opt to present results of both models
to allow us to compare with different environmental quenching
time-scales presented in the literature.

8Note that by construction, if there is no environmental quenching, the model
cluster SFR distribution should end up looking exactly like the observed
field.

In Hahn et al. (2017), this parametrization is adopted for central galaxies,
while here we use this parametrization for satellite galaxies.

10 Analytically, in the absence of environmental effects, 7 exists only if # >
Istart, Dut when fitting the model to data, there is a degeneracy between a
long fge1ay and a T equal to the effective SFR decline of the field population.
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Figure 9. In this figure, we present density contours showing the likely
range of quenching time-scale parameters fgelay and 7, adopted in the toy
model derived from the observed difference between the GOGREEN cluster
galaxy and field star-forming galaxy MS. The density contours are derived
from the two-sample KS-test p-values comparing the observed GOGREEN
cluster galaxy SFR distribution and the predicted field distribution. Note that
these distributions have been subtracted from the main-sequence relation for
cluster and field galaxies. Lower two-sample KS test p-values indicate more
absolute maximum distance between the cumulative distribution functions of
the two samples, and therefore more less time-scale values. The left subplot
shows the quenching time-scales based on Model 1 from equation (8), and
the right subplot shows quenching timescales based off of Model 2 from
equation (9). The opaque region in the lower corner below the dashed
grey line signifies the time-scale parameter space where the fraction of
model star-forming galaxies that drop below the F([O 11]) limit (F([O 11]) =
2.2 x 107 7erg cm2s7h, faropout> is >0.8, and the opaque region in the
upper corner above the dotted grey line signifies the time-scale parameter
space where faropout is <0.1.

In Fig. 9, we show the resulting quenching time-scale parameter
space density contours for 10 000 simulations of different #4c1.y and
7 produced with the two parametrizations. Examples of resulting <
Alog SFRyis > distributions for specific f4clay and 7 time-scales can
be found in Fig. A1 in the Appendix. The opaque region in the lower
corner below the dashed grey line signifies the time-scale parameter
space where the fraction of model star-forming galaxies that drop
below the F([O1]) limit (F([O1]) =2.2 x 10~ 7ergcm=2s71),
Jaropout> 18 >0.8, and the opaque region in the upper corner above
the dotted grey line signifies the time-scale parameter space where
Jaropout is <0.1. Given that quenched fraction excesses are unlikely to
be as high as 0.8 or as low as 0.1 (van der Burg et al. in preparation),
we see that a combination of a short delay and short fade time is
unlikely given this conservative dropout fraction. If, in reality, the
quenched fraction is lower than that assumed here, we would expect
a further restriction in this region in quenching time-scale parameter
space.

We constrain fg.,y < 1.2 Gyr at the 99 per cent level. For
very rapid quenching scenarios, the constraint on the delay time is
stronger (fgeay < 0.25 Gyr at the 99 per cent level). We find that the
time-scale for environmental quenching is Ty < 6 Gyr, allowing
for modest environmental quenching, as long as delay times are
reasonably short, so that a significant population of galaxies are
affected. At face value, given the broad constraints shown in Fig. 9
on fgelay, We cannot rule out a slow-quenching scenario where
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galaxies quench slowly from infall at a rate that is accelerated
somewhat in comparison to the field. The time-scales we constrain
are in general agreement with works such as Muzzin etal. (2014) and
Mok et al. (2014), who derive constraints using galaxy cluster phase
space and fractions of red, blue, and green galaxies, respectively,
in samples of clusters at 0.8 < z < 1.0. However, there is a hint
that our short delay time-scale predictions could be in tension with
some works that favour longer delay times. For example, Balogh
et al. (2016) find delay times of ~4.5 Gyr at z = 0 for galaxies
in a similar mass range (assuming fixed fading time of ~0.5 Gyr),
which would correspond to ~1.3 Gyr if the delay time-scales with
the dynamical time.

We note again that different time-scale combinations would lead
to very different quenched fractions. For example, short delay times
combined with short fade times would result in almost all cluster
galaxies being quenched, while very long delay times combined
with long tau would lead to implausibly small quenched fractions.
Combining the constraints from this work with our analysis of the
stellar mass functions (Reeves et al. in preparation; van der Burg
et al. in preparation) will lead to much tighter constraints on these
time-scales.

An important caveat of this delay time-scale modelling is that
we assume that dust content of cluster and field galaxies are the
same, and that the difference we observe between cluster and field
galaxies is due to a difference in SFH. Zeimann et al. (2013) find that
at fixed stellar mass, field star-forming galaxies have slightly higher
extinction on average than star-forming galaxies in clusters (though
the difference is within their error bars). If dust extinction is higher
for field galaxies compared to cluster galaxies in this study, the
difference in the star-forming galaxy MS would be underestimated,
and we would expect shorter delay times and/or longer fading times
than those predicted by this toy model.

We also note it is likely that our cluster sample contains a
certain number of interloping galaxies that are not gravitationally
bound to the cluster but are mistaken for cluster members. Even
for large, well-sampled cluster galaxy spectroscopic samples, the
interloper rate for dynamical membership techniques is predicted
to be at least 15 per cent (Duarte & Mamon 2015; Wojtak et al.
2018). The impact of interloping galaxies is expected to dilute any
environmental dependence of the star-forming galaxy MS, which
would also result in a larger difference in the MS between cluster
and field and therefore require shorter delay times and/or longer
fading times than those predicted by this toy model.

5 CONCLUSIONS

In this paper, we explore the environmental dependence of the star-
forming galaxy MS in an unprecedented sample of homogeneously
selected deep spectroscopic observations of galaxies in 11 galaxy
cluster fields at 1.0 < z < 1.5 from the GOGREEN survey. Our
major findings can be summarized as follows:

(i) We take a Bayesian model approach in detecting [O 11]
emission from the GOGREEN galaxy spectra, employing BIC to
distinguish cases where there is strong evidence supporting a model
with [O 11] emission over a model with no emission, taking into
account the noise properties of the continuum in each individual
spectrum. Employing a conservative F([O 11]) limit, we detect [O 11]
emission in 100 cluster galaxies and 162 field galaxies across 11 of
the GOGREEN cluster fields.

(i) When accounting for differences between cluster and field
redshift properties, we find that the cluster galaxy MS is lower
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compared to that of the field galaxy MS at 1.0 < z < 1.5, with a
difference of ~3.30. We find that this result is driven by the lower
redshift end of the sample, and is more significant for lower stellar
mass galaxies.

(iii) This observed environmental dependence on the star-
forming galaxy MS allows for numerous interpretations. We ex-
plore several of these scenarios, placing constraints based on our
measurements. One such interpretation is that cluster galaxies are
simply formed earlier than field galaxies. Given our observations,
long formation time differences between the two populations of
>0.8 Gyr would be required in this interpretation. Focussing on an
alternative scenario whereby environmentally induced quenching
occurs, we model the likely quenching time-scales given the size
of the observed difference between the cluster and field MS, and
find that our data favour delay times of <1.2 Gyr at the 99 per cent
level.

The formation time and star formation quenching time-scale
constraints from this work will be combined with analysis of the
stellar mass functions of galaxy clusters (van der Burg et al. in prepa-
ration), galaxy groups (Reeves et al. in preparation) and quiescent
galaxy stellar population ages (Webb et al. in preparation) from
the GOGREEN survey, providing tighter constraints on models of
galaxy evolution in dense environments.
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APPENDIX A: CLUSTER MEMBERSHIP
ALGORITHMS

In this section, we describe the two algorithms used to define
cluster membership. First, the main cluster redshift peak is identified
by selecting those galaxies in the cluster field with c|z — z¢| <
6000kms~' (as in Beers et al. 1991; Girardi et al. 1993). Here,
¢ is the speed of light and z. is the cluster redshift estimate
from Balogh et al. (2017). To try to identify cases of merging
subclusters close to the line of sight, and when these cases occur,
to separate these subcluster components from the main cluster, the
KMM algorithm is applied to the distribution of redshifts located
in the main peak. The algorithm estimates the probability that the z
distribution is better represented by k Gaussians rather than a single
Gaussian (McLachlan & Basford 1988; Ashman, Bird & Zepf
1994).

With the resulting galaxies left after the main-peak and KMM
selection procedures, cluster membership is then refined using
two techniques, Clean (Mamon et al. 2013) and C.L.UM.P.S
(Munari et al. in preparation). Both these algorithms identify cluster
members based on their location in projected phase space, Rv,y,
where R is the projected radial distance from the cluster centre,
and vy = ¢(z — 2)/(1 + 2) is the rest-frame velocity. While these
two algorithms are both based in projected phase space, they are
conceptually very different.

The Clean algorithm is theoretically motivated, with its param-
eters fixed by properties of cluster-sized haloes extracted from
cosmological numerical simulations. The Clean method uses an
estimate of the cluster line-of-sight velocity dispersion o, to
predict the cluster mass from a scaling relation. The algorithm
then adopts a NFW profile (Navarro, Frenk & White 1997), a
theoretical concentration-mass relation (Maccio, Dutton & van den
Bosch 2008), and a velocity anisotropy profile model (Mamon &
Boué 2010), to predict o 1,s(R), and to iteratively reject galaxies with
[vig| > 2.70 s at any radius.

The C.L.U.M.P.S algorithm is based only on the fact that clusters
of galaxies manifest themselves as concentrations in project phase
space, and so by nature, it is less model-dependent than the Clean
algorithm. The C.L.U.M.P.S is based on the Shifting Gapper (SG)
method of Fadda et al. (1996), however, is more robust to the SG
method with respect to the choice of the initial parameters that define
the smoothing lengths in projected phase space. The C.L.U.M.P.S
method evaluates the density of galaxies in projected phase space

0.10 1 laetay =2.9, 0 =1,KS, =0.00
0.08

0.06 A

0.04

0.02

taeny =0.1, 7 =1, KS, =032

1 fgetay =1, 7 =0.1, KS; =0.00 fgetay =0.1, 7 =0.1, KS, =0.00

271 Predicted cluster galaxies

[ Observed cluster galaxies

75

SFR - SFRys [Meyr™']

Figure Al. Example toy model-predicted cluster and observed cluster ASFRys distributions for different 7y and #gelay timescales.
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and convolves this density map with a Gaussian filter in Fourier
space to remove high frequencies. The technique then bins this
smoothed density along the radial direction to identify the main
peak in velocity space. The minima of this peak define the velocity
limits within which to include cluster members in that given radial
bin. We note that the method is still being refined and tested (Munari
et al. in preparation).

These two algorithms are applied to the data twice, the first
time where Z is defined as the average redshift of the galaxies that
were selected during the main-peak and KMM procedures, and
the second time where Z is defined as the average redshift of the
galaxies selected as members from the first run. The radius, rgc,
is obtained from o, and equation B3 in Mamon et al. (2013)
in an iterative procedure, where we assume the Mamon & Boué
(2010) velocity anisotropy profile, and a NFW profile model for
the mass distribution with a concentration taken to be co90 = 5 on
the first iteration, and derived from the concentration—mass relation
of Gao et al. (2008) on subsequent iterations. In this paper, cluster
members are defined as those that are identified by either the Clean
or C.L.U.M.P.S algorithm.

The number of galaxies identified by the Clean algorithm as
cluster and field are 84 and 164, respectively, whilst the number of
galaxies identified by the C.L.U.M.P.S algorithm are 79 and 184.
We find no significant difference in the stellar mass and cluster-
centric radial distributions of both the field and cluster galaxy
samples selected by either of these membership algorithms.!! We
also confirm that all of the conclusions in this work remain regard-
less of whether the membership is defined using both the Clean
and C.L.UM.P.S algorithms or solely the Clean or C.L.U.M.P.S
algorithm.

APPENDIX B: COMPARISON TO H «-DERIVED
SFRS

To further explore our findings regarding the environmental de-
pendence of the star-forming MS in the context of studies at
the same epoch derived from SFR proxies other then [O 11]
emission, we compare with data from Zeimann et al. (2013).
In this study, Zeimann et al. (2013) compare the star-forming
MS of galaxies across 18 galaxy clusters at 1.0 < z < 1.5. We
perform the same procedure as described in Section 3, using the
full galaxy GOGREEN sample MS relation to calculate ASFRys
values for 71 cluster and 71 field galaxies from Zeimann et al.
(2013).

From Fig. B1, we see that the [O 11]-derived GOGREEN and
H «-derived Zeimann et al. (2013) ASFRys distributions (right)
are remarkably similar in terms of the mean ASFRys. We also
directly compare the [O 11]-derived GOGREEN and H «-derived
Zeimann et al. (2013) star-forming MS, again finding remarkable
agreement between the [O I1]-derived and H «-derived SFRs. As
discussed in Zeimann et al. (2013), there is no significant difference
between cluster and field star-forming MS in the Zeimann et al.
(2013) sample.

TA two-sample KS test does not reject the null hypothesis that the cluster
samples produced by the two membership algorithms are drawn from the
same distribution with a p-values of >0.99 for both stellar mass and cluster-
centric radius. The same is also found for the field samples produced by the
membership algorithms.

GOGREEN star-forming main sequence 5999

0.06 4 Zeimann et al. 2013 cluster galaxies
1 GOGREEN cluster galaxies
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Figure B1. [O 11]-derived GOGREEN cluster (solid) ASFRys distribution
and H a-derived Zeimann et al. (2013) cluster (dashed) ASFRyg distribution
(left). GOGREEN field (solid) and Zeimann et al. (2013) field (dashed)
ASFRys distributions are shown on the right.
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Figure B2. [O 11]-derived MS of star formation of cluster galaxies versus
field galaxies in the GOGREEN fields, along with the H «-derived MS
from Zeimann et al. (2013). The solid purple and crimson markers signify
the mean GOGREEN field SFRs and the GOGREEN cluster galaxy SFRs
in each stellar mass bin, respectively. The solid orange and green markers
signify the mean Zeimann et al. (2013) field SFRs and the Zeimann et al.
(2013) cluster galaxy SFRs in each stellar mass bin, respectively. The
GOGREEN field SFRs have been corrected using the cosmic SFR versus z
relation of equation (7) in order to match the mean redshift of GOGREEN
cluster galaxies within each stellar mass bin. The error bars represent the
bootstrap standard error from bootstrap resampling the data within each bin.
The dashed and dotted grey lines represent the SFRs that correspond to the
80 per cent flux completeness limit at z = 1.0 and z = 1.5, respectively.

APPENDIX C: TOY MODEL CLUSTER INFALL
REDSHIFT DISTRIBUTION

In order to generate a parent sample of galaxies whose infall
redshifts correspond to the time at which the galaxies were accreted
into the cluster, we employ a physically motivated distribution of
infall redshifts, following Neistein et al. (2006) and Neistein &
Dekel (2008), using a functional form of the average mass accretion
history similar to that of the main progenitor (MP) halo in the
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Extended Press-Schechter formalism (Press & Schechter 1974;
Bond et al. 1991; Lacey & Cole 1993), where the growth rate is
given by
dw

where the time variable, w = 38.(z)/D(z) with 8.(z) >~ 1.69 and
D(z) is the cosmological linear growth rate. In this parametrization,
M; = (M,)/10"2h~"My, where (M,) is the average mass of the
MP. The best-fitting parameters derived from the halo statistics in
the millennium simulation are o« = 0.59 and 8 = 0.141. The growth
rate can be expressed in terms of time via

= —aM};?, (@)

dM,, dm,
= o—, C2
&~ “do ©
where o is approximated as
@ = —0.0470[1 + z + 0.1(1 4+ 2)"*1*5h73 Gyr . (C3)

We link the smooth accretion of mass growth over time to the
accretion of galaxies by assigning infall redshifts to the model
galaxy population in a manner that ensures that the slope of the
redshift versus halo mass growth relation matches the slope of the
infall redshift distribution of the model galaxy population.
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