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1. Galaxy main sequence への環境効果
- 観測的はわずかにある、というものとない、というものがある
- Wetzel+13 2 parameter model

- Delayed-then-rapid quenching
- Clusterに落ちていくしばらくは普通に星形成
- そのあと突然星形成をやめる
- SDSS+simulationでは2-4Gyrのdelayで説明できる：Delayが少々

長いが
- Delayはなにがきめているのか？

- Orbital (dynamical) time?
- 銀河自身の性質？ガス量？
- 遠方を見ればわかるのでは
- 実際にz<1ではdynamical timeと相関しているが、
- z~1になるとdynamical time からの予想より早くなる。Outflowなど

がきいてくる？： QGのdownsizing形成とも関係？
- z>1を見てみよう。

2. GOGREEN dataset
- Gemini/GMOS spec survey : [OII] obs => SFR
- 1<z<1.5, M*>1e10.3Msun
- 3 environments : group (<1e14Msun), cluster (>1e14Msun), massive 

cluster (>5e14Msun)
- 262 [OII] emitters : 100 field / 162 in 11 clusters
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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 homo-

geneously selected sample of field and cluster galaxies whose membership is derived

from dynamical analysis. Using [O ii]-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 (⇠ 3.3�) across the stellar mass range:

9.0 < log(M⇤/M�) < 11.2. We also find that this modest suppression in the cluster

galaxy star-forming main sequence is mass and redshift dependent: the di↵erence be-

tween 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 impli-

cations for several scenarios such as formation time di↵erences between cluster and

field galaxies, and environmentally-induced star formation quenching and associated

timescales.

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

1 INTRODUCTION

Measurements of the galaxy stellar mass function and cos-
mic 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 evo-
lution is also seen as a decrease in the specific SFR (sSFR)
of galaxies with time since z ⇠ 2 (e.g. Whitaker et al. 2012

? E-mail: lyndsay.old@esa.int

and others), and is characterised as evolution in the correla-
tion between SFR and stellar mass, referred to as the star-
forming main sequence (Noeske et al. 2007). However, com-
paring 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

© 2020 The Authors

ar
X

iv
:2

00
2.

11
73

5v
1 

 [a
st

ro
-p

h.
G

A
]  

26
 F

eb
 2

02
0

6 L. J. Old et al.

Figure 2. Galaxy redshift and F([O ii]) where points are colour-
coded by the �BIC criteria described in Section 2.4. Galaxies
where the model including both a continuum and an [O ii] emis-
sion 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 repre-
sented as dark orange diamonds. The 80% flux completeness limit,
F([O ii]) = 2.2⇥ 10

�17
erg cm

�2
s
�1, is shown as a dashed gray line.

Galaxies above this flux limit are selected as star-forming, and
are used for the subsequent analysis.

Figure 3. UVJ-diagram of [O ii] 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.

those from an H↵-derived galaxy sample at a similar epoch
(we refer the reader to Section 4.1 and Appendix B for fur-
ther details)

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

Figure 4. The stellar mass (left) and redshift (right) distribu-
tions 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.

2.6 Cluster and field sample properties

In Figure 4 we present the stellar mass and redshift distribu-
tions 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 per-
form the subsequent analyses in bins of stellar mass. In Fig-
ure 4, it is also clear that while the mean redshifts of the
two samples are very similar (� < z >= 0.01), the shapes of
the distributions are quite di↵erent. The cluster galaxies are
situated in the redshift space of individual clusters, whereas
the field galaxies span a wider and more homogeneous red-
shift distribution 2.

To ensure any di↵erence in the star-forming main se-
quence between cluster and field is not due to di↵erences 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 di↵erence 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):

log10(SFRMS[M� yr
�1]) =

m � m0 + a0r � a1[max(0,m � m1 � a2r)]2, (7)

where r ⌘ log10(1 + z), m ⌘ log10(M⇤/10
9

M�), with m0 =

0.5 ± 0.07, a0 = 1.5 ± 0.15, a1 = 0.3 ± 0.08, m1 = 0.36 ± 0.3,
and a2 = 2.5± 0.6. We note that the size of this correction is
smaller than the statistical error bars in Figure 5.

2 A 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.

MNRAS 000, 1–15 (2020)

GOGREEN star-forming main sequence 7

3 RESULTS

In Figure 5, we present the star-forming galaxy main se-
quence for cluster galaxies in the GOGREEN sample (crim-
son circles) and galaxies in the field (purple diamonds). We
show the mean SFR of cluster and field galaxies (solid, larger
datapoints with errorbars) 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 environ-
mental dependence on the star-forming galaxy main se-
quence: cluster galaxy SFRs are lower than their counter-
parts in the field at fixed stellar mass. To quantify this dif-
ference, we first fit the observed main sequence 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 �SFRMS distribution for both the cluster galaxy
and the field galaxy samples.

The cluster and field �SFRMS distributions are shown in
Figure 6, where the solid crimson vertical line represents the
mean cluster galaxy �SFRMS and the dashed purple vertical
line represents the mean field galaxy �SFRMS. The mean
di↵erence in log(�SFRMS) between the cluster and field3 is
�0.145 M� yr

�1.
Dividing by the combined bootstrap standard error

(0.045 dex), yields a significance of ⇠ 3.3� 4. A two-sample
KS test rejects that these two samples come from the same
distribution with a p-value of 1.4 ⇥ 10

�5. We see a similar
di↵erence in the specific SFRs of the samples, with a di↵er-
ence in average log(sSFR) of �0.128±0.046 dex at the ⇠ 2.8�
level. We now focus on the shape of the �SFRMS distribu-
tions. We see that the cluster population has a small tail to
lower SFRs. The most significant di↵erence is the near ab-
sence 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 di↵erent mean redshifts of the two samples using the
Schreiber et al. (2015) as described in Section 4 does not
have a significant e↵ect on these results. However, the fixed
[O ii] flux limit corresponds to a di↵erent SFR limit at z = 1.0
and z = 1.5. Because of the di↵erent redshift distributions
of the cluster and field samples, this can lead to a di↵erence
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% flux complete-
ness 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 ⇠ 2.4� 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 di↵erence between cluster and field log(�SFRMS) and
log(�sSFRMS) is ⇠ 4.9� and ⇠ 4.6�, respectively. Our sam-

3 We exclude one cluster galaxy and three field galaxies whose
�SFRMS is more than 2� outside this fit to avoid these extreme
values of �SFR from dominating the comparison of di↵erent pop-
ulations.
4 If we downsample the field to match that of the cluster galaxy
sample size, we find similar values of significance (for 10,000 ran-
dom subsamples, the median and mean significance is 2.8�).

Figure 5. The main sequence of star formation of cluster galax-
ies versus field galaxies in the GOGREEN fields. The solid purple
and crimson markers signify the mean field SFRs and the clus-
ter galaxy SFRs in each stellar mass bin respectively. The field
SFRs have been corrected using the cosmic SFR vs. 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 boot-
strap standard error from bootstrap resampling the data within
each bin. The dashed and dotted grey lines represent the SFRs
that correspond to the 80% flux completeness limit at z = 1.0 and
z = 1.5 respectively.

Figure 6. Cluster and field �SFRMS distributions. The solid crim-
son vertical line represents the mean cluster galaxy �SFRMS and
the dashed purple vertical line represents the mean field galaxy
�SFRMS.

ple above redshift z > 1.3 is small, limited to 21 cluster and
42 field galaxies. We find no significant di↵erence between
the cluster and field log(�SFRMS) and log(�sSFRMS) for this
small subsample.5

5 In these redshift subset comparisons, we apply a SFR limit
derived by converting the 80% F([O ii]) limit to a SFR at the
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Figure 1. Example of the marginalized probability distributions
produced by our MCMC analysis of [O ii] 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 emis-

sion (Fpeak

[O ii]), and the width of the [O ii] emission line (�[O ii]).

We fit a section of the spectra within the wavelength range of
±150Å from the predicted location of the [O ii] 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 Figure 1. We
use Bayesian Information Criterion (BIC) as a criterion for
model selection among the two models described above, one
which assumes an emission line is present at the expected
rest-frame wavelength of [O ii], and one which assumes there
is no emission line present at the rest-frame wavelength of
[O ii]. BIC is based on the likelihood function, and takes
into account the number of parameters in a model so as to
penalise 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 = k ln(n) � 2 ln(L̂) , (4)

where n is the number of data points, k is the number of
parameters estimated by the model, and L̂ 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 �BIC. We take a con-
servative approach, adopting a criterion of �BIC > 10 to
ensure that the model with an emission line is favoured
only with ‘very strong’ evidence against higher BIC. Spec-
tra where �BIC < 10 are comprised of cases where evidence
for supporting a model where an emission line is weak or
where evidence for a model without an emission line is pre-
ferred. In Figure 2 we show the galaxy redshift and F([O ii])

for all galaxies (regardless of membership) where points are
colour-coded by the �BIC criteria. We note that adjusting
these criteria from ‘very strong’ evidence to ‘strong’ evidence
(�BIC > 6) has little e↵ect on the number distributions of
objects in these categories.

To deduce the minimum [O ii]-derived flux, F([O ii]),
with which to securely select [O ii] detections, we bin galax-
ies 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 re-
lation between flux and ratio of model criterion with a fourth
degree polynomial and define the minimum F([O ii]) as the
flux at which this percentage reaches 80%. With this con-
servative limit of F([O ii]) = 2.2 ⇥ 10

�17
erg cm

�2
s
�1, there

are 262 total [O ii] detections, including 100 cluster galaxies,
162 field galaxies.

2.5 [OII]-derived star formation rates

The [O ii]-derived star formation rates for the GOGREEN
galaxies are calculated from the measured [O ii] luminosities
according to the relation from Gilbank et al. (2010), where:

SFR0/
⇣
M� yr

�1

⌘
= L([O ii])/(3.80 ⇥ 10

40
erg s

�1) . (5)

We use the empirical correction derived from H↵ to correct
this nominal star formation rate (SFR0) for the metallicity
and dust dependence of [O ii] luminosity on SFR as a func-
tion of stellar mass, such that corrected SFR is given by:

SFR =
SFR0

a tanh[(x � b)/c] + d
, (6)

where x = log(M⇤/M�), a = �1.424, b = 9.827, c = 0.572 and
d = 1.700. For more details regarding the empirically-derived
correction, we refer to Gilbank et al. (2010). The SFR cal-
ibration assumes a Kroupa IMF, while the stellar masses
were measured with a Chabrier IMF, so we apply a conver-
sion 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, So-
bral et al. (2012) and Hayashi et al. (2013) demonstrate that
H↵ and [O ii] luminosities correlate well at higher-redshifts
(z ⇠ 1.5), though indications are that galaxies are somewhat
less dust extincted for a given H↵ 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 galax-
ies. 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 ii] correlate with SFRs derived
from H↵ for a very small subset of the [O ii] detections
for which H↵ measurements are available from HST/WFC3
G141 grism spectroscopy from Matharu et al. (2019). We
also note that the [O ii]-derived GOGREEN star-forming
main sequence and the distributions of SFR with respect
to the star-forming main sequence are remarkably similar to
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3. Results 
- MS の違いが3.3σで見えた
- ΔSFR-MS=-0.145 dex

4. Discussion
4.2 シナリオ１： cluster銀河の方がフィールドより古い
- Schreiber+15を仮定

- 0.75~1.3Gyrの形成時期の違いに相当
4.3 シナリオ2 : Delayed-then-rapid quenching

- フィールド銀河のSFRを(7)で銀河団形成時期まで戻して、(8)で進化させる
- t_delay<1.2Gyr
- τH~6Gyr : Environmental quenching timescale
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galaxies in the field, they are not inconsistent with works fo-
cussing on other observables such as the fundamental plane,
for example, Saglia et al. (2010), who find di↵erences 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 di↵er-
ences in the ages of stars in massive cluster galaxies com-
pared to the field of ⇠0.4 Gyr.

4.3 Environmental quenching timescale
predictions

We now move to exploring an alternative scenario where
a simple interpretation of our observations is that recently
accreted cluster galaxies are undergoing an environmentally-
driven decline in star formation without the need to invoke a
formation time di↵erence 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’,
tdelay, 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 which declines at a rate defined by
⌧, often referred to as the ‘fading time’:

SFR =

(
SFR(tstart)e(�(t�tstart)/⌧), t > tstart

SFR(t), t  tstart ,
(8)

where tstart = tinfall + 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 sim-
ulations 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 Col-
laboration 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 sce-
nario would require longer fading times which would over-
produce intermediate-colour galaxies).

It is our goal to constrain the parameters tdelay and ⌧ 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⇤/M� < 10.3 and at
1.0 < z < 1.3 in an e↵ort to restrict our study to satellite
galaxies where we expect quenching is not dominated by
internal processes (unlike massive galaxies), and where our
[O ii]-derived SFRs are expected to be most robust given the
lower dust extinction.

We first generate a parent sample of galaxies whose in-
fall redshifts correspond to the time at which the galax-
ies were accreted into the cluster. We employ a physically-
motivated distribution of infall redshifts, following Neistein
et al. (2006); 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.

Figure 8. Cumulative distributions of physically-motivated ac-
cretion redshifts for the modelled galaxies based on six clusters
at z < 1.3, described in further in detail in Section 4.3. The loca-
tion where the curves plateau corresponds to the observed cluster
redshift.

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 Figure 8.

We use the observed field sample, with 50 random se-
lections per cluster member and evolve their SFRs to these
infall redshifts, via the Schreiber et al. (2015) relation de-
scribed in Section 2.6. To be able to compare this model clus-
ter population to the observed cluster distribution, we then
evolve their SFRs from the assigned infall redshifts forward
to the parent cluster redshift according to a range of tdelay

and ⌧ timescales. Our aim is to exclude unlikely combina-
tions of tdelay and ⌧ by deducing which resulting SFR distri-
butions are significantly di↵erent from the observed cluster
galaxy SFR distribution8.

We use the main sequence fit described in Section 3 to
calculate a �SFRclus distribution for both the observed clus-
ter galaxies and the model cluster population, �SFRmodel clus,
for all timescales. For each timescale realisation, we then per-
form a two-sample KS test on the observed cluster galaxy
distribution and the model cluster population distribution
i.e., KS(�SFRclus, �SFRmodel clus) to test against the null hy-
pothesis that two independent samples are drawn from the
same continuous distribution. Higher two-sample KS test
p-values indicate a smaller absolute maximum distance be-
tween the cumulative distribution functions of the two sam-
ples, and therefore more likely timescale values.

7 In this model, mass accretion history is based on when a galaxy
is accreted into the most massive halo i.e, this model does not con-
sider the e↵ect of group preprocessing. Alternatively, if massive
accretion is based on when galaxy first becomes a satellite, we
would expect longer delay timescales.
8 Note that by construction, if there is no environmental quench-
ing, the model cluster SFR distribution should end up looking
exactly like the observed field.
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Figure 2. Galaxy redshift and F([O ii]) where points are colour-
coded by the �BIC criteria described in Section 2.4. Galaxies
where the model including both a continuum and an [O ii] emis-
sion 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 repre-
sented as dark orange diamonds. The 80% flux completeness limit,
F([O ii]) = 2.2⇥ 10

�17
erg cm

�2
s
�1, is shown as a dashed gray line.

Galaxies above this flux limit are selected as star-forming, and
are used for the subsequent analysis.

Figure 3. UVJ-diagram of [O ii] 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.

those from an H↵-derived galaxy sample at a similar epoch
(we refer the reader to Section 4.1 and Appendix B for fur-
ther details)

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

Figure 4. The stellar mass (left) and redshift (right) distribu-
tions 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.

2.6 Cluster and field sample properties

In Figure 4 we present the stellar mass and redshift distribu-
tions 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 per-
form the subsequent analyses in bins of stellar mass. In Fig-
ure 4, it is also clear that while the mean redshifts of the
two samples are very similar (� < z >= 0.01), the shapes of
the distributions are quite di↵erent. The cluster galaxies are
situated in the redshift space of individual clusters, whereas
the field galaxies span a wider and more homogeneous red-
shift distribution 2.

To ensure any di↵erence in the star-forming main se-
quence between cluster and field is not due to di↵erences 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 di↵erence 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):

log10(SFRMS[M� yr
�1]) =

m � m0 + a0r � a1[max(0,m � m1 � a2r)]2, (7)

where r ⌘ log10(1 + z), m ⌘ log10(M⇤/10
9

M�), with m0 =

0.5 ± 0.07, a0 = 1.5 ± 0.15, a1 = 0.3 ± 0.08, m1 = 0.36 ± 0.3,
and a2 = 2.5± 0.6. We note that the size of this correction is
smaller than the statistical error bars in Figure 5.

2 A 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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In addition to the parameterisation of the delayed-then-
rapid quenching model described in Equation 8, we also
present an alternative parameterisation following from Hahn
et al. (2017)9 where:

SFR =

(
SFR(t)e(�(t�tstart)/⌧H), t > tstart

SFR(t), t  tstart .
(9)

In the first parameterisation, Equation 8, ⌧ represents
the SFR evolution during the quenching epoch (t > (tinfall +

tdelay)). In the absence of environmental e↵ects, ⌧ < 1 as the

SFRs of the field galaxies evolve10. In the second parame-
terisation, Equation 9, ⌧H represents the additional quench-
ing 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 di↵erent environmental quenching timescales presented
in the literature.

In Figure 9, we show the resulting quenching timescale
parameter space density contours for 10,000 simulations of
di↵erent tdelay and ⌧ produced with the two parameterisa-
tions. Examples of resulting < �log SFRMS > distributions
for specific tdelay and ⌧ timescales can be found in Fig-
ure A1 in the Appendix. The opaque region in the lower
corner below the dashed gray line signifies the timescale
parameter space where the fraction of model star-forming
galaxies that drop below the F([O ii]) limit (F([O ii]) =
2.2⇥10

�17
erg cm

�2
s
�1), fdropout, is > 0.8, and the opaque re-

gion in the upper corner above the dotted gray line signifies
the timescale parameter space where fdropout, 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 timescale parameter space.

We constrain tdelay < 1.2 Gyr at the 99% level. For very
rapid quenching scenarios, the constraint on the delay time
is stronger (tdelay < 0.25 Gyr at the 99% level). We find that
the timescale for environmental quenching is ⌧H < 6 Gyr, al-
lowing for modest environmental quenching, as long as delay
times are reasonably short, so that a significant population
of galaxies are a↵ected. At face value, given the broad con-
straints shown in Figure 9 on tdelay, we cannot rule out a
slow-quenching scenario where galaxies quench slowly from
infall at a rate that is accelerated somewhat in comparison
to the field. The timescales we constrain are in general agree-
ment with works such as Muzzin et al. (2014) and Mok et al.
(2014), who derive constraints using galaxy cluster phase-
space and fractions of red, blue and green galaxies respec-
tively in samples of clusters at 0.8 < z < 1.0. However, there
is a hint that our short delay timescale predictions could be
in tension with some works that favour longer delay times.

9 In Hahn et al. (2017), this parameterisation is adopted for cen-
tral galaxies, while here we use this parameterisation for satellite
galaxies.
10 Analytically, in the absence of environmental e↵ects, ⌧ exists
only if t > tstart, but when fitting the model to data, there is a
degeneracy between a long tdelay and a ⌧ equal to the e↵ective
SFR decline of the field population.

Figure 9. In this figure we present density contours showing
the likely range of quenching timescale parameters: tdelay and ⌧,
adopted in the toy model derived from the observed di↵erence
between the GOGREEN cluster galaxy and field star-forming
galaxy main sequence. 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 distribu-
tion. 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 dis-
tance between the cumulative distribution functions of the two
samples, and therefore more less timescale values. The left sub-
plot shows the quenching timescales based on Model 1 from Equa-
tion 8, and the right subplot shows quenching timescales based
o↵ of Model 2 from Equation 9. The opaque region in the lower
corner below the dashed gray line signifies the timescale parame-
ter space where the fraction of model star-forming galaxies that
drop below the F([O ii]) limit (F([O ii]) = 2.2⇥10

�17
erg cm

�2
s
�1),

fdropout, is > 0.8, and the opaque region in the upper corner above
the dotted gray line signifies the timescale parameter space where
fdropout, is < 0.1.

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 di↵erent timescale combinations
would lead to very di↵erent quenched fractions. For exam-
ple, 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 con-
straints from this work with our analysis of the stellar mass
functions (van der Burg et al. in preparation; Reeves et al. in
preparation) will lead to much tighter constraints on these
timescales.

An important caveat of this delay timescale modelling
is that we assume that dust content of cluster and field
galaxies are the same, and that the di↵erence we observe
between cluster and field galaxies is due to a di↵erence 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 di↵erence is within their error bars). If dust extinction
is higher for field galaxies compared to cluster galaxies in
this study, the di↵erence in the star-forming galaxy main
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