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ABSTRACT
We present a study of a sample of 254 clusters from the SDSS-DR7 Yang Catalog and an auxiliary sample of field galaxies to
perform a detailed investigation on how galaxy quenching depends on both environment and galaxy stellar mass. Our samples
are restricted to 0.03≤z≤0.1 and we only consider clusters with log(Mhalo/M�) ≥ 14. Comparing properties of field and cluster
galaxies in the Blue Cloud, Green Valley and Red Sequence, we find evidence that field galaxies in the red sequence hosted star
formation events 2.1±0.7Gyr ago, on average, more recently than galaxies in cluster environments. Dissecting the star formation
rate vs stellar mass diagram we show how morphology rapidly changes after reaching the green valley region, while the star
formation rate keeps decreasing. In addition, we use the relation between location in the projected phase space and infall time to
explore the time delay between morphological and specific Star Formation Rate variations. We estimate that the transition from
late to early-type morphology happens in Δtinf ∼1 Gyr, whereas the quenching of star formation takes ∼3 Gyr. The time-scale
we estimate for morphological transitions is similar to the expected for the delayed-then-rapid quenching model. Therefore,
we suggest that the delay phase is characterized mostly by morphological transition, which then contributes morphological
quenching as an additional ingredient in galaxy evolution.
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1 INTRODUCTION

Galaxies and their evolution across cosmic time have always intrigued
astronomers. In the first half of the twentieth century, Edwin Hubble
classified galaxies according to their morphology (Hubble 1926),
defining two major classes: Early Type (ETGs) – characterized by
elliptical shapes – and Late Type Galaxies (LTGs) – which comprise
galaxies that are a combination of a central bulge and spiral arms.
Later, Dressler (1980) presents the Morphology-Density (MD) rela-
tion, which states that ETGs and LTGs are not uniformly distributed
in space. Namely, the former dominates high density environments,
while LTGs are mainly found in low density fields. The dependence
of galaxy properties with environment was firmly confirmed in the
last decades due to the observations provided by wide galaxy sur-
veys such as the Sloan Digital Sky Survey (York et al. 2000, SDSS),
Cosmic Evolution Survey (Scoville et al. 2007, COSMOS) and the
PRIsmMUlti-Object Survey (Coil et al. 2011, PRIMUS). A bimodal
distribution is found in galaxy color (Pandey & Sarkar 2020) and star
formation rate (Wetzel et al. 2012; Trussler et al. 2020, SFR) as well.
We now tend to divide galaxies into three different populations:

1) Blue Cloud (BC) – filled mainly by late-type (90% LTG vs 10%
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ETG), blue, star forming galaxies; 2) Red Sequence (RS) – domi-
nated by early-type (70% ETG vs 30% LTG), red galaxies with low
(if any) star formation; and 3) an intermediate region called the Green
Valley (GV) – containing galaxies partially quenched with interme-
diate morphologies (Schawinski et al. 2009; Masters et al. 2010a,b;
Schawinski et al. 2014). Additionally, an important caveat is that
red LTGs are expected at all masses, whereas blue ETGs are mainly
found at the low mass end (e.g. Ferreras & Silk 2000; Kaviraj et al.
2007). Finally, a galaxy’s path and the related time-scales through
the GV depends critically on the quenching mechanism (Schawinski
et al. 2014; Woo et al. 2017).
An important feature is the evolution of cosmic star formation

density as a function of time, which has a peak at around z ∼ 2 − 3
and may influence the relative number density of galaxies in each
region depending on the inspected redshift (Lilly et al. 1996; Madau
et al. 1996). This evolution is related to the density fluctuations
giving rise to galaxy formation. Namely, galaxies born in early-stage
clusters experience high density environments since birth, which is
significantly different from the satellite systems infalling in clusters
at later stages. The star formation in galaxies is usually fueled by
the inflow of hot gas from the circumgalactic medium, which is
then cooled via internal interactions in the so-called “cold-disk” and
eventually gravitationally collapses to form new stars (Cimatti et al.
2019). Quenching then may be related to stopping the hot gas from
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cooling, for which then the galaxy will passively evolve and only
form a negligible amount stars out of the current reservoir of cold
gas available in the disk (Ilbert et al. 2015;Moutard et al. 2016, 2020,
“slow quenching”). When in dense environments, a second way to
quenching star formation is to remove all the galaxy’s gas component
(including the cold disk) in a short time-scale (Tacchella et al. 2021;
Gallazzi et al. 2021; Zhang et al. 2021, “rapid-quenching”).
When a galaxy is isolated, star formation quenching is mostly

driven by internal processes (Larson 1974; Dekel & Silk 1986;
Vulcani et al. 2021). Active Galatic Nuclei (AGN) feedback cre-
ate an outflow of gas preventing further hot gas accretion from the
circumgalactic medium (Dalla Vecchia & Schaye 2008; Bongiorno
et al. 2016; Trussler et al. 2020). Star formation depends on grav-
itational instabilities, which may be prevented due to a transition
from a stellar disk to a spheroid (Martig et al. 2009, “Morphological
Quenching”). Bars in spiral galaxies may drive gas inflows, which
enhance central star formation (Spinoso et al. 2017, Bar-Driven Evo-
lution). However, in the local universe most of the galaxies live in
groups/clusters (Geller & Huchra 1983). Even before crossing the
virial radius, infalling galaxies can stop accreting new gas (Larson
et al. 1980; Balogh et al. 2000; van de Voort et al. 2017, “Starva-
tion”). For instance, Trussler et al. (2020) suggest galaxy quenching
has an extended phase (∼ 5Gyr) of starvation. In addition, infalling
galaxies can lose gas, stars and even dark matter via gravitational
tides (Johnston et al. 1999; Read et al. 2006, “Tidal Mass Loss” -
TML).Within the virial radius, the hot gas in the intracluster medium
(ICM) exerts pressure on galaxies moving within the cluster and may
remove gas via Ram Pressure Stripping (Gunn & Gott 1972; Abadi
et al. 1999, RPS). Clusters provide a suitable environment for both
direct and indirect galaxy interactions, especially in its core. Direct
encounters may lead to galaxy mergers and cause a starburst event
over a short time scale and quickly exhaust a galaxy’s gas supply
(Springel & Hernquist 2005; Cox et al. 2008; Teyssier et al. 2010),
whereas repeated indirect encounters may leave interacting galax-
ies with disturbed morphologies. At last, it is important to note that
clusters are built up by the accretion of galaxy groups. Cluster galax-
ies may therefore be affected by “pre-processing”, in which galaxy
properties were altered even before entering the cluster (Fujita 2004;
Mahajan 2013; Sarron et al. 2019).
The balance between internal and environmental processes driv-

ing galaxy evolution results in a complex non-linearity. Although
Peng et al. (2010) indicate that internal and environmental mecha-
nisms acting on galaxy evolution are separable up to redshift z ∼ 1,
the main mechanism driving galaxy evolution and the related time
scales are yet not fully understood. Different works indicate the main
quenching mechanism as dependent on galaxy and host halo mass
(Zu & Mandelbaum 2016). Peng et al. (2010) suggest that a stel-
lar mass related mechanism plays a major role in quenching massive
galaxies.Wetzel et al. (2012) show an increasing fraction of quenched
galaxies in clusters for increasing stellar and host halo mass. They
also show the quenched fraction grows towards the cluster core. At
lower stellar masses, gas outflows are increasingly relevant (Peng
et al. 2010; Samui et al. 2018; Bluck et al. 2020). On sufficiently
large time-scales, tidal mass loss can remove a significant fraction of
a galaxy’s mass (Rhee et al. 2017, see their Fig. 3). Conversely, RPS
can remove a significant fraction of gas from lowmass galaxies (Em-
erick et al. 2016; Fillingham et al. 2016). Yet, Roberts et al. (2019)
provide evidence that RPS contributes to the fast quenching (∼ 2
Gyr) after galaxy reaches an intra cluster medium density threshold
(log(𝜌ICM) ∼ −28.5 [g cm−3]).
Different models tried to simplify this non-linearity. One of the

most successful models is the “delayed-then-rapid quenching” (Wet-

zel et al. 2013), in which a galaxy infalling in a cluster is at first
unaffected by the high density environment and is mostly quenched
due to starvation.After a delay time, environmental effects, especially
RPS, rapidly halt galaxy star formation.
An important parameter to understand how galaxies in dense en-

vironments transition from star forming to passive/quenched galaxy
is the infall time – the time at which the galaxy has been experienc-
ing the cluster environment. However, it is not possible to directly
measure the galaxy’s infall time. To estimate the infall time, a usual
approach is to invoke the Phase-Space. This is a 6D-space (3 posi-
tional and 3 velocity coordinates) widely used to study the dynamics
of complex systems. In this space, infalling galaxies have a well de-
fined trajectory, providing a tool to estimate the infall time (Rhee
et al. 2017, see their Fig. 1). Galaxies recent infalling have more
radial orbits in comparison to those in the virialized state within the
cluster, which are characterized mostly by circular orbits (Rhee et al.
2017). In observational astronomy we are limited to projected quan-
tities and, consequently, to a projected version of the phase-space: the
projected phase-space (PPS). The use of cosmological simulations
is pivotal to enable a connection between PPS location and infall
time. Mahajan et al. (2011) and Oman et al. (2013) show through
simulation how different regions of the PPS are mainly occupied by
galaxies at different dynamical stages – and with significantly differ-
ent orbits – within the cluster. Using the PPS, Pasquali et al. (2019)
show pre-processed galaxies – those that were already part of a minor
group before infalling – to have different properties from those first
experiencing the cluster environment. Rhee et al. (2020) combine
simulations and observational data to estimate the relation between
infall time and SFR. The PPS can be used to constrain regions where
different environmental effects are at work. For instance, Roberts
& Parker (2020) investigate the PPS of the Coma Cluster and find
an excess of galaxies possibly suffering RPS in all projected radii
within the virial radius at higher velocity offsets. Several works sug-
gest differences between galaxy properties of clusters with different
member velocity distributions, which translates to differences in the
PPS (Ribeiro et al. 2013; Roberts & Parker 2017; de Carvalho et al.
2019; Sampaio et al. 2021).
The complex relation between infall time, galaxy properties and

quenching mechanisms translates to a variety of paths for galaxy’s
transition from the BC to RS. de Sá-Freitas et al. (submitted) show
how different processes lead to different galaxy transition paths (see
their Fig. 8) depending on both galaxy properties and the acting
mechanism. Consequently, it is not straightforward to reliably define
the BC, GV and RS regions, for which different works adopt different
parameter spaces and methodologies. For instance, Strateva et al.
(2001) use the color-color diagram,Trussler et al. (2020) adopt Stellar
Mass versus Star Formation Rate and Angthopo et al. (2019) define
quenching according to the spectroscopic measurement of the D4000
break. Although it is known the that morphology correlates with
and galaxy properties, it is still necessary to further investigate the
transition from BC to RS from a morphological perspective. Also,
recent works discuss the possibility of dense environments inducing
morphological variations prior to SFR changes (Martig et al. 2009;
Schawinski et al. 2014; Kelkar et al. 2019).
In this work, we address galaxy evolution from different perspec-

tives. First, we use the SFR vs Mstellar plane and the separation
between BC, GV and RS to compare cluster and field galaxy prop-
erties. We focus on cluster galaxies and investigate their path from
BC to RS as a function of stellar mass. We focus on understanding
what defined different stages of galaxy evolution and address the
question on whether SFR or morphology changes more quickly in
cluster environments. Furthermore, we focus on the relation between
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location in the PPS and infall time to provide direct measurements
of how galaxy properties vary with time. Lastly, we investigate how
variations in morphology and star formation rate depend on stellar
mass and environment.
This paper is organized as follows: in § 2 we present the sample

and describe the galaxy properties; in § 3 we compare the overall
distributions of cluster and field galaxies; in § 4 we explore the stellar
mass vs SFR plane to understand if the usual separation of BC, GV
and RS presented in the literature do separate galaxies with respect to
stellar population properties.We compare properties of galaxies with
different mass and at different environments; in § 5 we define and
probe the PPS of galaxy clusters to address variations in morphology
and SFR with respect to infall time of member galaxies; in § 6 we
discuss our findings; in § 7 we present our final conclusions and a
summary. Throughout this paper we adopt a flat ΛCDM cosmology
with [ΩM,ΩΛ,H0] = [0.27, 0.73, 72 km s−1Mpc−1].

2 DATA SELECTION

In this work, we select galaxies from the Sloan Digital Sky Survey -
Seventh Data Release (Abazajian et al. 2009, SDSS-DR7). We limit
our sample to galaxies within the redshift range 0.03 ≤ z ≤ 0.1
and with petrosian apparent magnitude in the r-band (mr) less than
17.78, which correspond to the spectroscopic limit of the survey at z
= 0.01. The minimum redshift is applied to avoid biasing the stellar
population parameters (see Section 2.5) due to the fixed 3 arcsec
fiber used in the SDSS.

2.1 Galaxy Clusters from the Updated Yang Catalog

We adopt the Yang Catalog (Yang et al. 2007) to classify galaxies
according to their environment. Briefly, the catalog is build by apply-
ing a halo mass finder algorithm to the New York University - Value
Added Catalog (Blanton et al. 2005, NYU-VAGC). Groups are then
defined as galaxies in the same dark matter halo. The Catalog also
provides the classification of galaxies into centrals (here we adopt the
most massive cluster galaxy as central) and satellites, which enables
the definition of: 1) “isolated centrals” - defined as halos occupied by
a single galaxy; 2) “cluster centrals” - which means the most massive
galaxy in halos with N ≥ 2 galaxies; and 3) “cluster satellites” -
non-central galaxies located at halos with N ≥ 2 members.
Here we use an updated version of the Yang Catalog presented in

de Carvalho et al. 2017 (dC17, hereafter), which is built using data
from the SDSS-DR7 with the same redshift range and mr adopted
in this work. Unlike in the original Yang Catalog, membership in
dC17 is defined via a “Shiftgapper” technique (see Fadda et al. 1996
for more details), which is applied in clusters from the Yang Cata-
log with at least 20 members. Two main reasons favors the use of
the Shiftgapper technique to define membership in our case: 1) it
avoids prior assumptions about the cluster’s dynamical stage; and 2)
it is more permissive regarding galaxies at larger distances from the
cluster centre, which is relevant for works analysing the evolution
of satellite galaxies in higher density environments. Next we briefly
describe how this technique works. The first step is to select galaxies
at a maximum distance of 2.5h−1 Mpc (3.47 Mpc for h = 0.72) and
with a line-of-sight velocity in the range ± 4000km s−1 with respect
to the clustercentric coordinates (RA, DEC and redshift) presented

in the Yang Catalog1. de Carvalho et al. (2017) then apply a Gap
Technique by placing galaxies in radial bins with a minimum size
of 0.42h−1 Mpc, which guarantees at least 15 galaxies per bin, and
removing galaxies with a velocity gap greater than 1000 km s−1 with
respect to the cluster mean velocity. A new center is then defined
as the median RA, DEC and redshift of the remaining galaxies and
the process is reiterated until no more galaxies are removed. This
process results in a final list containing only member galaxies.
Using the final list of member galaxies, dynamical quantities like

virial radius (R200), virial mass (M200) and velocity dispersion along
the line-of-sight (𝜎LOS) are estimated by dC17 through virial analysis
(see Lopes et al. 2009 and Appendix A for more details) for each
cluster. A comparison between the Yang catalog and the shiftgapper
technique shows differences in M200 of less than 0.1, which are
smaller than the related uncertainties in the Yang M200 estimates
(∼ 0.15dex, Yang et al. 2007). By imposing a minimum number of
20 galaxies within the virial radius2 we define a sample 319 massive
clusters. By using the relation betweenM200 andN200, where the last
term is the number of galaxies within R200, we define a halo mass
threshold, namely Mtresh200 = 1014M� . By considering clusters with
M200 ≥ Mtresh200 , our sample decreases to 254 clusters. The halo mass
completeness limit means we are probing clusters at the extreme tail
of the halo mass function, namely the 5%most massive systems with
halomasses in the range 13 ≤ log(Mhalo/M�) ≤ 15.53. Additionaly,
we make a distinction between satellites and centrals according to
the “rank” assigned in the Yang Catalog. Here on we focus only on
satellite galaxies, which consists of 20,191 galaxies.

2.2 Sample of Low Interaction Galaxies

Galaxies infalling into clusters are affected even before crossing the
system virial radius due to starvation and tidal effects (Trussler et al.
2020). In addition to our cluster sample, we define a secondary sam-
ple of field galaxies to trace how galaxies evolve when in isolation.
First, we queried the SDSS-DR7 database for all galaxies with reli-
able spectroscopic redshift measurementsmeeting the same selection
criteria of our cluster sample.We then select field galaxies as follows:
1) we identify all groups from the Yang Catalog with halo masses
greater than 1013M� – a characteristic halo mass of poor groups
(Nmembers ≤ 10); 2) we use the scaling relation

Rvir ∼ 1.61Mpc
(
Mhalo
1014M�

)1/3
(1 + zgroup)−1 (1)

to estimate the virial radius for every group; 3) we select galaxies
beyond 5R200 of every structurewith halomass greater than 1013M�
listed in the Yang Catalog (Trevisan et al. 2017); 4) we consider
galaxies only in the main part of the SDSS footprint (120 ≤ RA ≤
250, 0 ≤ DEC ≤ 60) to minimize edge effects. This results in a set of
12,398 galaxies, which is dominated (∼ 93%) by galaxies classified
as Isolated Centrals in the Yang Catalog. To guarantee the reliability
of our field sample, we discard all non isolated central galaxies
(∼ 7%). Yet, a word of caution is needed regarding fossil groups.
These are groups that, after a series of merging events, end up as a

1 The clustercentric coordinates are the only information from the Yang
Catalog used to define the clusters.
2 We define the clustercentric coordinates as the median redshift and the
luminosity weighted average of RA and DEC.
3 We used the Halo Mass Function Calculator (Murray et al. 2013) with
Planck 15 cosmology (Planck Collaboration et al. 2016) and z = 0.075, which
is the median redshift for our sample.
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Table 1. Quantiles, mean and standard deviation for the uncertainty distribu-
tion forMstellar, SFR and sSFR. We present uncertainties for the three stellar
mass bins used.

Uncertainty X = log(Mstellar) Q16% Q50% Q84% 𝜇𝛿 ± 𝜎𝛿

log(Mstellar)

[M� ]

9 ≤ X < 10 0.079 0.092 0.099 0.098 ± 0.058

10 ≤ X < 11 0.088 0.092 0.098 0.099 ± 0.051

11 ≤ X < 12 0.085 0.089 0.096 0.091 ± 0.021

log(SFR)

[M� yr−1 ]

9 ≤ X < 10 0.222 0.326 1.009 0.507 ± 0.335

10 ≤ X < 11 0.354 1.028 1.071 0.844 ± 0.119

11 ≤ X < 12 0.967 1.023 1.065 0.971 ± 0.178

log(sSFR)

[yr−1 ]

9 ≤ X < 10 0.242 0.342 1.013 0.523 ± 0.329

10 ≤ X < 11 0.372 1.029 1.078 0.854 ± 0.312

11 ≤ X < 12 0.966 1.025 1.072 0.983 ± 0.174

single luminous central galaxy. La Barbera et al. (2009) shows that
fossil groups are characterized by a bright galaxy with Mr ≤ −22,
where Mr is the absolute magnitude in the r-band. Therefore, we
adopt this value as the absolute magnitude lower limit for our field
sample in order tominimize the effects of fossil groups. This removes
∼ 5% of the our sample and results in a final field sample of 11,674
galaxies, although our results do not change if we keep these galaxies
in our sample. This follows from the fact that fossil groups can
be considered rare events, which are characterized by a comoving
number density of 2.83 × 10−6 h3Mpc−3 (La Barbera et al. 2009).

2.3 MPA-JHU Spectral Measurements

We retrieve Stellar Mass4 (Mstellar, hereon) , SFR and sSFR5 esti-
mates from theMPA-JHU catalog, which provides quantities derived
from the spectra of SDSS-DR16 galaxies without anomalies in their
spectra. We find available estimates for 98 % of our sample (cluster
+ field).
The MPA-JHU catalog provide 5 percentiles (2.5, 16, 50, 84 and

97.5%) for each estimate. Hereafter we use the 50% percentile (me-
dian) as the desired estimate. Regarding the associated uncertainties,
we estimate for MPA-JHU quantities from the 16 and 84% quantiles
as 0.5×(Q84%−Q16%). In Table 1,we present the quantiles,mean and
standard deviation for the error distributions. We divide galaxies into
three different bins of stellar mass: 1) 9 ≤ log(Mstellar/M�) < 10; 2)
10 ≤ log(Mstellar/M�) < 11; and 3) 11 ≤ log(Mstellar/M�) < 12,
following works relating between galaxy properties and stellar mass.
We can relate apparent and absolute magnitude at a given red-

shift. To estimate the absolute magnitude completeness limit in our
sample, we: 1) plot absolute magnitude (Mr) as a function of red-
shift; 2) divide galaxies into bins of size 0.005 in z and ranging from
0.03 ≤ z ≤ 0.1; 3) define for each bin the 90% percentile of the Mr
distribution; 4) apply a logarithmic fit6 (taking into account errors
in both x and y axis); and 5) for each redshift we have a limiting
absolute magnitude. In Fig. 1 we present this procedure, which en-
sures completeness inMstellar. However, this process means that our
sample is restricted to decreasing redshift for decreasing stellar mass.
For instance, only systems withMstellar ≥ 1010.7M� are considered
in the entire redshift of our sample.

4 Derived using the methodology of Kauffmann et al. (2003)
5 Estimates are calculated using Brinchmann et al. (2004) prescription and
then aperture corrected using the method described in Salim et al. (2007)
6 We make use of the statistical analysis tool SciDavis (Benkert et al. 2014)

Figure 1. Relation between absolute magnitude and redshift for our full
(Cluster + Field) sample. Points are colored according to galaxy stellar mass.
The red line denotes the 90%Mr threshold for each redshift.

2.4 Morphological Characterization

An important feature of galaxy evolution is the morphological tran-
sition from late to early-type morphology. To explore this transition,
we use the TType parameter to trace morphology. This parameter
was first introduced by de Vaucouleurs (1963) in order to classify
lenticular (S0) galaxies (TType = 0). TType < 0 denotes early-type,
whereas TType > 0 represents late-type galaxies. We select TType
estimates from Domínguez Sánchez et al. (2018) catalog, which uses
Convolutional Neural Network based Deep Learning Algorithms to
classify the TType of 670,722 galaxies from the SDSS database. We
highlight that, differently from the original discrete TType definition,
in this case it is measured as a real number.
Assessing the uncertainty in TType values is not straightforward.

By using the Galaxy Zoo 2 (Willett et al. 2013) questions and classi-
fication for 240,000 galaxies withmr < 17 and z < 0.25, Domínguez
Sánchez et al. (2018) show that their method is able to recover 97% of
the “true” classification, independent of redshift and apparent mag-
nitude. Yet, an important caveat is the mixture between Elliptical
and Lenticular galaxies (see their Fig. 13). To address this separa-
tion, they use a more focused model for galaxies with TType ≤ 0.
In this case, their model is able to separate Elliptical and Lenticular
galaxies with an 86% confidence level. The reliability of the TType
estimates is explored in Barchi et al. (2020), who finds an agreement
between machine learning classification between spiral and elliptical
morphologies (see their Figs. 11 and 12 for comparison) and the
values provided by Domínguez Sánchez et al. (2018).

2.5 Spectral Fitting Derived Parameters

Galaxy evolution is directly related to stellar population properties.
As time passes, a galaxy’s stellar component becomes older andmore
metal-rich. However, these quantities can not be directly measured
and hence are inferred from galaxy spectra. Here we select age and
Stellar Metallicity (simply [Z/H] hereon) from the dC17 catalog,
which provides stellar parameter estimates for 570,685 galaxies with
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Table 2. Median and standard deviation of the uncertainty distribution in
age and [Z/H] derived using the STARLIGHT spectral fitting method along-
side with a set of repeated observation from the SDSS galaxy database. We
separate galaxies according to their stellar mass.

X = log(Mstellar) ΔAge [Gyr] Δ[Z/H]

9 ≤ X < 10 0.32 ± 0.62 0.005 ± 0.024

10 ≤ X < 11 0.27 ± 0.33 0.007 ± 0.019

11 ≤ X < 12 0.23 ± 0.42 0.006 ± 0.032

reliable7 spectra in the SDSS-DR7 database. Briefly, it uses the
STARLIGHT code (Cid Fernandes et al. 2005) to perform a linear
combination of predefined single stellar population (SSP) in order
to get the best fit to the observed spectra. The fit uses the Medium
resolution INTLibrary of Empirical Spectra (Sánchez-Blázquez et al.
2006) as stellar model, which is characterized by an almost constant
spectral resolution of ∼ 2.5Å. The SSP grid is built with steps of
0.2 dex in log(age), ranging from 0.07 to 14.2 Gyr, and includes five
possible metallicities: {-1.71, -0.71, -0.38, 0.00, +0.20} (see Section
2 of dC17 for more details). We use the luminosity weighted derived
age and [Z/H], where the former is closely related to the last star
formation episode (Trussler et al. 2020, T20, hereafter).
The estimates of stellar population parameters have an uncertainty

due to the observed spectra, which can vary over different observa-
tions. We then use a set of galaxies with repeated observations in the
SDSS-DR7 covering the same redshift range and magnitude limit
of our Samples to assess the stellar population parameter uncertain-
ties. We further impose a minimum signal to noise ratio of 20 in
the observed spectra. This selection criteria results in 2,543 galaxies
summing up to 6,148 observations. We use the direct comparison of
same galaxy observations to derive the expected uncertainties, which
are presented in Table 2 for three stellar mass bins.

3 ENVIRONMENTAL IMPACT ON THE OBSERVED
BIMODALITY

The observed bimodality in certain galaxy properties has been shown
to depend on stellar mass. In particular, the bimodality is stronger at
lower stellar masses. In this section we focus on exploring how the
bimodality in different galaxy properties depend not only on stellar
mass, but on environment as well. In Fig. 2 we show the distributions
for SFR, Mstellar, age, [Z/H] and morphology (TType) for galaxies
in clusters (red) and in the field8 (blue). The distributions are build
using a Epanechnikov kernel density estimation with bandwidth set
to 1.5 times the bin of the dotted histograms in Fig. 2. We apply the
kernel density estimate techniques directly on the data and only use
the histograms for the choice of bandwidth. We statistically compare
the distributions using 2-sample hypothesis tests. In each panel we
display the resulting p-value of k-sample Anderson-Darling and Per-
mutation tests. We decide to use two different statistical tests so that
our results are free of any underlying hypothesis of such tests. We
select Anderson-Darling and permutation tests due to the different
approach they use to measure similarities between the distributions,
which enhance the reliability in the derived p-values and distribution
comparison. We adopt 𝛼 = 0.05 as the significance level.
Our results reinforce previously found trends. Properties of clus-

ter and field galaxy are significantly different, which is statistically

7 Selected via zWarning = 0.
8 Low interacting galaxies

confirmed by the p-values shown in each panel. In panel [a], we
find an excess of quenched galaxies (log(SFR) < -1 ) in clusters,
whereas field galaxies have more active star formation, which can be
seen by the excess of field galaxies with log(SFR) > -0.5. Note that
the stellar mass distributions are marginally similar (see panel [b]),
which show that the differences in star formation history and environ-
ment result in different stellar population properties, at fixed stellar
mass. These differences are also seen in Age (panel [c]), in which
field galaxies have had a more recent star formation episode9 (blue
peak at lower ages) in comparison to clusters. These trends indicate
how environment is directly affecting the observed bimodality and
is further reinforced exploring [Z/H] (panel [d]). Older galaxies are
expected to have higher metallicities, for which we see an excess of
more metal-poor galaxies in the field in comparison to clusters. Ul-
timately, environment affects morphology and we find a percentage
excess of LTGs in the field in comparison to clusters, in agreement
with the Morphology-Density relation.
In this section we investigate overall comparisons between galaxy

properties inhabiting distinct environments. The reported results in-
dicate how environment plays a major role in galaxy evolution even
when considering global distributions such as Fig. 2. Our results
suggest that galaxies in the field hosted more recent star formation
episodes in comparison to those in clusters. We call attention to the
presence of a significant fraction of quenched galaxies in the field.
This shows how quenching mechanisms unrelated to environment
are sufficient to quench field galaxies, whilst environmental effects
act like a catalyst for the quenching process, which happens faster
in clusters. Namely, in dense environments: 1) galaxy formation can
happen earlier due to larger density fluctuations; and 2) clusters
add new channels for star formation quenching through interactions,
which are not seen for galaxies evolving in isolation. The next step
is to consider not only global distributions, but divide galaxies into
BC, GV and RS subsamples.

4 TRACING A GALAXY PATH TOWARDS THE RED
SEQUENCE

Galaxy evolution from the BC to the RS is directly related to the
quenching of star formation. However, galaxy evolution is seen in
other properties as well. Quiescent galaxies are mostly early-type
10, older and more metal-rich than star-forming ones. It is hence
important to understand whether popular definitions of the green
valley cover all the properties expected for a transitioning galaxy.
A common GV definition is based on the log(SFR) vs log(Mstellar)
plane, which traces mostly the current star formation, whereas the
D4000 break definition traces the current stellar population.We adopt
the definition presented in T20, which use the relations

log(SFR) = 0.7log(Mstellar) − 7.52 (2)

to divide BC and GV galaxies and

log(SFR) = 0.7log(Mstellar) − 8.02 (3)

to separate GV and RS. Further, galaxy evolution is known to be
mass-dependent. We hence divide galaxies into three logarithmic
stellar mass bins (log(Mstellar/M�) of 9 to 10, 10 to 11 and 11
to 12), which are selected to trace different star formation histories
(Trevisan et al. 2012). In Table 3 we display the number of Cluster

9 Age here is closely related to the last star formation episode.
10 Note that 30% of RS galaxies are LTGs and 10% of BC galaxies are ETGs.
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Figure 2. Distribution of SFR, Mstellar, age, [Z/H] and TType. We separate galaxies according to their environment into clusters (red) and field (blue). The
dashed lines represent the distributions histogram, while the filled area represent an epanechnikov kernel density estimate with bandwidth set equal to half of the
dashed line histogram bins. The dark dashed vertical line in panel [e] denote the separation between early and late type morphology. We also add in each panel
the resulting p-value of Anderson-Darling (AD) and Permutation (Perm) statistical tests. P-values smaller than 0.05 means the two distributions are statistically
different.

Table 3. The number (percentage) of cluster or field galaxies in a given stellar
mass range and location in the log(SFR) vs log(Mstellar) plane. BC, GV and
RS are defined following T20

Region in Plane

Sample X = log(Mstellar) BC (%) GV (%) RS (%)

Cluster

9 ≤ X < 10 1727 (61%) 330 (11%) 816 (28%)

10 ≤ X < 11 1991 (21%) 970 (10%) 6519 (69%)

11 ≤ X < 12 55 (6%) 57 (6%) 855 (88%)

Field

9 ≤ X < 10 2074 (87%) 122 (5%) 185 (8%)

10 ≤ X < 11 4064 (47%) 916 (11%) 3667 (42%)

11 ≤ X < 12 93 (13%) 93 (13%) 460 (74%)

and Field galaxies in each stellar mass regime and location in the
log(SFR) vs. log(Mstellar) plane. In a few words, the RS regions
becomesmore populated for increasing stellar mass and environment
density.
In Fig. 3 we present an adaptive kernel density estimate for the

cluster (panel [a]) and field (panel [b]) galaxy SFR vsMstellar distri-
butions. The limiting lines between BC/GV and GV/RS are shown
in yellow. In panel [a], we find a single high density peak at the RS,
which comprises ∼ 62% of the cluster sample. This indicates that
more than half of the cluster galaxies reached a passive state, where
most of evolution is driven by stellar evolution. However, it is impor-
tant to stress that galaxies can also experience an “inverse evolution”,
in which galaxies go from the RS to the BC due to rejuvenation pro-
cesses (e.g. Trayford et al. 2016). Cluster Galaxies in the RS are
characterized by median values of 10.73 ± 0.23 and −1.64 ± 0.19
in log(Mstellar) and log(SFR), respectively. On the other hand, the
bimodality is more striking in the field sample. Panel [b] shows how
most of the star forming galaxies are found in the field, namely∼ 53%
and ∼ 38% of field galaxies are in the BC and RS, respectively. It is
clear that most of the active star formation is happening in galaxies
with lower stellar mass, which is in agreement with the downsizing
scenario, in which most of the star formation in the current universe
is happening in low mass galaxies (Neistein et al. 2006).
A fundamental parameter in astrophysics is the specific SFR

(sSFR), which is defined as the SFR divided by the galaxy’s stel-
lar mass. This quantity is usually reported in 𝑦𝑟−1 units, hence its
inverse gives an estimate of a time-scale the galaxy would take to
form its stellar component. In other words, it would take the inverse
of the galaxy’s sSFR for it to form all its stars at the current SFR. In
Fig. 4 we present the distribution of log(sSFR) for cluster (red) and

Figure 3. Kernel smoothed normalized density in the SFR vs Mstellar plane
for cluster (panel [a]) and field (panel [b]) galaxies. Yellow lines denote the
limits of BC, GV, and RS according to T20. The white dashed lines have
slope equal to equation (1), but with varying intercept from 6.3 to 9.4 in steps
of 0.17 (see Section 4.2 for an explanation).
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Figure 4. Distributions of sSFR for cluster (red) and field (blue) galaxies for the low (a), intermediate (b) and high (c) stellar mass regimes. We add the mass
range in the top of each panel. The filled area is an epanechnikov kernel density estimate using bandwidth equal to 2 times the bin of the displayed histogram in
dashed lines. In each panel we present the resulting p-values of a permutation (Perm) and Anderson-Darling (AD) statistical test. For comparison, we include
an inset of the relevant part of Fig’s. 3 panel [a] (cluster galaxies) for each panel.

field (blue) galaxies for each stellar mass bin. The shaded areas are
built using an epanechnikov kernel density estimator with bin width
equal to 0.25 in both cases. For comparison, we add a miniature ver-
sion of the related SFR vs Mstellar plane for cluster galaxies in each
panel. We compare the distributions using the permutation (perm)
and Anderson-Darling (AD) two sample statistical tests and report
the p-values in each panel. Exploring the low mass regime (panel
[a]), we find ∼84% galaxies with log(sSFR) > -10.5, in comparison
to ∼62% for cluster galaxies. We find an excess of low sSFR galaxies
in clusters in comparison to the field (26% and 9%, respectively, have
log(sSFR)<-11). It is important to stress that, even in clusters, low
mass galaxies are those predominantly in the BC as can be seen by the
inset in panel [a]. In panel [b] and [c], we see an increase of quenched
fraction with increasing stellar mass. Panel [b] displays the distribu-
tion peaks at different log(sSFR), for which we find cluster galaxies
to have dominantly low sSFR in comparison to the peak we find for
the field. Finally, in panel [c], massive galaxies are predominantly
quenched, independent of environment. This suggests that massive
galaxies can rely mostly on internal mechanisms to halt their star
formation and do not strongly depend on environmental effects as is
the case for lower mass galaxies. Yet we do find statistically different
distributions for cluster and field massive galaxies, which may indi-
cate the major effect of environmental is to simply “accelerate the
proccess”.

4.1 Cluster vs. Field Galaxy Properties

Galaxies in different environments are affected by different quench-
ing mechanisms, which leave an imprint on galaxy properties. In
Fig. 5 we present the distributions of age, [Z/H] and TType of clus-
ter and field galaxies. We separate them according to stellar mass
regime and location in the SFR vs. Mstellar diagram (RS - red, GV
- green and BC - blue). The filled areas represent the distribution
for clusters, whereas solid lines denote its field counterpart. In Ta-
ble 4 we show the resulting p-values for AD and Permutation tests
comparing cluster and field galaxy age, [Z/H] and TType distribu-

Table 4. The resulting p-values of AD and Permutation tests comparing the
distributions of cluster and field galaxy ages, [Z/H] and TTypes. We separate
galaxies according to luminosity and location in the SFR vs. Mstellar plane.
We highlight in red the statistically different distributions.

X = log(Mstellar)

9 ≤ X < 10 10 ≤ X < 11 11 ≤ X < 12

Age [Z/H] TType Age [Z/H] TType Age [Z/H] TType

Perm 0.204 0.069 0.073 0.234 0.403 0.012 0.003 0.792 0.106Blue

Cloud AD 0.362 0.088 0.053 0.435 0.672 0.028 0.009 0.603 0.163

Perm 0.021 0.001 0.001 0.304 0.015 0.013 0.006 0.842 0.039Green

Valley AD 0.018 0.002 0.001 0.607 0.004 0.019 0.002 0.352 0.018

Perm 0.002 0.386 0.009 0.001 0.003 0.447 0.001 0.053 0.001Red

Sequence AD 0.003 0.319 0.002 0.001 0.001 0.274 0.001 0.067 0.001

tions. The highlighted cells correspond to distributions statistically
different according to AD and permutation tests.
Exploring Fig. 5, we find increasing differences between cluster

and field distributions with increasing stellar mass. Regarding age
(first column panels), we find the most striking differences in the
GV and RS distributions, in which field galaxies have an excess of
lower age galaxies in comparison to clusters. For instance, 50.58%
of the most massive cluster galaxies in the RS have age > 8 Gyr,
while this percentage decreases to 28.06% for field galaxies. In other
words, this excess of younger GV/RS galaxies in the field suggests
more recent star formation episodes in these systems in comparison
to their counterpart in clusters. On the other hand, the differences we
find in [Z/H] (central column panels) are nuanced in comparison to
those in age. Qualitatively, field GV/RS [Z/H] distributions have a
slight excess of more metal-rich systems in comparison to clusters.
However, the [Z/H] distribution for the most massive GV galaxies in
the field extends to lower metallicities in comparison to clusters. This
is in agreement with previous works showing differences in spectral
lines and structure of elliptical galaxies in clusters in comparison to
those in the field (Balogh et al. 1999; Saracco et al. 2017). Regarding
morphology, panel [c] indicates an excess of GV galaxies with lower
values of TType in clusters, when compared to the field, which is
further evidence of the environment acting on low-mass members.

MNRAS 000, 1–18 (2021)
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Figure 5. Each panel is an epanechnikov kernel density estimate for the distributions of of age, [Z/H] and TType for galaxies in RS (red), GV (green) and BC
(blue). Cluster galaxy distributions are shown as filled areas, whereas solid lines represent field distributions. Each row corresponds to a stellar mass bin, which
is presented in the first column.

4.2 Towards the Red Sequence

In the last section we detail, for a given galaxy environment and
location in the SFR vs. Mstellar plane, significant differences in the
age, [Z/H] and TType distributions between field and cluster galaxies.
In Fig. 5, the intersections between the galaxy property distributions
in the BC, GV and RS indicate that the definition from the SFR vs
Mstellar perspective alone is insufficient to categorize galaxies. An
intrinsic problem is that galaxy evolution is a continuous process,
while the usual approach is to discretize galaxy populations to just
three regions. In order to further understand how galaxies evolve
from the BC towards the RS, we create 17 different regions in the
SFR vs Mstellar plane for the cluster and field sample. The limits of
each region are defined as:

log(SFR) = 0.7log(Mstellar) − i (4)

with i varying from 6.5 to 9.5 in steps of 0.17, which guarantees a
minimum of ∼ 50 galaxies per slice. We present these regions as
white dashed lines in Fig. 3. We then select galaxies within each
slice and create normalized kernel density estimates for age, [Z/H]
and TType. An important feature is the different number of galaxies
in each slice. We then define a number-dependent bandwidth for the
kernel density estimate, given as:

BW = 1.5 × 2 × IQR
N1/3

, (5)

where BW is the bandwidth, IQR is the interquartile range11 and
N is the number of points in the slice. Equation 5 is 1.5 times the
optimal bin width of a histogram characterized by a given IQR and

11 Defined as the distance between the 75% and 25% quartiles.
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N (Scott 1979). The factor 1.5 is empirically defined to slightly re-
duce the noise while preserving global trends. For each distribution,
we trace the kernel peak density. However, as we adopt the normal-
ized kernel, the peak density is directly related to the “width” of the
observed distribution. Namely, high peaks denote narrower distribu-
tions, whereas low density values are related to broader distributions.
We use a bootstrap technique with N=1000 repetitions to assess er-
rorbars. We define the Star Formation Main Sequence (SFMS) as the
slice containing the best linear fit of the BC galaxies. This procedure
(in gif format12) and results are presented in Figs. 6 and 7 for cluster
and field galaxies, respectively. For better visualization, we further
add an inset with the variation of the Full Width Half Maximum
(FWHM) in each panel to quantify the mixture of galaxy population
properties in each slice. Each curve covers roughly the same vari-
ation in the SFR vs. Mstellar plane, namely from the beginning of
the BC to the end of the RS. Nevertheless, since the comparison is
done in the SFR vs.Mstellar plane, we are not directly addressing the
mechanism navigating galaxies from one slice to another. Rather, we
are comparing galaxy properties with a similar SFR andMstellar, but
in different environments.
We next provide an overall description of the observed trends for

galaxies in clusters. We quantify the trends using the slice’s offset
from the SFMS (shown in purple in panel [a]), namely ΔSFMS,
which is defined as the perpendicular distance with respect to the
slices’ slope (see black arrow in panel [a]). At the beginning of the
BC (ΔSFMS = 0.5), the age distribution (panel [b]) is highly peaked
at ∼ 1.5 Gyr, due to the active star formation in these systems. For
the [Z/H] (panel [c]), we find the opposite trend, namely the most
star-forming BC galaxies have a broad [Z/H] distribution peaking at
low stellar metallicity (∼ −0.5). LTGs dominate galaxy morphology
distribution at ΔSFMS = 0.5. The evolution towards ΔSFMS = 0.33
(the last slice before GV) is then characterized by: 1) age distributions
becoming broader and peaking at older values; 2) [Z/H] distribution
continues to be broad and evolve almost in a coeval way towards
higher stellar metallicity; 3) there is a decrease in the peak value
for TType distribution, but still characteristic of LTGs (TType > 0).
The evolution in the GV (−0.5 < ΔSFMS < −0.83) indicate several
processes happening simultaneously in galaxies. We find that age
distribution have an almost constant peak age, but with increasing
FWHM, which suggest a mixed population with different recent star
formation history. Regarding [Z/H], the GV is roughly the region
where distributions start to become narrower and with an increasing
peak. However, we find the more striking result in morphology, for
which the peak TType evolves from greater to smaller than zero in
a single slice (ΔSFMS from -0.67 to -0.83), despite a large FWHM
and evidently bimodal TType distribution. From the GV on, age
distributions have higher FWHM and an increasing peak age until
the end of the RS (ΔSFMS ≤ −2), in which there is a decrease in the
FWHM. In panel [c], galaxies evolve towards an asymptotic value
as they progresses in the RS, which is characterized by increasingly
narrower distributions peaking at [Z/H] ∼ 0.1.Wefind similar trends
formorphology in theRS too. There is an increasingly excess of ETGs
as we progresses towards the RS tail, as expected. In particular, at
ΔSFMS = −1.33most of the galaxies are ETGs, despite not yet being
completely quenched. This suggests that galaxies may reach their
final morphological stage before the full star formation quenching.
In Fig. 7 we show the result for field galaxies. We find similar

evolution for the cluster and field galaxies evolution across the SFR
vsMstellar plane, which indicates that their difference is more related

12 That can be viewed by opening the PDF in Adobe Reader 9.

to the acting quenching mechanisms instead of the galaxy property
itself. The GV also denotes the region in which we find the transition
towards broader and narrower age and [Z/H] distributions, respec-
tively, and a significant TType peak variation from LTG to ETG
morphology. However, we stress that the difference we find for age
distributions at the end of the RS (ΔSFMS = −2.33) is broader than
what we find for clusters. This possibly highlight the clusters influ-
ence to quickly evolve galaxies towards higher ages (which means
lack of star formation), whereas field galaxies may host more recent
star formation episodes, resulting in broader distributions for field
galaxies age at the end of the RS in comparison to clusters.
Using the SFR vsMstellar diagram, we dissect how galaxy proper-

ties evolve as they go from the BC to the RS. An important feature is
the plateau followed by an increase we find in age for galaxies in clus-
ters. It is characterized by a low peak density, which means that each
region composing the plateau has a high FWHM, thus indicating a
mixture of galaxies with several ages in a given slice. The more strik-
ing result the broader distributions, but with increasing peak ages as
we approach the RS tail. In other words, moving from one slice to
the following one just moves the entire distribution towards higher
ages. This is a first suggestion on how the cluster environment feeds
the GV region in a continuous form due to its infall rate. Galaxies
seems then to evolve in a coeval manner from the GV to the RS,
which results in the plateau of equal peak density and increasing age.
Moreover, “the end of the line” is the tail of the RS, for which the
cluster environment accumulates quenched galaxies. With respect to
[Z/H], our results suggests an upper achievable limit due to the lack
of further star formation events when reaching the RS. At last, galaxy
morphology changes towards early-type shapes in just a few “slices”
for both field and cluster environment, which suggests that most of
the morphological transformation (if it happens) takes place in the
green valley region. Finally, the plateau in age occurs exactly when
we find peak densities towards lower values of TType.

4.3 Dependence on Galaxy Stellar Mass

Environmental mechanisms such as RPS and TML depend on both
environment and galaxy halo mass. More massive galaxies are ex-
pected to be less prone to environmental effects of cluster environ-
ments. Here we use galaxy stellar mass as a proxy for full galaxy
mass. In this section, in addition to the field-cluster separation, we
separate galaxies according to stellar mass bins, similar to Fig. 5.
We then follow the same procedure as Figs. 6 and 7. The results are
presented in Fig. 8. The stellar mass bins are chosen to guarantee
robust statistics in every slice, while probing a sufficient variation to
observe possible galaxy stellar mass related effects.
Our results suggest that galaxies in different stellar mass bins expe-

rience different galaxy property variations during the same transition
in the SFR vs.Mstellar plane. In panels [a], [b] and [c], the BC galaxy
age distribution peaks are increasing with increasing stellar mass.
Namely, for low mass galaxies (panel [a]), the top BC (first “slice”)
age distribution peaks at ∼ 1.5 Gyr, while it peaks at ∼ 2 and ∼ 3
Gyr for intermediate (panel [b]) and high (panel [c]) mass galaxies.
We find similar trends for [Z/H]. Panels [d], [e] and [f] indicate an
increasing peak density of [Z/H] with increasing stellar mass, which
indicates an excess of galaxies with higher metallicity ([Z/H] > 0.0)
at the end of the RS (“last slice”). With respect to morphology (pan-
els [g], [h] and [i]), the low mass bin is the only case where the peak
density in the BC is greater than those at the end of the RS. The peak
density at the end of the RS increases towards greater masses.
After describing differences with respect to stellar mass, we now

focus in the comparison between cluster and field systems. Although
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Figure 6. This image is originally a GIF. The image seen is the last frame/slice of the following procedure for cluster galaxies: 1) select galaxies within the solid
black line slice highlighted in panel [a]; 2) build a probability density histogram for each property (Age, [Z/H] and TType). In this case, we use the Scott criteria
(Scott 1979) to define the bin size in order to account for different number of points in each slice; 3) for each case we create a normalized epanechnikov kernel
density estimate with bandwith set to 1.5 times the histogram bin; 4) we then estimate the peak density, FWHM and related errorbars using a bootstrap technique
(with N = 1000 repetitions) for each slice. The curves in panels [b], [c] and [d] are the evolution of the peak density (large panel) and FWHM (miniature panel)
as we progress from the top most slice to the bottom one. We color points and histograms according to the region in which the slice is (BC - blue, GV - green,
RS - red). For completeness, as we evolve from top to bottom slice, we maintain the distributions from previous slices, which is shown as faded gray in each
plot. The purple lines in panel [a] denote the slice containing the SFMS, which we then use the ΔSFMS to report our results. In the same panel, we also add an
arrow indicating increasing ΔSFMS. Finally, in panel [d] we stress through a black arrow the significant TType transition experienced by galaxies during the
GV. Due to the use of a normalized kernel, there is a relation between peak density and FWHM, namely increasing peak density means decreasing FWHM.

similar for low mass galaxies (panel [a]), age distribution peaks for
intermediate (panel [b]) and high (panel [c]) mass galaxies in clusters
reach older ages at the end of the RS in comparison to their field
counterparts, despite starting roughly at the same peak density in the
beginning of the BC. On the other hand, [Z/H] differences in peak
densities happensmostly in the beginning of the BC (atΔSFMS > 0).
Clusters galaxies have lower [Z/H] peak densities in comparison to
the field in the first ∼ 1 − 2 slices. However, they converge roughly
to the same peak density as we approach the RS tail. Finally, we
do not find significant differences regarding morphology (TType).
This suggests that the differences between field and cluster galaxy
properties are mostly relevant in massive systems, which probably
are more efficient in using stellar feedback to form new stars when in
low density environment, whereas the cluster environment removes

the galaxy’s gas and prevents further star formation. This results in
the plateau (more mixed distribution) in age observed for the field at
the end of the RS in comparison to cluster environment.

Again, we stress that, in this case, we are not tracing the environ-
mental/internal quenching mechanism itself, but the variations on
galaxy properties with respect to location in theMstellar vs. SFR dia-
gram. The trends we find for different stellar masses are in agreement
with works indicating that more massive galaxies are less affected
by their environment in comparison to low mass systems (e.g. Peng
et al. 2010, T20), which is expected since moremassive systems form
and assemble their stellar population at earlier times. Interestingly,
in panel [a] of Fig. 8 we do not find significant differences between
cluster and field galaxy ages. This may indicate: 1) in the field, AGN
and stellar feedback driven gas outflows are sufficient to quench low
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Figure 7. The same as Fig. 6, but for field galaxies.

mass galaxies, which is in agreement with T20; 2) the similar start
and end points we observe indicate the cluster environment causing a
more rapid quenching, while low mass galaxies have a similar “fate”
indistinctly of the operating mechanism. The more striking results
concerning cluster vs. field systems are those for intermediate and
high mass galaxies in the RS, for which we find more broader age
distributions for the tail-end RS galaxies in the field in comparison to
clusters. This may follow from more massive systems in the field be-
ing able to produce a small amount (small enough to be RS galaxy),
that otherwise is shutdown when in clusters due to the presence of
environmental quenching mechanisms. Additionally, an important
result comes from the TType panels [g], [h] and [i], namely galax-
ies suffer a rapid morphological transition in a single “step” of the
GV. This provides further insight on whether SFR or Morphology
changes “faster”. Thus, a pivotal tool to understand galaxy is evolu-
tion especially in clusters is the focus of the next section: the infall
time.

5 ENVIRONMENT AT WORK: CUMULATIVE
QUENCHING IN GALAXIES

Environmental quenching include multiple mechanisms which are
inherently non-linear and complex. A fundamental parameter to un-
derstand how long a galaxy has been experiencing the cluster en-
vironment, traced by the time since infall. An important difference
between galaxies experiencing the cluster for the first time and long-
time members are their orbits. This fact translates to a well defined
trajectory in the Phase-Space (see Fig. 1 of Rhee et al. 2017), which
enables an estimate of the infall time from galaxy position in the
Phase Space. However, observationally we are limited to the pro-
jected phase space (PPS), but combined with N-body and cosmolog-
ical simulations we can relate the galaxy’s location in the PPS and
time since infall.
We build PPS diagrams following the prescription of Rhee et al.

(2017). The x-axis correspond to the projected radial distance and
y-axis the velocity along the line of sight, both with respect to the
clustercentric coordinates. We normalize the x and y-axis by the
cluster’s virial radius and velocity dispersion, respectively, in order
to enable comparisons between clusters with different properties and
create a stacked version of the PPS. With respect to the relation be-
tween location in the PPS and infall time, we adopt the “New Zones”
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Figure 8. The resulting curves of the same procedure shown in Figs. 6 and 7 for cluster (filled circle) and field (white-faced squares) galaxies according to their
stellar mass (each column). Colors denote if galaxies belong to BC (blue), GV (green) or RS (red). While the large panels display the peak of the normalized
epanechnikov kernel density distribution as galaxies progresses from BC to RS, the inset in each panel shows the FWHM variation for each case.

(PNZs, hereafter) presented in Pasquali et al. (2019). In this case,
time since infall is defined as the time since galaxy first crossed the
virial radius. They used the YZiCS simulation to define quadratic
functions fitting the observed time since infall distribution in the
PPS. However, their region 7 is quite narrow and thus we decided to

join regions 6 and 7 into a single region characterized by the mean
infall time of both regions (see their Fig. 4 and Table 1). The PNZs are
defined within one virial radius, thus the following analysis is limited
to this radial limit. Still, a word of caution is needed regarding the
way the PPS is discretized. Backsplash galaxies – galaxies that have
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already completed their first pericentric passage and were thrown
back to the cluster outskirts – may influence our results when we
examine the PPS since this population may suffer partial quenching
in comparison to those first infalling. Even with cosmological simu-
lations, the location in the PPS dominated by backsplash galaxies is
not well defined. For instance, backsplash galaxies are mainly found
in the [1 < R/R200 < 1.5] × [0 < |VLOS |/𝜎LOS < 1] region, but
even in this region they only account for 30% of the whole galaxy
population (Mahajan et al. 2011). An important feature of our anal-
ysis is the limitation to 𝑅/𝑅200 = 1, which we expect to minimize
the effect of backsplash galaxies. Sampaio et al. (2021) conclude that
backsplash galaxy property distributions do not strongly affect the
PPS based results.

5.1 Galaxy Properties as a Function of Infall Time

We use the mean infall time of each PNZ to establish how galaxy
properties evolve when infalling into clusters. We separate galaxies
according to the same stellar mass bins of Fig. 5, but here the anal-
ysis is limited to galaxies within one virial radius. We compute the
galaxy property median value in each of the 7 PNZs. To estimate
the associated variance, we use a bootstrap technique: 1) we select
N values of the observed distribution in a random way and with re-
placement; 2) We calculate the variance using the interquartile range
as Q𝜎 ∼ 0.7407 × IQR; 3) we repeat this procedure 1,000 times; 4)
we then define the variance as the median of the Q𝜎 distribution.
We present the results for TType, sSFR, [Z/H] and age in Fig. 9.
For comparison, we add the median values of the field sample as
colored stars. As a first approximation, we quantify variations and
differences via a linear fit. However, this is only a first approximation
and does not take into account the full behavior of the relations. We
present the results for the linear fits in Table 5. First, we notice how
field galaxies are younger, more star-forming, more metal-poor and
higher TTypes (LTGs) in comparison to those in clusters, irrespec-
tive of stellar mass. Moreover, differences are larger with increasing
stellar mass.
Next we detail the observed trends in Fig. 9. With respect to TType

(panel [a]), themoremassive galaxies (purple and orange) have early-
type morphologies, irregardless of the time since infall. This trend
is even more evident for galaxies with higher stellar mass, which
at tinf ∼ 1.42 Gyr have TType<-2. On the other hand, less massive
galaxies (cyan) show a quick transition from late-type to early-type
morphology. Namely, we find a ΔTType ∼ 3 in Δtinf ∼ 1Gyr. In
panel [b], we find similar trends for sSFR, which is almost constant
for more massive galaxies and indicate more significant variations
for the low mass regime. Furthermore, regarding low mass systems,
the variations in TType and sSFR as a function of the time since
infall, have a steeper slope (see Table 5) for the former one. This is
in agreement with galaxies reaching early-type morphologies before
being full quenched.We focus exclusively on this topic in Section 5.2.
With respect to [Z/H] (panel [c]), more massive galaxies have little
variation with time since infall, suggesting these galaxies already
reach their upper metal enhancement limit and lack gas for further
star formation events. On the other hand, an important result is the
trend we find for low mass galaxies. Namely, low mass galaxies
show an increase in metalrichness at times of of ∼ 1.5 − 2.5 Gyr
since infall and then level off to a constant value. This may indicate
that galaxies quickly lose their gas component due to environmental
effects, which prevents further enhancement inmetallicity and results
in the observed plateau at lower [Z/H]. Yet, the results in panel
[d] are a consequence of the Age-Metallicity relation, in which the
increasing [Z/H] means increasing age.

Table 5. Resulting slope and intercept of a linear fit for each curve in Fig. 9.

X = log(Mstellar) y = ax + b TType
log(sSFR)

[yr−1]
[Z/H]

Age

[Gyr]

9 ≤ X < 10
a −0.60 ± 0.12 −0.26 ± 0.03 0.032 ± 0.011 0.45 ± 0.08

b 2.98 ± 0.47 −9.83 ± 0.11 −0.281 ± 0.036 1.96 ± 0.30

10 ≤ X < 11
a −0.17 ± 0.03 −0.07 ± 0.01 0.007 ± 0.001 0.40 ± 0.05

b −1.01 ± 0.14 −11.62 ± 0.02 −0.02 ± 0.004 5.57 ± 0.21

11 ≤ X < 12
a −0.09 ± 0.03 −0.07 ± 0.02 0.002 ± 0.002 044 ± 0.08

b −1.82 ± 0.13 −12.07 ± 0.07 0.072 ± 0.008 7.15 ± 0.33

The evolution of galaxy properties with time since infall depends
strongly on galaxy stellar mass. Less massive systems are more af-
fected by environmental effects, namely we find, for the same infall
time interval, increasing variations with decreasing stellar mass. We
investigate via a linear fit (as first approximation) that galaxies with
different stellar mass reach the cluster environment with significantly
different properties. This can be seen by the differences in the inter-
cepts shown in Table 5, in which all the intercepts are, at least, more
than 1𝜎 different between galaxy population with different stellar
mass. We find evidence of galaxies reaching an asymptotic value in
[Z/H], which decreases with decreasing stellar mass. Additionally,
an important feature is the time it takes for the galaxy properties
to reach the asymptotic value. We find that more massive galaxies
reach more rapidly a constant value than low mass systems. This is
directly related to how environment affect galaxy star formation. A
quick halt of star formation disables further metal enrichment for
the stellar component, resulting in an asymptotic value. The differ-
ences between the asymptotic value for different stellar masses then
may be related to the amount of gas available for removal in these
systems. Therefore, our results show how morphological and sSFR
transitions happens at a different pace. Exploring the slope of the
relations, we find that changes in TType are always steeper in com-
parison to sSFR. However, the difference depends on the galaxy’s
stellar mass too. This is an important piece of evidence on whether
morphology or sSFR changes “faster” when galaxies infall in cluster
environments, as discussed in the next section.

5.2 Addressing Variations in Morphology and Star Formation
Rate

In this section we focus strictly on clusters to address the question
of whether infalling galaxies reach their “final stage” in morphology
or sSFR first? To do so we use the relations of TType and sSFR
as a function of infall time. This way we can trace variations in
TType and sSFR for a fixed time interval. We divide galaxies just as
in Section 5.1 to probe both stellar mass driven and environmental
effects. We present the results in Fig. 10. Each point of each color
corresponds to a single PNZ and, consequently, to a given time since
infall. Colors represent the same stellar mass bins as Fig. 9 (see
legend in Fig. 10). At the bottom right we show the associated mean
errors. We also include an illustrative arrow indicating the increase
of infall time according to our results. The red dashed line represents
the separation between LTGs and ETGS. Lastly, the grey dashed
area and its width are the result of a spline fit and the 1𝜎 error,
respectively.
As an overall trend, more massive galaxies first infalling in the

cluster environment have TType smaller than zero and low sSFR.
We find decreasing overall variations in both sSFR and TType with
increasing stellar mass. A linear fit in the TType vs. sSFR relations
results in slopes of 2.74± 0.36 and 1.51± 0.43 for the high (orange)
and intermediate (purple) stellar mass galaxies. In the former case,
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Figure 9. Relation between galaxy properties and time since infall. We present the relations for TType (left), sSFR (center-left), [Z/H] (center-right) and age
(right). We divide galaxies according to their stellar mass (cyan, purple and orange colors). See panel [a] for the stellar mass intervals.

Figure 10. Relation between TType and sSFR for a fixed interval of time
since infall ( 5 Gyr). Each point represents the median TType and sSFR for a
single PNZ (and hence infall time) in the PPS. In other words, we compress
the results regarding TType and sSFR shown in Fig. 9 in a single space,
since they roughly cover the same time since infall range. We divide galaxies
according to stellar mass (cyan, purple and orange). We present the mean
errors in each case in the lower left corner. The colored arrows illustrate
increasing infall time for each stellar mass bin. We add a spline fit and 1𝜎
error as a grey dashed area. The median values of the field counterpart is
displayed as the colored stars and the separation between LTGs and ETGs is
denoted by the red dashed horizontal line.

galaxies already enter the cluster as ETGs and then environmental
effects (excluding mergers) do not cause significant variations in
either TType or sSFR. Fig. 10 results show unequivocally a higher
variation in both TType and sSFR for less massive galaxies, which
are more affected by the environment. Galaxies appear to have an
especially rapid change in their morphology. However, comparing
morphology and sSFR is not straightforward. We then make use of
the fixed Δtinf to detail these trends. Quantitatively, in a Δtinf ∼ 1
Gyr, lowmass (cyan) galaxies experience a variation in TType (sSFR)
corresponding to ∼ 60% (∼ 28%) of the variation observed during

the entire Δtinf ∼ 5 Gyr. Finally, it is noticeable that low mass
galaxies reach the TType = 0 before being completely quenched.
Our results hence provide strong evidence of, with decreasing stellar
mass, morphology rapidly changing due to the environment, rather
than sSFR.

6 DISCUSSION

6.1 How Galaxies Evolve in Different Environments?

A pivotal aspect of this work is exploring galaxy properties in the star
formation vs stellar mass plane, which is widely used to understand
galaxy evolution (Lara-López et al. 2010;Wuyts et al. 2011; Ciambur
et al. 2013). By dividing galaxies into three stellar mass regimes13,
we present in Fig. 3 an increasing prominence of the star formation
peak with decreasing stellar mass. This is in agreement with works
suggesting a different star formation history for galaxieswith different
stellar mass (e.g. Lara-López et al. 2010; Smethurst et al. 2017).
Namely, more massive galaxies formed most of their stars at higher
redshifts. Additionally, our results from Fig. 4 indicate that most of
the star formation in the local universe happens in field galaxies, i.e.
galaxies in isolation. The higher fraction of star forming galaxies in
the field compared to cluster at all stellarmasses suggests that internal
mechanisms have longer time-scales to fully quench star formation
in galaxies.
Exploring field and cluster galaxy properties in each region of

the star formation rate vs stellar mass plane, we find increasing dif-
ferences with increasing stellar mass. In particular, RS galaxies in
the field are younger than those in clusters. With the age estimate
adopted in this work, so our results indicate a more recent episode
of star formation in the field population in comparison to its cluster
counterpart. Balogh et al. (1999) compare cluster and field galaxies
at z∼0.3 and showed the spectral differences between the two pop-
ulations, especially in the D4000 break, favoring larger breaks for
cluster galaxies. Additionally, early-type field galaxies in the local
universe (z<0.044) are less massive and younger than their counter-
parts in clusters, despite similar spectroscopic characteristics (Khim
et al. 2015). These three results are in agreement and points to early-
type (mainly in the red sequence) field galaxies having a more recent
episode of star formation in comparison to those in clusters. After

13 1) High Stellar Mass: 11 ≤ log(Mstellar/M�) < 12; 2)Intermediate
Stellar Mass: 10 ≤ log(Mstellar/M�) < 11; and 3) Low Stellar Mass:
9 ≤ log(Mstellar/M�) < 10
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reaching the red sequence, field galaxies are still able to reuse stellar
feedback-enriched gas to form new stars, while in clusters environ-
mental effects may remove this component preventing further star
formation episodes. The comparison presented in panels [b], [e] and
[h] of Fig. 5 indicates that stellar metallicity does not differ signifi-
cantly (especially in the red sequence) between galaxies in clusters
or in the field. Despite the difference we find in age, galaxies seems
to converge to ∼0.1 solar metallicity. This may indicate an upper
limit of metal enrichment for galaxy stellar population, which has
been proposed for galaxies in “mini-halos” (Cen 2017). Also, the
upper limit may be an artificial effect due to the SSP base used in the
spectral fitting, which must be further investigated in a future work.

6.2 Evolution of Galaxy Properties in High Density
Environments

By focusing on clusters, we detail how high density environments
affect galaxy evolution. An important feature of galaxy quenching
in clusters is the dependence on both host halo and galaxy stellar
mass. Following previous works, we present two conclusions prior
to our discussion: 1) quenching of massive galaxies relies mostly on
internal processes (Peng et al. 2010); and 2) just as environmental
effects, gas outflows are increasingly relevant with decreasing stellar
mass (T20). First, exploring Figs. 6 and 7 we detail the path towards
the red sequence for field and cluster galaxies; and in Fig. 8 we do the
same, but dividing galaxies according to stellar mass. We summarize
our results as follows:

• The normalized distribution for cluster galaxies’ age is highly
peaked at low ages during the blue cloud, which then evolves to a
broader distribution during the green valley and in the beginning
of the red sequence. During the red sequence phase, age is a broad
distribution over a range of 5 Gyr and increasingly progresses to
higher ages at each step in ΔSFMS and then gets narrower and
peaked at ∼ 10 Gyr at the end of the red sequence;

• Metallicity and TType follow opposite trends in comparison
to those found in age. Namely, the distributions in the blue cloud
are broader and become narrower towards a single value as galaxies
evolve towards the red sequence;

• In the field case, we find similar trends. However, in comparison
to clusters, we find broader age distributions at the end of the red
sequence. Also, the age at the end of red sequence peaks at a slightly
lower value than in clusters (∼ 9 Gyr);

These results are related to the differences in how environmental
mechanisms affect galaxies in comparison to those in the field. Fol-
lowing T20, the amount by which stellar metallicity is enhanced dur-
ing quenching depends on the acting mechanism. Galaxies quenched
via slow processes have time to increase their metallicity, while fast
processes remove most of the remaining gas component in a short
time-scale, preventing further enhancement in metallicity. This is in
agreement with our results. The lower value of [Z/H] we find for low
mass galaxies (Fig. 9) even after ∼ 5Gyr may be related to ram pres-
sure stripping removing the galaxy’s gas component, which is con-
siderably more metal-poor than the massive counterpart. Regarding
age, galaxies have a well known bimodal distribution. Investigating
different slices of the star formation rate vs stellar mass plane, we
find a constant peak value for age distributions after the green valley
region.
We interpret the results above as follows: quenching results in a

mixture of galaxies with different ages, seen as broader distributions;
this mixture of galaxies half-way to the full quenching then evolves

in a coeval way, for which we see displacement of the age distri-
bution as we approach the bottom of the red sequence; at the end,
galaxies have an upper limit in age, for which we note the cumulative
effect forming the second peak of the distribution. However, a word
of caution is needed due to the green valley definition. Although
our results seems at first to be inconsistent with the current green
valley, this apparent contradiction only reinforces how defining blue
cloud, green valley and red sequence is far from trivial. Our results
may indicate that these regions need more galaxy properties to be
taken into account in order to provide a robust definition for a wide
range of galaxy population and different redshifts. Besides, the com-
monly adopted definitions are not directly related to all the physical
processes affecting galaxy evolution. Yet, our results need to be com-
pared to different green valley definitions. Throughout our analysis
we define the green valley following T20, which traces mostly recent
star formation episodes. Another option is to a use more stellar popu-
lation based definition, such as Angthopo et al. (2019) and Angthopo
et al. (in prep.). For instance, galaxy property variations in differ-
ent regions of the star formation rate vs. stellar mass plane depend
on stellar mass. Exploring Fig. 8 we see higher variations in stellar
population properties during the green valley for low mass galaxies.
This increases the complexity of defining the green valley region for
galaxies. If we want a definition of the green valley that clearly iden-
tifies galaxies undergoing a transition from star forming late-type
to quenched early-type galaxies then we need a more sophisticated
definition. It is therefore important to ask what characterizes a green
valley galaxy. We thus suggest the green valley galaxies to be charac-
terized by: 1) mixed distributions of galaxy properties; 2) it is where
we notice the morphological transition (if happening) from late to
early type (Figs. 6 and 7); 3) reduction in star formation at a given
rate as a function of stellar mass; 4) increasing age and [Z/H].

6.3 Morphological Transition Prior to Star Formation
quenching?

Whether morphology or star formation is first affected by the en-
vironment for an infalling galaxy has came to focus recently (see
Martig et al. 2009; Kelkar et al. 2019). In this work we provide ev-
idence of galaxies quickly changing morphology after entering the
cluster, while their star formation rate keeps decreasing for a longer
period. Dividing the star formation rate vs stellar mass diagram into
slices of ΔSFMS, we find that, by the end of the green valley, the
morphology distribution has a slight peak at early-type shapes, which
then becomes extremely prominent as we approach the middle of the
red sequence. This is trend we find at all stellar massess (panels [g],
[h] and [i] of Fig. 8).
Furthermore,we use the projected phase space to address this ques-

tion more directly. We relate the location in projected phase space
with time since infall to study how morphology and specific star for-
mation evolve. Our results provide further evidence that morphology
is affected more quickly in comparison to specific star formation rate
(Figs. 9 and 10). However, the time it takes for the morphological
transitions depends on stellar mass. Most of the more massive galax-
ies already reach cluster environment with early-type morphologies,
whereas the more drastic transition is seen for low mass systems.
In particular, for low mass galaxies, the morphological transition
happens in a time scale of ∼1 Gyr, while specific star formation de-
creases for ∼3 Gyr. After the transition towards ETG morphology,
new quenching mechanisms can become important, such as mor-
phological quenching. The stellar component evolution from disk to
spheroidal shape may prevent gas density instabilities, which then
prevents further star formation episodes.
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6.4 The Delayed-Then-Rapid Quenching Scenario

In this section we interpret our results in the context of the Delayed-
Then-Rapid Quenching Model (Wetzel et al. 2013). According to
this model, galaxies experience a delay phase after reaching the
cluster environment, which takes around 1-4 Gyr, depending on the
galaxy’s mass (Maier et al. 2019; Rhee et al. 2020). After the delay
phase, galaxies are rapidly quenched mainly via a combination of
environmental effects. Roberts et al. (2019) indicate that ram pressure
efficiently remove galaxy’s gas component after galaxies reach a
given ICM density. Prior to crossing the virial radius for the very
first time, galaxies experience starvation and tidal mass loss. The
former is identified as one of the main quenching mechanisms on
long time-scales. Rhee et al. (2017) suggest that, on long time-scales,
galaxies lose a large fraction of their mass due to tidal mass loss. Our
results indicate that galaxies have an almost constant age (panel [d] of
Fig. 9) for Δtinf ∼ 2.5 Gyr, which then increases in the last few Gyr.
This result is in agreement with the expectation of the delayed-then-
rapid quenching model. The more striking results for high stellar
mass galaxies is the evidence of less environmental effect due to the
dependence of effects, such asRamPressure, on galaxymass. In other
words, we find an increasing environmental effect with decreasing
stellar mass.
Starvation and tidal mass loss are processes that cause significant

variations in star formation only on long time-scales. Our findings
showsmorphology varyingmore rapidly than specific star formation.
Quantitatively, we find a variation from TType∼3 to 0 in a time inter-
val of 1 Gyr (Fig. 9, panel [a]), which then remains roughly constant.
On the other hand, the plateau in specific star formation rate hap-
pens after tinf ∼ 3 Gyr. This indicates that galaxy reach their “final
state” in morphology before they are fully quenched. Furthermore,
the time interval for morphological transformation is comparable to
the expected for the slow phase of the delayed-then-rapid quenching
model. Maier et al. (2019) compare the observed fraction of star
formation as a function of the clustercentric radius with the predic-
tions from the Millenium simulation and constrain the “slow” phase
time-scale to be 1-2 Gyr. We interpret this as an evidence that, during
the slow phase, galaxies are mostly morphologically affected, while
the specific star formation rate keeps decreasing at a slow pace. Af-
ter the slow phase, environmental effects remove the remaining gas,
which quickly halt star formation of the, already early-type, galaxy.
This process is increasingly relevant for decreasing stellar mass. It is
important to stress that our claims contrast with those presented in
Kelkar et al. (2019), which use the presence of late-type galaxies in
the virialized region of the PPS to argue that morphology is changed
only after the quenching of star formation. However, we highlight
how galaxy properties strongly depends on redshift, their work fo-
cuses on systems at 0.4 ≤ z ≤ 0.8 in comparison to the low redshift
sample we adopt here.

7 CONCLUSION AND SUMMARY

In this paper we investigate the dependence of galaxy evolution on its
host environment and provide a detailed view of the galaxy transition
from the Blue Cloud to the Red Sequence. We use a sample of cluster
member galaxies from an updated version of the Yang Catalog. In
addition, we identify a field sample from the SDSS-DR7 database by
finding all galaxies located at least 5 R200 away from any structure
with log(Mhalo/M�) ≥ 13 listed in the Yang catalog. First, we
recover a series of already known results regarding cluster vs. field
galaxies and explore the mass dependence of such results.

We then compare galaxy property distributions for galaxies in the
Blue Cloud, Green Valley and Red Sequence according to their stel-
lar mass and host environment. Red Sequence and Green Valley field
galaxies hosted more recent episodes of star formation in compari-
son to their counterparts in clusters, for which we find an increasing
relative difference with increasing stellar mass. These differences are
then confirmed by dissecting the diagram in 17 different slices of
ΔSFMS. This may indicate that massive systems in the green valley
and red sequence are able to keep a small amount of star forma-
tion, otherwise halted in dense environments. We suggest that field
galaxies are more prone to reuse their gas content, which would be
removed in clusters, which also prevents further metal enhancement.
Additionally, the greater difference is found in high mass galaxies,
which appears to be more efficient in reusing stellar feedback. Our
analysis provides additional observational evidence of a considerable
fraction of galaxies undergoing a transition from early to late-type
morphologies in the Green Valley. Yet, it is important to stress that
galaxy evolution is not linear and galaxies can reform a disk after a
merger (Pontzen et al. 2017).
We directly assess how infalling galaxy properties vary as a func-

tion of infall time through the projected phase space. Galaxies with
different stellar masses enter the cluster environment with different
properties, for which we note an increasing environmental influence
with decreasing stellar mass. We highlight the following results:

• Low mass galaxies infalling in clusters in the local universe
suffer a quick (∼ 1 Gyr) morphological transition (LTG to ETG) just
after crossing the virial radius for its very first time, while specific
star formation keeps decreasing for a longer period of time (∼ 3Gyr);

• Different stellar mass galaxies reach distinct plateau values in
stellar metallicity, which are increasing for increasing stellar mass.

Finally, in the context of the “delayed-then-rapid” quenching model,
we suggest that the delay phase is mostly characterized by morpho-
logical transition, while star formation rate decreases at a slower
pace. After, a combination of environmental effects (Ram Pressure
Stripping, for example) further quench low mass galaxies by remov-
ing most of their gas content in a short time-scale (∼ 1 - 3 Gyr). In
particular, we interpret our results regarding stellar metallicity to fol-
low directly from environmental quenching mechanisms removing
all the gas of less massive, more metal-poor galaxies and disabling
further metal enhancement via star formation in these systems.
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APPENDIX A: CLUSTER DYNAMICAL PROPERTY
ESTIMATES

In this Appendix we briefly describe how virial mass, virial radius
and velocity dispersion are estimated for each cluster. The velocity
dispersion is estimated using the shiftgapper output final members
list. Depending on the number of member galaxies, the cluster ve-
locity dispersion estimate is then derived using gapper (N<15) or
biweight (otherwise, Beers et al. 1990) estimators, which is then cor-
rected for velocity errors following (Danese et al. 1980) and resulting
in a first estimate of the “projected virial radius” (RPV). This radius
is then used to derive a first estimate of virial mass, (Girardi et al.
1998):

MV ∼
3𝜋𝜎2PRPV
2G

, (A1)

where 3𝜋/2 is the deprojection factor and G is gravitational constant.
After, we apply a correction in the mass estimate due to the surface
pressure term, for which we assume a Navarro-Frenk-White dark
matter profile (Navarro et al. 1997, NFW) with concentration given
by

c = 4 ×
(
M

MKBM

)−0.102
, (A2)

where the slope and normalization are taken from Dolag et al. (2004)
and Katgert et al. (2004), respectively. 𝑅200 is then through the
equation (Carlberg et al. 1997)

R200 =
√
3𝜎P

10H(z) . (A3)

Next, it is necessary to apply C-Correction (Girardi et al. 1998) in
order debias the virial mass estimate due to the concentration of
extended objects, such as clusters, which is given by

C = MV4𝜋R3PV
𝜌(RPV)∫ RPV
0

4𝜋r2𝜌dr
[

𝜎P (RPV)
𝜎P (r < RPV)

]2
(A4)

. Therefore, if 𝑀𝑉 is the virial mass after correcting for the surface
pressure term in a volume of radius 𝑅𝐴, 𝑅200 can be written as

R200 = RA
[

𝜌V
200𝜌c (z)

]1/2.4
, (A5)

where 𝜌V = 3MV/(4𝜋R3A) and 𝜌c (z) is the critical density at a given
redshift z. Finally, M200 is calculated by interpolating the the virial
mass from RA to R200.
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