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ABSTRACT

Using stellar population synthesis models to infer star formation histories (SFHs), we analyse pho-
tometry and spectroscopy of a large sample of quiescent galaxies which are members of Sunyaev-
Zel’dovich (SZ)-selected galaxy clusters across a wide range of redshifts. We calculate stellar masses
and mass-weighted ages for 837 quiescent cluster members at 0.3 < z < 1.4 using rest-frame optical
spectra and the Python-based Prospector framework, from 61 clusters in the SPT-GMOS Spectro-
scopic Survey (0.3 < z < 0.9) and 3 clusters in the SPT Hi-z cluster sample (1.25 < z < 1.4). We
analyse spectra of subpopulations divided into bins of redshift, stellar mass, cluster mass, and velocity-
radius phase-space location, as well as by creating composite spectra of quiescent member galaxies.
We find that quiescent galaxies in our dataset sample a diversity of SFHs, with a median formation
redshift (corresponding to the lookback time from the redshift of observation to when a galaxy forms
50% of its mass, t59) of z = 2.8 £+ 0.5, which is similar to or marginally higher than that of massive
quiescent field and cluster galaxy studies. We also report median age-stellar mass relations for the
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full sample (age of the Universe at ts5o (Gyr) = 2.52(£0.04) — 1.66(30.12) logio(M /10 My)) and
recover downsizing trends across stellar mass; we find that massive galaxies in our cluster sample form
on aggregate ~ 0.75 Gyr earlier than lower mass galaxies. We also find marginally steeper age-mass
relations at high redshifts, and report a bigger difference in formation redshifts across stellar mass for
fixed environment, relative to formation redshifts across environment for fixed stellar mass.

Keywords: Galaxy Clusters: High-redshift galaxy clusters — galaxies: quenched galaxies — spec-
troscopy: galaxy spectroscopy — photometry: spectral energy distribution — galaxy evo-

lution: galaxy quenching

1. INTRODUCTION

How and whether a given galaxy undertakes the path
from initial star formation, to quenching, to passive evo-
lution thereafter, is a fundamental question in the field
of galaxy evolution. Studies that characterize galaxy
mass assembly as a function of stellar content, halo
mass, and environment are a path forward in both defin-
ing and solving the problem. Spectral energy distribu-
tion (SED) fitting and stellar population synthesis mod-
eling originated as methods to study populations of el-
liptical galaxies with Tinsley & Gunn (1976). In the
last several decades, with the extensive development of
computational tools, photometry-based SED fitting has
become a pivotal method to measure properties such as
stellar masses, ages, and metallicities of a diverse pop-
ulation of galaxies, allowing us to study mass assembly
in these systems.

This technique has been applied to a wide variety
of spectroscopic, and in particular photometric, data
across a range of galaxy populations that sample an
abundance of intrinsic properties (e.g., star formation
rate, stellar mass, metallicity, ages and environment).
Recent multi-wavelength surveys have been successful in
studying representative samples of quiescent galaxies in
the field up to z > 3 (e.g., Heavens et al. 2000; Cimatti
et al. 2004; Daddi et al. 2005; Gallazzi et al. 2005, 2014;
Onodera et al. 2012, 2015; Jorgensen & Chiboucas 2013;
Whitaker et al. 2013; Fumagalli et al. 2016; Pacifici et al.
2016). These observations have confirmed that the num-
ber density of massive quiescent galaxies in the field has
increased by an order of magnitude since z~2 (Ilbert
et al. 2013; Muzzin et al. 2013; Fumagalli et al. 2016).
Numerous studies also discuss both the timescales of
cessation of star formation, and the likely processes re-
sponsible for quenching, noting that the efficacy of some
of these processes is a strong function of environment
(some recent works include Carnall et al. 2018, 2019a;
Leja et al. 2019a; Tacchella et al. 2021). Ram pressure
stripping is thought to be effective in dense environ-
ments - i.e. the cores of galaxy clusters (Gunn & Gott
1972; Larson et al. 1980; Balogh et al. 2000) — whereas
strangulation of a galaxy’s cold gas supply through a

variety of possible mechanisms, resulting in a slow ces-
sation of star-formation, is operative over a larger range
of environmental densities (Peng et al. 2015). Galaxy
harassment — high speed dynamical encounters that are
particularly common in the cluster environment — also
likely plays a role, and may be particularly effective in
driving the morphological transformation that accompa-
nies the cessation of star formation in quenched systems
(e.g., Moore et al. 1998). Internal feedback processes,
in particular active galactic nuclei (AGN)-feedback, are
also thought to influence quenching (Davé et al. 2016,
2019; Nelson et al. 2019).

As conducting observational longitudinal studies of
galaxies — that track the evolution of galaxies through
cosmic time — is impossible, studies resort to draw-
ing conclusions from observations of different galax-
ies at different redshifts; this approach is challenging
since galaxies sample a diverse set of star formation his-
tories (SFHs). Moreover, recent work (Kelson et al.
2014; Abramson et al. 2016) has shown that imprints
of quenching are not necessarily distinguishable in the
observations of quiescent galaxies. This makes an under-
standing of the evolutionary connection between galax-
ies across time difficult to elucidate in anything but the
bulk statistical properties (e.g., luminosity or mass func-
tions, color distributions, etc.).

When investigating galaxy clusters, we have the op-
portunity to utilise the host cluster halo evolution
- which is well described and understood from even
dark-matter-only simulations (see Kravtsov & Borgani
2012 and references therein) - to connect the cluster
galaxy populations in antecedent-descendant clusters
and hence construct a longitudinal sample of cluster
galaxies. Galaxy clusters are unique environments with
an abundance of observational constraints, and with a
richness of passively evolving galaxies to study. In such
analyses, one must carefully consider the effect of sample
selection; for example, a fixed observational definition of
quiescence applied at different redshifts results in some
degree of progenitor bias (van Dokkum & Franx 2001).

Studies that analyze cluster galaxies (both as individ-
ual objects and in aggregate) at z < 1 suggest that mas-
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sive galaxies in clusters form stars in an epoch of early
and rapid star formation (at z >~ 3), before quickly
settling into a mode of quiescent evolution (Dressler &
Gunn 1982; Stanford et al. 1998; Balogh et al. 1999;
Dressler et al. 2004; Stanford et al. 2005a; Holden et al.
2005; Mei et al. 2006). Thus, observations of clusters at
higher redshifts should sample an epoch where this star
formation — or at least its end stages — is observed in
situ. Several studies of often small heterogeneous sam-
ples of galaxy clusters at 1 < z < 2 have shown high
star formation, AGN activity, and blue galaxy fraction
compared with lower redshifts, as well as an evolving
luminosity function (Hilton et al. 2009; Tran et al. 2010;
Mancone et al. 2010, 2012; Fassbender et al. 2011; Sny-
der et al. 2012; Brodwin et al. 2013; Alberts et al. 2016).
This is evidence that cluster galaxies are undergoing sig-
nificant stellar mass assembly in this epoch, inviting fur-
ther investigation into properties of member galaxies as
well as the intra-cluster medium (ICM) at z > 1.

Studies have compared galaxy cluster environments
with field galaxies to chart the role that these dense en-
vironments and deep gravitational potential wells play
in the transition of galaxies from star-forming to quies-
cent (Balogh et al. 1999; Ellingson et al. 2001; Dressler
et al. 2013; Webb et al. 2020). These studies characterize
ages and SFHs of massive galaxies — both quiescent and
star forming — and infer quenched fractions of galaxies
in these environments.

Despite these successes, some challenges remain, espe-
cially constructing cluster samples across a wide range
of redshifts. This is due to the following reasons. First,
optical, IR and X-ray fluxes — which are observational
tracers of galaxy clusters — become progressively more
difficult to measure at high redshift due to cosmological
dimming (Bohringer et al. 2013; Bartalucci et al. 2018).
Second, to conduct evolutionary studies and character-
ize the precursors of lower-redshift clusters, we need to
study the appropriate antecedents of lower-redshift mas-
sive clusters — which are high-redshift lower-mass sys-
tems. This is a non-trivial sample to build; z > 1 sys-
tems measured with these observations are few in num-
ber (Stanford et al. 2005b, 2012, 2014; Brodwin et al.
2006, 2011; Elston et al. 2006; Wilson et al. 2006; Fisen-
hardt et al. 2008; Muzzin et al. 2009; Papovich et al.
2010; Demarco et al. 2010; Santos et al. 2011; Gettings
et al. 2012; Zeimann et al. 2012; Gonzalez et al. 2015;
Balogh et al. 2017; Paterno-Mahler et al. 2017). Third, a
challenge with optical and IR cluster surveys is whether
the selection of galaxy clusters based on member galaxy
properties systematically affects the studies of the said
galaxies, e.g., while red-sequence selection of clusters has
proven extremely fruitful for finding clusters and groups

across a broad range of mass and redshift, it remains
a concern whether this selection biases our understand-
ing of quiescent (i.e., red-sequence) cluster galaxies, par-
ticularly at higher redshifts. By comparison, an ICM-
selected cluster sample — a mass-limited sample where
the limit doesn’t evolve significantly with redshift — is
likely to be less biased for galaxy evolution studies in
clusters. Clusters discovered via the Sunyaev-Zel’dovich
(SZ) effect with the South Pole Telescope (SPT, Carl-
strom et al. 2002) and the Atacama Cosmology Tele-
scope (ACT, Sifén et al. 2016) provide a nearly mass-
limited sample of clusters with a redshift-independent
mass threshold set by instrument sensitivity. Recent SZ-
based galaxy cluster searches from SPT have revealed
new samples of galaxy clusters at z>~1 (Bleem et al.
2015, 2020; Huang et al. 2020), extending the viability
of SZ-cluster studies to redshift as distant as any other
sample. These samples are now large enough to be a
compelling resource for cluster galaxy evolution stud-
ies (Brodwin et al. 2010; Stalder et al. 2013; McDonald
et al. 2013; Ruel et al. 2014; Bayliss et al. 2016; McDon-
ald et al. 2017; Khullar et al. 2019).

Another challenge in conducting SED-based studies
is tied to how reliably we can interpret physical prop-
erties inferred from photometric observations compared
with spectroscopic data. Studies relying on photom-
etry alone are subject to many challenges, such as
the age-metallicity-dust degeneracy (Worthey 1994; Fer-
reras et al. 1999).

While large photometric samples of galaxy popula-
tions exist ranging from the present epoch to z ~ 2-3
for L*-type (and fainter) galaxies, only in the last two
decades have statistical studies of galaxies with spectra
and SED fitting been conducted, particularly on quies-
cent galaxies at intermediate and high redshifts in the
field (e.g., Juneau et al. 2005; Gobat et al. 2008; De-
marco et al. 2010; Moresco et al. 2010, 2013; Choi et al.
2014; Dressler et al. 2016; Belli et al. 2019; Carnall
et al. 2019b; Estrada-Carpenter et al. 2020; Tacchella
et al. 2021) and clusters (Sédnchez-Bldzquez et al. 2009;
Muzzin et al. 2012; Jorgensen et al. 2017; Webb et al.
2020). Moreover, recent complex numerical simulations
have been able to reproduce many physical conditions
of galaxies and demonstrate hierarchical structure for-
mation (e.g., Springel et al. 2005; Davé et al. 2019; Nel-
son et al. 2019), as well as approximately infer the pa-
rameters of evolution required to connect high-redshift
galaxies to low-redshift descendants. Robust analyses
of spectroscopic data can aid in comparison with these
simulations, as well as inform simulations of galaxies at

high-redshifts (z > 1).
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We conduct here a study of stellar populations
in quiescent cluster galaxies, and the influence of a
systematically-selected cluster environment on the evo-
lution of these member galaxies. We aim to answer the
following questions:

1. On what timescales did galaxies that end up in
galaxy clusters form their stars?

2. How does the cluster environment and location
of a given galaxy within the cluster affect this
timescale?

3. While studying these properties, does the galaxy
cluster selection method matter?

We use 63 SZ-selected clusters from the SPT-SZ Sur-
vey (Bleem et al. 2015, hereafter LB15) across 0.3 < z <
1.4 with extensive spectroscopy (Bayliss et al. 2016;
Khullar et al. 2019), and characterize 837 quiescent
galaxies spectrophotometrically to address the above
questions. Because SZ cluster samples can reach lower
mass thresholds at high redshifts, this SZ cluster sample
connects high-redshift lower-mass antecedent clusters to
low-redshift higher-mass descendents. Here, we study
the evolution of quiescent galaxy population across red-
shift in this antecedent-descendent cluster sample.

This paper is organized as follows. Section 2 lays
out the photometric and spectroscopic data used in this
work, Section 3 describes the quiescent galaxy sam-
ple construction, and Section 4 describes the methods
used in our analysis. Section 5 and Section 6 describe
mass-weighted ages and formation redshifts for individ-
ual galaxies and subpopulations binned by various prop-
erties. We discuss some challenges in this work and fu-
ture directions in Section 7. Finally, we summarise our
work in Section 8.

Magnitudes have been calibrated with respect to the
AB photometric system. The fiducial cosmology model
used for all distance measurements as well as other
cosmological values assumes a standard flat cold dark
matter universe with a cosmological constant (ACDM),
corresponding to WMAP9 observations (Hinshaw et al.
2013). All Sunyaev-Zel’dovich (SZ) significance-based
masses from LB15 are reported in terms of Msggc, 5z i.e.
the SZ mass within Rsgg., defined as the radius within
which the mean density p is 500 times the critical density
pe of the universe.

2. OBSERVATIONAL DATA

In order to perform a comparative analysis on individ-
ual and aggregate stellar populations of quiescent mem-
ber galaxies in our massive galaxy cluster sample, we
combine the low-redshift SPT-GMOS cluster spectro-
scopic sample (from Bayliss et al. 2016, 2017, hereafter

B16 and B17) with spectra from the SPT Hi-z galaxy
cluster sample (Khullar et al. 2019, hereafter K19), to
give us a sample of 63 galaxy clusters from 0.3 < z < 1.4.

For all spectra considered in this work, we ensure that
spectroscopic features being used to characterize SFHs
are consistent across redshift and surveys in the rest
frame. In this study, we use all spectra across galaxies
in the rest frame wavelength range 3710-4120A. To clas-
sify galaxies at the catalog level, and isolate the passively
evolving subset, we use rest-frame [OII] A 3727,3729A
doublet emission lines (blended here) and the D4000
spectral index (ratio of the spectral flux blueward and
redward of the 4000A break); these rest-frame optical
signatures in spectral data are age indicators of stellar
populations and are used for making quiescent galaxy
cuts in our data. Numerous spectral features such as
the CN molecular band, Ca IT H&K X 3968,3934A HJ,
H9, H10 and H11 absorption features are also present in
this wavelength range, and contribute to the full spec-
trophotometric SED fitting.

For all galaxies in our sample, we note environment-
and cluster-specific properties, namely their velocity-
radius phase space locations and the final descendant
mass of the host galaxy cluster. We label each galaxy
with its location in their proper velocities vs. nor-
malized distance from cluster center space (see No-
ble et al. 2013, and Figure 1) to assign a proxy for
galaxy ‘infall time’, in order to compare galaxies that
are at different stages in their trajectory after infalling
into their corresponding galaxy cluster. We also as-
sign Msooc,52,2=0, Which is the inferred final descendant
cluster mass Msggc, 5z at redshift z = 0 (assuming a
halo mass growth history, Fakhouri et al. 2010), and
label our galaxy sample with their membership in clus-
ters with log(Msooc,52,2=0/ M) greater or lesser than
15 (see Figure 2). For further details, we direct the
reader to Section 4.3.

2.1. High-z Cluster Spectroscopy: 1.2 < z < 1.4

The high redshift cluster sample in this work is from
K19, which spectroscopically confirmed five galaxy clus-
ters at 1.25 < z < 1.5. This sample, comprising 5 of the
8 most massive SPT-SZ clusters at z > 1.2, was as-
sembled for a deep Chandra X-ray Observatory X-ray
imaging program (McDonald et al. 2017). We identify
10 of the 44 member galaxies characterized in K19 as
passive (see Section 3), and include them in this work
for analysis on individual spectra, as well as to construct
a higher signal-to-noise ratio (S/N) composite spectrum
for the redshift bin 1.2 < z < 1.4 (see observation details
in Section 2 of K19). Note that only 3 z > 1.2 clusters
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Figure 1. Normalized proper velocity vs. normalized distance of member galaxies in the sample from the nominal cluster SZ
center. Velocities are normalized to the velocity dispersion of the galaxy cluster. Orange points correspond to quiescent galaxies
in the sample, while blue points represent non-quiescent galaxies. (Inset) A histogram of the distribution of phase-space location
(or proxy for ‘infall time’) for all galaxies (blue) and quiescent galaxies (orange), defined as p = Iprojected/T500c X Upeculiar/Ov-
The shaded red region corresponds to galaxies in the ‘early+mixed infall’ subpopulation i.e. p< 0.4.
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Figure 2. log(Msooc,sz/ Mg) vs redshift for 64 clusters in
the High-z and Low-z samples. The black line demarcates the
evolutionary path of galaxy clusters to final cluster mass at
redshift 0 of log(Msooc,52,2=0/ Me) = 15. The cluster sam-
ple is divided into two groups based on this demarcation, to
facilitate a descendant-antecedent analysis of member galax-
ies (Fakhouri et al. 2010) — blue (red) points are clusters
with final descendant cluster mass of log(Msgoc,s2,2=0/ Mg)
<15 ( > 15).

have been shown in Figure 2) - the 10 quiescent galaxies
are member galaxies of these clusters.

The spectra in this sample typically cover the wave-
length range 7500-10000 A in the observed frame, and
the rest-frame range 3710-4120 A is common to all spec-
tra across 1.2 < z < 1.4; the low-redshift spectra sam-
ple’s rest-frame wavelength range is matched appropri-
ately. This dataset has low S/N observations, and these
spectra are dominated in some spectral ranges by sky
background noise associated with sky-subtraction resid-
uals, an artifact of both the data quality and limitations
of the reduction process. Due to the low S/N of the
dataset, getting robust constraints on stellar population
properties is difficult (see Section 4.2 in K19 for a dis-
cussion of constraining redshift uncertainties for these
spectra). We present results from SED fitting of indi-
vidual galaxies with this caveat in mind, but also lean on
results from a stacked quiescent galaxy spectrum com-
prising 10 quiescent galaxies in the sample cut on [OII]
and D4000 identically to the lower-z sample (see Section
3). This cut is more restrictive than that used in K19, in
which an initial stacked spectral analysis was presented.

2.2. Low-z Cluster Spectroscopy: 0.3 < z < 0.9

The South Pole Telescope - GMOS Spectroscopic Sur-
vey cluster sample (SPT-GMOS; from B16 and B17) is a



6 KHULLAR ET AL. 2021

spectroscopic study of 62 galaxy clusters (0.3 < z < 1.1)
from the SPT-SZ Survey cluster sample. The full sam-
ple of spectra contains 2243 galaxies including 1579
galaxy cluster members, confirmed in B16 and B17 via
interloper exclusion and a velocity-radius phase space
analysis (e.g., see Rhee et al. 2017; Pasquali et al.
2019and references therein). The data set used here
consists of 1D flux calibrated spectra, redshifts, posi-
tions, velocity dispersions, equivalent widths of spectral
features([OII],Hd) and the spectral index D4000. This
sample contains one cluster between 0.9 < z < 1.1 —
SPT-CL J0356-5337 at z = 1.03 — with only 8 spectra
of interest. We remove this cluster from consideration
in this study; our analysis would require 0.9 < z < 1.1
to be a single cluster redshift bin with 8 quiescent galax-
ies, which can significantly bias the results inferred from
this bin.

EW[OI]]

—9 I I I I 1
8.75 1.00 125 1.50 1.7 200 225 0 200

D4000

Figure 3. Distribution of equivalent width EW[OII] vs
spectral index D4000 for sample galaxies (blue) and galax-
ies classified as quiescent in this work (red). EWJ[OII] vs
D4000 is used here as an indicator for quiescent vs non-
quiescent (actively star-forming, starburst or post-starburst)
galaxies. Horizontal and vertical lines demarcating regions
in the equivalent-width phase spaces are taken from Bruzual
A. (1983) and Balogh et al. (1999) — quiescent galaxies have
D4000 > 1.45 and no detection of an [OII] emission feature
at > 20. We also test a more probabilistic cut for D4000 (i.e.
D4000> 1.45 at > 20), which does not significantly impact
our results.

2.3. Photometry

The flux calibration of the spectra used here suffers
from the usual limits of multi-object spectroscopy of
extended sources: aperture losses that are a complex
function of observing conditions, source morphology and

slit-mask details. Neither of the spectrographs — Gem-
ini/GMOS and Magellan/LDSS3 — that contribute to
these data have atmospheric dispersion correctors, and
hence the flux calibration has potential wavelength de-
pendencies that result from observing multi-object slit-
masks at generally non-parallactic angles and a range of
airmasses.

We use griz photometry for the purpose of doing joint
spectrophotometric SED fitting such that flux calibra-
tion is a fitted nuisance parameter in our analysis. This
correction allows us to calculate robust stellar masses
for member galaxies in our cluster sample, which is a
key property to characterize stellar populations. These
stellar masses aid in making completeness cuts, as well
as in assigning bins for stacking. The methodology, SED
model definitions, and the analysis are described in Sec-
tion 3.

We use available photometry for SPT Cluster galax-
ies used in B16 and B17, taken from a pool of optical
imaging data used for SPT-SZ cluster confirmation and
follow-up (High et al. 2010; Song et al. 2012, LB15).
This contains 1-4 band photometry (griz) for 60% of
member galaxies in our sample. To increase the num-
ber of galaxies for which at least one photometric data
point is available (and hence allowing us to flux cali-
brate the spectra to the photometry and calculate ro-
bust stellar masses), we use additional photometry from
the Parallel Imager for Southern Cosmology Observa-
tions (PISCO; Stalder et al. 2014) catalog described in
Bleem et al. 2020 (uniform depth griz imaging data for
over 500 SPT-selected clusters and cluster candidates).
In summation, of a total of 1251 member galaxies, 978
quiescent galaxies in our sample have photometric data
to supplement spectroscopic analysis.

3. CONSTRUCTING A SAMPLE OF QUIESCENT
GALAXIES

3.1. Spectroscopic Target Selection

B16 and B17 placed slits on targets in the SPT-GMOS
survey as follows: the highest priority was assigned to
candidate brightest cluster galaxies (BCGs), followed by
likely cluster member galaxies that were selected from
the red sequence (identified as an overdensity in color-
magnitude and color-color space) down to an absolute
magnitude limit of M™* + 1 (see Page 14 in B17 for a
detailed description). Within this red-sequence selected
galaxy sample, no magnitude prioritization was used,
so the slits should randomly sample the red-sequence
galaxy population down to the chosen limit. A simi-
lar procedure was followed for the high-z cluster galaxy
sample in K19, though we note that the effective limiting
absolute magnitude is brighter in these distant clusters.
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Figure 4. Noise-masked and resampled rest-frame spectra for all observed galaxies, prior to signal-to-noise, quiescent galaxy
and stellar mass selection, in the cluster SPT-CL J0013-4906 at z=0.41 (colors represent spectra from different member galaxies).

Shaded gray regions represent spectral features of interest in SED fitting (from left to right)

— [OI1] A3727, 3729A doublet, Ca

IT K&H X 3934,3968A and HJ at 4102A. [OI1] and 4000A break are used here to make quiescent galaxy cuts. (Inset) Relative
sorted flux uncertainties per pixel for the same spectra in SPT-CL J0013-4906. The blue vertical lines denote the error threshold
(84th percentile) above which spectral pixels are masked, followed by resampling.

Based on these selection criteria for multi-object slits
and completeness of observations in both the SPT-
GMOS survey (B16, B17) and the SPT Hi-z survey
(K19), we expect the member galaxy spectra to be
least biased and most representative for red or quies-
cent galaxies, with brighter galaxies in a given cluster
being observed with a high signal-to-noise ratio (SNR).
We emphasize here that the B16 cluster galaxy sample
is not mass complete sample, but a representative sam-
ple of quiescent member galaxies in SPT galaxy clusters.
For more details, see Section 6.2.1.

For our SED analysis, we isolate this representative
sample of galaxies by the following cuts in catalog space.

3.1.1. Equivalent Width and Signal-to-Noise ratio

B16 and B17 make informative cuts on quies-
cent,actively star-forming and post-starburst galaxies
using physically motivated spectral indices (we invite
the reader to view Table 3 from B17, and Balogh et al.
1999 for more details). For our main analysis, we use the
B16 and Balogh et al. (1999) data cuts to identify quies-
cent galaxies, as galaxies with no [OII] emission feature
at > 20, and D4000 > 1.45.

We test the distribution of galaxies categorized as qui-
escent with stricter cuts — assuming Gaussian uncer-
tainties on each EW, if a galaxy’s EW (e.g., EW([OII])
is above or within 1o of the “passive” threshold, we la-
bel the galaxy passive; the resulting sample is not signif-
icantly different from galaxies selected via the B16 qui-
escent galaxy cuts on the equivalent widths. See Figure
3 for equivalent width and spectral index cuts imple-
mented in this work.

We also calculate the mean SNR per pixel across
each galaxy spectrum in the wavelength range 3710-
4120, and remove galaxies with SNR<5 from our sam-
ple, since these are mostly galaxies without any robustly
detected spectral features, and/or uncertainties that are
non-Gaussian and dominated by systematic uncertain-
ties due to sky subtraction.

3.2. FExcluding Brightest Cluster Galazies

Our analysis focuses on the evolution and build-up
of stars in the quiescent galaxy population in massive
galaxy clusters, and it is important to note the role
BCGs may play in biasing this analysis. BCGs are ob-
jects evolving through complex pathways near/at the
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center of the gravitational potential in clusters, and at
the hub of merging and feedback activity in the cluster
(Rawle et al. 2012; Webb et al. 2015; McDonald et al.
2016; Pintos-Castro et al. 2019). We treat this popula-
tion of galaxies as unique, dissociated from the quiescent
galaxy analysis that is central to this paper.

Extensive follow-up optical /IR photometry and X-ray
observations for the clusters in this work was undertaken
since the SPT-GMOS Spectroscopic Survey was pub-
lished. These allow robust identifications of BCGs, via
X-ray and IR peak/centroid characterization, through
Chandra and Spitzer data respectively (Calzadilla et al.
in prep). Table 3 in B16 provides a list of candidate
BCGs for the SPT-GMOS sample. These are galax-
ies selected on the basis of their optical/IR flux and
the projected spatial location in the cluster. We find
that only 36 of these galaxies correspond to BCGs iden-
tified via X-ray and IR peak/centroid characterization
through Chandra and Spitzer data respectively. 3 BCGs
in the sample of high-z clusters (z > 1.25) are reported
in K19. These 39 galaxies are removed from the galaxy
sample characterized here. Note that the number of
BCGs excluded is less than the number of clusters, with
the understanding that not all BCGs were spectroscopi-
cally observed/confirmed in the surveys considered here,
or passed our data cuts.

3.2.1. Stellar Mass

We calculate SED fitting-based stellar masses for all
galaxies with available spectrophotometry (see Section
4 for model and analysis details). For galaxies passing
a nominal “quiescent galaxy” threshold (lack of [OII]
emission, D4000 > 1.45), we adopt a homogenous cut
(across redshift) at M > 2x 1019 Mg, that ensures a uni-
form distribution of stellar masses across redshift bins;
this removes a further 102 low-mass galaxies from the
sample. See Section 6.2.1 for more details.

4. METHODS AND ANALYSIS

4.1. Data Preparation

4.1.1. Masking 1D spectral pizels with unreliable noise
properties

In this work, we incorporate data from multiple in-
struments with a wide variety of operational parameters
e.g., type of grism, observational seeing, etc. Moreover,
the 1D spectra in our dataset contain pixels with signifi-
cant sky subtraction residuals. In almost all cases, these
pixels are represented by high noise/uncertainty which
is ascribed as Gaussian, which may not be a robust
assumption, especially for low SNR spectra observed
from high-redshift galaxies, in multi-object slit obser-
vations where either the slit roughness or saturated sky

contributes to poor sky subtraction. See work such as
K19 and the Gemini Deep-Deep Survey (Abraham et al.
2004) for details on artefacts and mitigation strategies.

We mask these pixels in 1D spectra to prevent them
from being taken into account in our SED analysis with
the following framework. For each galaxy, we sort all
uncertainties in increasing order, and attempt to char-
acterise the knee of the uncertainty array, i.e. the value
at which the uncertainty increases rapidly. For the ma-
jority of 1D galaxy spectra, this transition is captured
by ~ 84th percentile pixel in the uncertainty array (see
inset of Figure 4). We mask all pixels between 84th-
100th percentile of the sorted uncertainty array, as well
as adjacent pixels, to eliminate pixels for which the un-
certainty is large and poorly characterized.

4.1.2. Resampling

We resample 1D spectra and corresponding uncertain-
ties to a common rest-frame wavelength grid, which fa-
cilitates both individual and stacked analysis. This is
especially important since our spectra sample a wide
redshift range, and as in any stellar population synthe-
sis analysis it is crucial to avoid biases associated with
non-uniform sampling of absorption line features (e.g.,
Leja et al. 2019b). As mentioned in Section 2, the wave-
length range common to all spectra in our sample is ap-
proximately 3710-4120A (rest frame). The resampling
is performed on each spectrum using SPECTRES (Car-
nall 2017), to a common wavelength range (3710-4120A
rest frame) at 2A /pixel, coarser than both GMOS and
LDSS3 1D spectral sampling. SPECTRES preserves in-
tegrated flux, and propagates uncertainties by calculat-
ing the covariance matrix for the newly binned/sampled
spectra.

See Figure 4 for examples of masked and resampled
spectra from a representative cluster in our sample,

SPT-CL J0013-4906 at z=0.41.

4.2. SED fitting - Spectrophotometry of individual
galazxies

To characterise physical properties of member galax-
ies in our sample, we perform SED fitting to our spec-
trophotometry using the Markov Chain Monte Carlo
(MCMC)-based stellar population synthesis (SPS) and
parameter inference code, Prospector (Johnson et al.
2021). Prospector is based on the Python-FSPS frame-
work, with the MILES stellar spectral library and the
MIST set of isochrones (Conroy & Gunn 2010; Leja et al.
2017; Foreman-Mackey et al. 2013; Falcon-Barroso et al.
2011; Choi et al. 2016).

To test the robustness of our parameter inference and
the model-dependence of physical properties, we fit our
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Table 1. Prospector Analysis: Free Parameters in SED Model A

Parameter Description Priors

Miota1 (Mo) Total stellar mass formed Logio Uniform: [1097 1013]

z Observed Redshift (Mean Redshift from B16 and K19) TopHat: [z — 0.002, z + 0.002]
log(Z/Z) Stellar metallicity in units of log(Z/Z¢) Clipped Normal: mean=0.0, 0=0.3, range=[-2, 0.5]"
tage Age of Galaxy TopHat: [0, Age(Universe) at Zops]

T e-folding time of SFH (Gyr) Log1o Uniform: [0.01, 3.0]

SPE€Croim Factor by which to scale the spectrum to match photometry TopHat: [0.1, 3.0]

o Velocity smoothing (km s™') TopHat: [150.0, 500.0]

(p1,p2,p3)™*

Continuum Calibration Polynomial (Chebyshev)

TopHat: n=3: [-0.2/(n + 1), 0.2/(n + 1)]

NOTE—+ Mean, o and range of the clipped normal priors based on the Mass-Metallicity relation (MZR) from Gallazzi et al. 2005.

x*x Considered as nuisance parameters.

data with a fiducial model (Model A), and a minimal-
ist model (Model B, see Appendix C). In this work, we
specifically use two parametric SFHs — a delayed ex-
ponentially declining SFH (delayed-tau), and a single
burst. These models incorporate physical priors seen in
studies of quiescent galaxies — low specific star forma-
tion rates (sSFRs), and a lack of rising star formation
in galaxies (e.g., see Belli et al. 2019).

e Model A: In this (fiducial) model, we fit as free
parameters the total stellar mass formed (M.,),
the stellar metallicity (log(Z/Zs01)), a delayed ex-
ponentially declining SFH, with age (tq4.) and e-
folding time (7), and an internal smoothing pa-
rameter (o, (km s~!), to account for the contri-
bution of Doppler broadening by stellar velocities,
and resolution of the model libraries). The SFH,
defined as the star formation rate as a function of
time, is given by:

SFR(t,7) o t/7 % e~ t/T (1)

To remove continuum calibration residuals (e.g.,
related to spectral response, flat fielding) from the
spectra, we fit for a spectrophotometric calibration
polynomial (a third-order Chebyshev polynomial;
see Leja et al. 2019b; Webb et al. 2020).

e Model B: Historically, simple stellar population
(SSP) models with instantaneous episodes of star
formation have been employed to characterise star
formation in early-type galaxies. While not phys-
ical, such simple burst models are often assumed
to be a proxy for a passively evolving stellar popu-
lation when observed sufficiently long after a star
forming episode. In order to compare our work
with prior studies, we also fit a minimally com-

plex model, comprising as free parameters the to-
tal stellar mass formed ( M.,) and a single burst age
tage that accounts for all the mass formed. We fix
the metallicity to log(Z/Z) = 0.0 (solar metallic-
ity), and treat the internal velocity smoothing as
a fixed parameter at 0,=280 km s~!. See analysis
and results for Model B in Appendix A.

Both models assume a Kroupa IMF (Kroupa 2001),
and no dust attenuation. Nebular continuum and line
emission are turned off, as these are not expected to have
significant contributions in fluxes of quiescent galax-
ies. Moreover, the flux normalization in our spectra is
uncertain in practice and suffers from aperture losses;
we account for this by including a nuisance parameter
SPeCrorm (spectrum normalization factor)7 to capture
this. We do the fitting in observed wavelength space,
and fit for a redshift parameter with narrow priors to
capture uncertainties in the measured redshift.

There is considerable evidence shown in the literature
that the prior probability densities assumed for the pa-
rameters related to the SFHs significantly impact the
inferred parameter values; a linearly uniform prior in 7
imposes a peaked and more informed prior probability
density on the specific star formation rate (sSFR, the
parameter of interest when fitting an SFH; see Figure 2
in Carnall et al. 2019a). Thus, the e-folding time param-
eter 7 is constrained by fitting with a uniform prior in
log-space, which is seen to be a less informative prior in
sSFR. We implement uniform priors for the age parame-
ter from 0 Gyr to the age of the Universe at the epoch of
observation. The log(Z/Zs) parameter is sampled with
a Gaussian prior, clipped at -2.0 and 0.2. These bounds
are limited by the extent of metallicity sampling in the
MILES and MIST model libraries. The mean and o of
this Gaussian are based on the Mass-Metallicity relation
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Table 2. Binning Criteria and Description

Bin Description No. of Bins Criterion

Observed Redshift, z 4 0.29 < z < 0.45]0.45 < z < 0.61]0.61 < 2 < 0.91]1.2 < 2 < 1.5
Stellar Mass, M. 2 10.3 <logM< 10.9]10.9 < logM < 12.1

Final descendant cluster mass, log(Msooc,s52,2=0/ Mg) 2 logMso0c, finatdese > 15 | logMsooc, finaldese < 15
Phase-space location, p = I'projected/T500c X Upeculiar /0w 2 Early+Mixed infall:p < 0.4| Late infall:p > 0.4

(MZR) from Gallazzi et al. (2005); please see Appendix
A for more discussion.

Within Prospector, we use emcee (Foreman-Mackey
et al. 2013) to sample the posterior distribution of free
parameters in each model, where burn-in, number of
walkers, and number of iterations are selected itera-
tively, until convergence is seen to be reached (via vi-
sual confirmation) in the traces/steps of 32 randomly
sampled walkers.

The details of these models, the model parameter defi-
nitions, and priors used here are laid out in Table 1. See
Section 5.3 for a discussion of analyses using the inferred
SED parameters.

4.3. Binning and stacking quiescent galaxy spectra

To demonstrate aggregate properties of galaxies in our
sample, we calculate median properties for different sub-
populations of galaxies, and we perform stacking analy-
ses on these same sub-populations.

Before considering which galaxy spectra to stack and
the implementation of a robust algorithm to do so, it
is worth noting that stacking can result in biased infer-
ences of galaxy properties, especially in scenarios where
there is a highly non-linear correlation between spectral
flux and the said property (e.g., metallicity evolution
does not scale linearly with flux in any part of a typical
galaxy spectrum). Thus, stacking should be considered
with appropriate caution. That being said, the highest-
redshift galaxies (at z > 1.2) have severe sky subtraction
residuals with non-Gaussian and ill-measured uncertain-
ties, which do not allow us to reliably interpret these
spectra via individual galaxy SED fitting only. More-
over, the galaxies in this subpopulation are at different
redshifts between 1.2 < z < 1.4; each individual spec-
trum is impacted at different rest wavelengths by sky-
lines, allowing the stacking to “fill in” much of the gaps.
Therefore, to boost SNR as well as wavelength cover-
age, stacking provides us with an aggregate indication
of galaxies’ physical properties of interest.

We bin galaxies along the following axes to generate
subsamples for stacking:

e Galaxy Stellar Mass (M.,): as calculated by
SED fitting for a given SFH model.

e Observed Redshift: redshift measured from
spectroscopy (see B16 and K19).

e Final Cluster descendant mass,
log(Ms00c,52,2=0/ Mg): as classified by
simulation-based predictions (Fakhouri et al. 2010;
McDonald et al. 2017) to determine nominal evo-
lutionary paths for SPT clusters across redshift.
We sort clusters based on whether their final clus-
ter mass at redshift 0 (Msgoc,.=0) would fall above
or below the locus for log(Msooc,52,2=0/ Mg )=15
— a value of convenience chosen because it splits
the cluster sample into two approximately equal
parts. In the B16 cluster sample, we anticipate
a uniform distribution of galaxies as a function
of clustercentric radius and redshift and hence do
not further divide the galaxy sample as a function
of radius (the cluster size does not change signif-
icantly across the redshift range 0.3<z<0.9, and
the spectroscopic slit sizes are much smaller than
cluster radii at a given redshift; see Muzzin et al.
(2012).

e Phase-space location: It is common to con-
sider cluster member galaxy properties mapped to
cluster-centric radius (e.g., scaled by r5ooc, I'200¢, OF
virial radius Ry;riqr; Ellingson et al. 2001; Wetzel
et al. 2012; Brodwin et al. 2013; Strazzullo et al.
2019), and stack observations across a wide range
of cluster mass for fixed radius. This has value be-
cause there will be some degree of sorting of galax-
ies by their accretion history i.e., the galaxies first
added to the building cluster will tend to appear
closer to the cluster center and with more recent
additions often observed further out in projection.
In this paper, we choose to use a more direct proxy
for accretion history, namely the infall time p =
rprojected/TSOOc X 'Upeculiar/o—v (NOble et al. 20137
Pasquali et al. 2019). Much like the scaling for
Rs00, the scaling for cluster core size and velocity
dispersion captures the relationship between ob-
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Figure 5. (Top) SED of a massive quiescent member galaxy of SPT-CL J2335-4544 at z = 0.55, shown as flux density (maggies,
Jy/3631) vs. observed wavelength (A). Model fits (blue) to photometry (brown) and spectrum (orange) are shown. (Middle)
Residual (x) values for spectrum and photometry. Photometric data considered here is precise (uncertainties < 0.03 mag).
(Bottom) Zoomed-in version of the spectrum, uncertainty and best-fit model.

served position of the galaxy in phase-space and
the cluster virial radius. We use M5, 57 to com-
pute r500. with cluster SZ centroids, and use dis-
persion o, values as calculated in B16 and B17.
For the spectroscopic sample of SPT cluster mem-
bers in B16, Kim et al. (in prep) have determined
a value of p < 0.4 implies early or mixed infall,
and p > 0.4 implies late infall of the galaxy into
the cluster’s potential well. We use these cuts to

distinguish galaxy subpopulations by their accre-
tion history.

We determine bin boundaries using a number of fac-
tors, e.g., having similar number counts in each stack
bin (for galaxies, as well as clusters), physical consid-
erations (e.g., dynamical infall timescales of galaxies in
clusters to match redshift bin sizes;~ 1-1.5 Gyr), having
> 30 galaxies per bin for a given subsample (except in
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Figure 6. Corner plot with posterior distributions and cor-
relations for inferred parameters in the Prospector SED fit-
ting analysis for a single member galaxy of SPT-CL J2335-
4544 at z = 0.55.

the highest redshift bin). See a summary of bin criteria
and description in Table 2.

To produce a median-stacked spectrum from all of the
spectra that contribute to a chosen bin, we proceed as
follows: First, each spectrum is normalized by the me-
dian flux value between rest-frame 4020-4080A, a wave-
length region lacking any strong spectral features. In
this normalization, as in all other aspects of the stack-
ing algorithm, we consider only the spectral pixels not
previously masked due to uncertain sky line subtraction.
To further guard against outlier pixel values across the
sample that weren’t previously masked, the stacking al-
gorithm exclusively uses median rather than mean val-
ues. At a given pixel in the stacked output spectrum,
the algorithm considers as inputs all unmasked spec-
tral pixels that contribute at that wavelength, each of
which has been renormalized and resampled as above.
To capture the uncertainties on each input flux, while
using median estimates exclusively, the algorithm then
calculates 10000 instances of the median stack by Monte-
Carlo sampling the input flux values with their uncer-
tainties, and taking the median value of each instance.
We take the median (50th percentile) of these 10000 in-
stances as the stacked flux. To calculate uncertainties,
we bootstrap the above process and use the standard de-
viation of the resulting distribution of stacked flux val-
ues at a given pixel as the uncertainty on the above flux

value. Further details of these uncertainty calculations

compared against other methods are given in Appendix
B.

5. RESULTS
5.1. SED Fitting

In Figure 5, we show an example of observed photome-
try, optical spectrum, and the best-fit SED models for a
single member galaxy in the cluster SPT-CL J2355-4544
at z = 0.545, fit via Model A. Figure 6 shows a corner
plot with posterior distributions of the various fit param-
eters. We find the best fit total stellar mass formed to
be Miptar=1.32T018 x 1011 Mg, best-fit metallicity to
be log(Z/Zs) = -0.03759% and the best-fit dispersion
o = 25272 kms™! (instrumental dispersion convolved
with intrinsic velocity dispersion). Under the assump-
tion of a delayed-r SFH, the best-fit age=4.35"}25 Gyr
and 7 = 0.2070 52 Gyr, making this a galaxy that formed

a majority (> 50%) of its stars rapidly at z > 1.5.
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Figure 7. Stellar mass (M,) as a function of redshift for
member galaxies in the SPT-GMOS survey for clusters at
0.3 < z < 0.9, as characterized by an SED fit to individual
galaxies via a delayed-tau SFH model (i.e. Model A, grey
points). We exclude a small fraction of galaxies with masses
<2 x 10"°Mg (logM< 10.3) to create a uniform lower limit
on the galaxy masses and median mass per bin; the quies-
cent galaxies considered in this sample are marked with blue
points. The dotted lines mark the stellar mass and redshift
bins used in this work.

5.2. Stellar masses

Our fitting framework calculates total stellar mass
formed in the duration of each galaxy’s SFH (M;ota1, in
units of Mg). Prospector allows us to model the rem-
nant stellar mass (the parameter of interest) for each
galaxy, accounting for 20-40% mass loss from winds and
supernovae for a given SFH model. Throughout this
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Table 3. Definitions of age metrics used in this work

Parameter Description
Mass-weighted age; lookback time
ts50 from the redshift of observation when

50%of a galaxy’s total stellar mass

Miotar was formed

Age of the Universe when a galaxy has
Age of Universe (t50) formed 50% of its total stellar mass

(for the assumed cosmology)

z (Age of Universe at t50) Formation Redshift; redshift

at Age of Universe (ts50)

work, we refer to the ‘remnant stellar mass’ as stellar
mass, unless otherwise noted (M, in units of Mg, or
log(M/ Mo)).

The median stellar mass for the fiducial model
across the sample is logM = 10.90, with a range of
10.3<logM <12.0 (see Figure 7). The signal-to-noise ra-
tio cut (SNR> 5) implemented here, in combination
with the stellar mass cut, results in a cluster galaxy sam-
ple with a uniform stellar-mass distribution (flat lower-
mass limit and similar median stellar mass per bin) as
a function of redshift (for a discussion on SNR, see Ap-
pendix D). We also note that we keep consistent the
rest-frame optical spectral features that allow us to mea-
sure ages and metallicities uniformly (as noted in pre-
vious sections), while the photometry for each galaxy
— which is a dominant contributor to the calculation of
stellar mass M — samples different portions of a given
galaxy’s SEDs.

We note that for calculating stellar masses in galax-
ies, parametric SFHs such as a delayed-tau model show
a difference of as much as 0.1-0.2 dex when compared
with stellar masses calculated via non-parametric SFHs
(Carnall et al. 2019a; Leja et al. 2019a,b; Lower et al.
2020), though this difference is much more prominent
in samples of star forming galaxies compared with qui-
escent galaxies. We note this potential systematic in
stellar mass, when comparing results in this work with
inferences in the literature.

5.3. Star Formation Histories of Individual Galaxies

Using the delayed-tau SFH model, we constrain the
age and e-folding time (7) of each quiescent cluster
galaxy in our sample. One of the biggest advantages of
a functional form of SFH for a given galaxy is the abil-
ity to physically interpret the different stages of galaxy
evolution i.e. a nominal star formation start time, a
peak of star formation activity, and declining and sub-
sequently quiescent evolution. To consolidate the two

parameters age and 7 into one physically interpretable
parameter, and to facilitate comparison with studies of
massive galaxies exploring mass assembly, we do the fol-
lowing;:

1. We calculate the integral of the assumed delayed-
tau SFH (see Equation 1). The normalization of
the integral corresponds to the total mass formed
Mo of the galaxy, a parameter being fit in the
SED fitting process.

2. For quiescent galaxies in our sample, we define tsg
as lookback time from the redshift of observation
to when the galaxy has formed 50% of its total stel-
lar mass, or its mass-weighted age. We acknowl-
edge that many studies also use t3g, t7g and tgg as
parameters of similar interest (e.g., Pacifici et al.
2016). The definition of t5o we use in this work is
similar in nature to the mean stellar age or mass-
weighted age for a delayed-tau SFH. This allows
us to compare our results with mass-weighted age
calculations for massive quiescent galaxies in the
literature.

The age of the Universe at the median tsq across the
sample is 2.3 + 0.3 Gyr, corresponding to a formation
redshift z(ts0) = 2.8 £ 0.5 (see Section 6.2.2 for more
details).

6. AGES OF STELLAR POPULATIONS IN
CLUSTER QUIESCENT GALAXIES

The objective of this study is to constrain formation
redshifts and stellar masses in massive quiescent galaxies
in galaxy clusters. and address the dependence of these
properties on accretion history of the galaxies and the
cluster mass assembly pathways.

In particular, we characterise these variables as:

a) The final descendent galaxy cluster mass
log(Ms00c,52,2=0/ M@), a proxy for the mass evolu-
tion of the host galaxy cluster, and

b) The nominal infall time of the galaxy within the
cluster, given by a galaxy’s phase space location.

Here, we discuss the ages and formation redshifts of
these galaxies, and compare these to other massive and
quiescent cluster and field galaxy studies. In this sec-
tion, we refer to mass-weighted ages (t50) as ages, and
refer to the epoch corresponding to that age as age of
the Universe at (ts50), unless otherwise specified. See
Table 3 for a summary of key age and redshift metrics
used in this work.

6.1. Mass-Weighted Ages vs Redshift
6.1.1. Low-z Galazies
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Table 4. Description of studies of massive quiescent galaxies used in this work for comparison

References Type Number of Galaxies Redshift Stellar Mass, log(M/Mg) Age Measurement
Estrada-Carpenter et al. (2020) Field 100 0.7< z <2.5 logM >10 CSP + non-parametric SFH
Tacchella et al. (2021) Field 161 0.4< z <1.25 10< logM <12 CSP + non-parametric SFH
Carnall et al. (2019b) Field 75 1.0< 2z <1.3 logM >10.3 CSP + parametric SFH
Diaz-Garcia et al. (2019) Field 8500 0.1< 2 <1.1 10< logM <11.2 SSp
Gallazzi et al. (2014) Field 33 z~0.7 logM >10.5 SSP
Jorgensen et al. (2017) Cluster 221 0.2< z <0.9 logM >10.3 SSp
Sénchez-Blazquez et al. (2009)  Cluster 215 0.4< z <0.8 ot >100 SSP
Webb et al. (2020) Cluster 331 1< z <1.5 10< logM <11.6 CSP + non-parametric SFH
This work Cluster 837 0.3< z<1.4 10.3< logM <12.1 CSP + parametric SFH

NoTE—SSP = single stellar populations, CSP = composite stellar populations. 1S4nchez-Blazquez et al. (2009) use velocity dispersion o as a

stellar mass proxy.

In Figure 8, we plot t50 (or mass-weighted ages) as a
function of galaxy redshift, and compare these to sam-
ple ages in other published works on massive quiescent
galaxies in the field and cluster environments. We show
(with black solid lines) evolutionary tracks of simple
stellar populations (SSPs) corresponding to an instan-
taneous episode of star formation at formation redshifts
of z =10, 3, 2 and 1 to visually assess typical formation
redshift ranges for these galaxies (Tacchella et al. 2021).
The colors correspond to remnant stellar mass logM of
a given galaxy, divided into two bins. Consistent with
other studies of large samples of massive quiescent galax-
ies, we identify a diversity of SFHs across redshift and
masses in our sample (16th, 50th and 84th percentile
ages as 6.2371°3% Gyr, and a median uncertainty of 1.22
Gyr). We note that the most massive galaxies (dark
orange circles in Figure 8) are seen to have the largest
ages possible at the redshift of observation allowed in
our SED models (bound by the age of the Universe)
Lower mass galaxies (blue circles in Figure 8) prefer a
mass-weighted age corresponding to an SSP formation
redshift of z < 2, while the highest mass galaxies show
formation redshifts of z > 3, up to z > 10. This is con-
sistent with downsizing trends seen in other studies —
star formation rate and stellar mass assembly of massive
galaxies peaked at earlier times relative to lower mass
systems (Cowie et al. 1996; Cimatti et al. 2006), which
implies that massive galaxies should form their stellar
mass earlier than lower mass galaxies.

Table 4 summarises the literature we have used ex-
tensively in this work for comparing ages and formation
redshifts; these are studies of cluster and field galaxy
samples across a wide range of stellar masses and red-
shifts. Also shown are the sizes of the sample, and the
methodology used to measure ages — either SSPs, sin-
gle stellar populations (SSPs), or composites of SSPs
(composite stellar populations, CSPs).

In Figure 8, we also show results from Estrada-
Carpenter et al. (2020) (blue plus points) and Carnall
et al. (2019b) (yellow crosses) at z > 0.8, who calculated
ages of massive quiescent field galaxies from CSP-based
SED models. We plot data from stellar mass bins given
in Gallazzi et al. (2014) (plus points) and Diaz-Garcia
et al. (2019) (dotted lines) at 0.4 < z < 0.8 where,
the mass bins are defined as 10<logM<10.4 (purple),
10.4<logM<10.8 (yellow), 10.8<logM<11.2 (green) and
logM> 11.2 (red). These studies show ages calculated
via SSP-based models (which tend to be lower, and bias
ages towards the most recent episode of star formation;
see e.g., Carnall et al. 2018).

There are limited cluster-based studies that calculate
galaxy properties using SED models that are non-SSP
based (i.e. without assuming an instantaneous burst of
star-formation) in this redshift range. Jorgensen et al.
(2017) (cyan dashed line) and Sénchez-Blazquez et al.
(2009) (green pentagon points) use SSP-based models
to calculate ages of galaxies from clusters between 0.2 <
z < 0.9 (with a sample lower limit of masses and velocity
dispersions of galaxies similar to this work). While ages
from these lowest mass galaxies are consistent with these
studies, we anticipate a systematic bias of > 1 Gyr in
these studies given model assumptions (Carnall et al.
2019a), when compared to this work.

In middle panels of Figure 8, we plot a subset of galax-
ies divided by membership in clusters above or below
log(Ms00c,52,2=0/ M) = 15. Comparing the two sub-
sets, we do not see a substantial difference in ages and
stellar mass distribution as a function of redshift (ex-
cept galaxies in the redshift z > 0.61 clusters). This is
explored further in Section 6.1.3 and Figure 9.

Bottom panels of Figure 8 show the subset of galax-
ies tagged as early+mixed infall times (bottom left) and
late infall times (bottom right). We note that the oldest
galaxies in our sample (at zrorm,ssp > 10) are mostly
located in the early+mixed infall subsample — 28 galax-
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Figure 8. (Top) Mass-weighted Age (Gyr) as a function of observed redshift. The circle points represent ages of galaxies from
this work, with blue (orange) points representing galaxies with low (high) stellar mass, as calculated via the SED fitting analysis.
These measurements are compared to a wide range of literature on cluster galaxies and massive quenched galaxies in the field (see
Section 6) e.g., Sanchez-Bldzquez et al. (2009) and Gallazzi et al. (2014) measure ages for quiescent galaxies at 10<logM< 10.4
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and M final,desc <15 (right). (Bottom) Age vs redshift for galaxies with early and mixed infall (left) and late infall (right), as
measured from their phase-space location in velocity-radius space. Black lines indicate the age of simple stellar populations

(SSPs) with different formation redshifts as labeled in the top panel.
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to stacked spectra ages.

ies (26 with high stellar mass (orange)), relative to only
7 in the late infall subsample. This indicates that these
galaxies have spent one or multiple turnaround times
around the center of a cluster gravitational potential well
and have the highest mass-weighted stellar ages, consis-
tent with a hierarchical picture of a grow-and-quench
evolution mechanism; see Section 1 of Tacchella et al.
(2021) and references therein.

6.1.2. Mass-weighted ages of galaxies observed at z > 1.2

The 10 highest redshift massive quiescent galaxies in
our sample span 1.22 < z <1.42, and belong to the high
log(Ms00c,52,2=0/ Me)> 15 bin. The median and 16th-
84th percentile range of ages is t5g = 3.4ch1):1 Gyr. Three
of the galaxies have a phase-space location correspond-
ing to late-infall time (median age t59 = 2.2 Gyr), while
7 galaxies belong to the early+mixed infall bin (median
age tso = 4.1 Gyr); see middle and bottom panels of
Figure 8.
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The range in mass-weighted ages is consistent with the
diversity seen in massive field galaxy samples in Carnall
et al. (2019b) (2.779-% Gyr) and Estrada-Carpenter et al.
(2020) (3.075-2 Gyr), studies of massive quiescent galax-
ies sampling similar redshift ranges. The lack of a sub-
stantial offset in median ages of cluster members and
standard deviation of ages compared with field galax-
ies (albeit for 10 galaxies only) is consistent with other
cluster and field galaxy studies (Raichoor et al. 2011;
Webb et al. 2020). Moreover, qualitatively, if we con-
sider galaxies in the log(Msooc,52,2=0/ M@ )> 15 bin, we
find that the formation redshifts of high-z galaxies are
consistent with those of the most massive low-z galaxies
(i-e., these can be considered to be antecedents of low-z
galaxies), and consistent with a purely passive evolution
scenario.
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Figure 10. Metallicity (log(Z/Z®)) distribution for galax-
ies considered in this work, as a function of stellar mass.
The red horizontal line corresponds to the prior boundary,
and the red vertical line is the bin boundary for stellar mass
considered in this work. Median, 16th and 84th percentile
distribution for metallicity is shown in blue (low mass) and
orange (high mass). The median uncertainty in log(Z/Z®)
is 0.15 dex.

6.1.3. Median and Stack Properties

To demonstrate the aggregate spectral properties of
our galaxies, and reliably measure median galaxy prop-
erties in our z > 1.2 sample (with only low SNR spectra
that are seriously compromised by sky-subtraction resid-
uals at some wavelengths), we illustrate mass-weighted
ages of stacked spectra as a function of redshift in Fig-
ure 9. We show ages from stacked spectra (with hol-
low squares) and median ages per redshift and stellar
mass bin (with filled squares) for a given subpopulation
divided by either cluster mass or phase-space location,
akin to discussions in the previous sections. The high-

est redshift bin (z > 1.2) only has 3 galaxies in the late
infall subpopulation, and is not stacked.

Our stacking results are observed to be consistent with
the median properties of galaxies in a given bin — we
recover marginal downsizing (increasing formation red-
shifts with increasing stellar mass), and a marginal in-
crease in formation redshifts with increasing observed
redshift in the highest redshift bins (see SSP evolution-
ary tracks in Figure 9 corresponding to zform=10, 3, 2
and 1) — which gives credence to the spectral proper-
ties of the stacked spectrum of the z> 1.2 stack. We
also advocate for the uncertainties in each stacked spec-
trum to reflect the diversity in mass-weighted ages of the
constituent galaxies, which is achieved here by Monte-
Carlo sampling individual galaxy spectra and measuring
the standard deviation of the sampled spectra. This
methodology does not underestimate uncertainties in
each stack (unlike the stacking methodology where the
uncertainty is measured by obtaining the uncertainty on
the mean flux in the Monte-Carlo sampled spectra per
bin).

Additionally, we observe significant impact of metal-
licity on obtaining consistency between stacked spec-
tra ages and median ages per bin. If the constituent
galaxies cover a wide range of metallicities — > 0.1 dex
in log(Z/Zg) — it is challenging to ascribe appropri-
ate priors to the metallicity parameter in constructing
a stacked spectrum. This is especially true for galax-
ies with stellar masses logM < 10.90; see Figure 10
that shows the distribution of log(Z/Zg) as a function
of logM, and median and 16th-84th percentile range of
metallicities per stellar mass bin.

Moreover, we note a particularly wide distribution
of metallicities in galaxies in the lowest redshift bins
(0.29 < z < 0.61; ~ 0.1 dex) relative to higher redshifts
(z > 0.61; ~ 0.05 dex). This is consistent with the idea
that at high redshifts, massive quiescent galaxies have a
restricted set of pathways to achieve quiescence (D4000
> 1.45 and a lack of [OII] emission), whereas at low red-
shifts galaxies can achieve quiescence through multiple
pathways (regardless of binning by cluster mass or phase
space location).

A detailed discussion of the metallicity distribution of
individual galaxies and the alternate stacking method is
given in Appendix A and B, respectively.

6.2. Formation Redshifts

To quantify the suggestive age differences and down-
sizing observed in various subpopulations of galaxies
considered in this work, and to compare galaxy evo-
lution from different epochs of observation on a com-
mon timescale, we plot formation redshifts (correspond-
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Figure 11. Age of Universe at which the galaxy has formed 50% of its mass (corresponding to tso, in Gyr) vs logM for
quiescent galaxies considered in this work. Color at each point denotes the observed redshift, with orange points at z~0.3 and
large black points at z~1.3, the highest redshift galaxies in the sample. Best-fit age-mass relation is plotted in black, with grey
lines sampling 50 lines from randomly sampled combinations of slopes and intercepts in the range of best-fit values and 1o
uncertainties. Downward arrows correspond to the maximum age of the Universe allowed for the median redshift in each bin —
5.1 Gyr at z =1.28, and 9.1 Gyr at z = 0.37. Overplotted are the fixed mass cut considered in this work (dotted red line). We
also show a fixed detectability (or SNR) cut for the lowest mass galaxies near the B16 survey detection limit (in dotted blue),
with the slope of the line equal to the best-fit age-(L/M) relation; see Section 6.2.1 for details. (Inset) Age of Universe at tso
(Gyr) vs Observed redshift, for galaxies studied in this work, split by stellar mass.

ing to age of the Universe at t59) as a function of
stellar mass (logM); see similar analysis of downsizing
and trends between observed and formation redshift in
samples of field quiescent galaxies (Carnall et al. 2018,
2019b; Estrada-Carpenter et al. 2020; Tacchella et al.
2021).

Figure 11 shows the age of the Universe at tso (in
Gyr) vs logM for all galaxies considered in our sample,
with color denoting the redshift of observation. The dis-
tribution of ages demonstrates both downsizing trends
(higher formation redshifts for higher mass galaxies) as
well as decreasing formation redshifts with decreasing

observed redshifts, consistent with both cluster and field
galaxy studies mentioned above.

The distribution of galaxy ages also shows that the
majority of quiescent galaxies in our cluster sample have
formed 50% of their stellar mass between z=2-3. Note
that while the highest redshift galaxies in our sample
(at z~1.3, large black points) are not a statistically
large sample — 10 galaxies with a median uncertainty
Ats0,age of Universe = 0.56 Gyr — the individual forma-
tion redshifts are consistent with a downsizing trend.

We also fit a linear age-mass relation to each subpop-
ulation, depicted with solid lines in the top panel. The
linear fits to each subsample are given by the following
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model:
M
t50,age of Universe(Gyr) = aloglo m + 5 (2)

The formation ages/redshifts of the full sample of
massive quiescent cluster galaxies in this work is de-
scribed by t50,age of Universe (Gyr) = 2.52(4+0.04) —
1.66(+0.11) log1o(M/10" Mg). This relationship be-
comes marginally steeper in the highest redshift bins.
The best-fit slopes a and intercepts § for the binned
sub-populations are given in Table 5

6.2.1. Age-Stellar Mass Relation and Sample
Representativeness

The spectral data for the B16 cluster galaxy sample
were taken with the intent of measuring the same mean
signal-to-noise ratio per spectrum across redshift for a
given absolute magnitude. The sample is not complete
(e.g., in that at no absolute magnitude or cluster-centric
radius were all cluster galaxies observed, at any red-
shift). However, it is a representative sample of quies-
cent member galaxies in SPT galaxy clusters, intended
to have a uniform galaxy mass limit across the redshifts
considered. As can be seen in Figure 7, this is approxi-
mately true, and we have imposed a lower stellar mass
threshold of logM>10.3 to further ensure this. Within
this sample, the median stellar mass as a function of
redshift is flat to within uncertainties. In the analysis
presented here, we do not measure the bulk properties
of clusters (e.g., luminosity function, stellar mass func-
tion, blue fraction, etc.) for which a careful accounting
of incompleteness would be critical. Instead, the focus
of this study is the spectroscopic analysis of quiescent
galaxies that are a representative (and not complete)
sample of cluster members.
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Figure 12. Equivalent width of Ca II H&K as a function
of age for model SEDs of quiescent galaxies (D4000>1.45).
Colors correspond to metallicity log(Z/Zs).

Nevertheless, because the galaxy spectroscopy dis-
cussed here is not a complete sampling of all cluster
galaxies within a fixed physical aperture for each cluster,

log(Z/Z5)

we must also consider whether subtler incompleteness
exists that is correlated with any parameter of interest
e.g., age, metallicity and stellar mass. Such incomplete-
ness might particularly influence results on the low mass
end. For example, if the strengths of primary spectral
features used to measure redshifts in B16 have a strong
negative correlation with age, we might worry that an
absence of old low-mass cluster galaxies is due to a fail-
ure to measure redshifts for such galaxies, as opposed to
an actual absence of such galaxies in clusters.

We test this by measuring equivalent widths of the
features that were primarily used to characterize red-
shifts in B16 and K19 - Ca II H&K and the G-band.
These are the strongest absorption features in quiescent
galaxy spectra that are visible across the redshift range
considered. We compare these measurements with for-
mation redshifts of galaxies in Figure 11, and explore
whether we are missing spectroscopic confirmation of
galaxies in the bottom left (early formation, low stellar
mass) and top right (late formation, high stellar mass)
corners. We generate 1000 model SEDs for quiescent
galaxies using Prospector and the models described in
Section 4.2 by randomly sampling parameters from the
priors used in our study (Table 1). For these models, we
find that EW(Ca II H&K) and EW(G) in galaxies with
D4000> 1.45 increases marginally with age. Figure 12
shows EW(Ca II H&K) as a function of age for model
SEDs. For galaxies with ages > 6 Gyr (corresponding to
a maximum formation redshift of z = 10 allowed by our
sample redshift range), the fractional change in EW(Ca
IT H&K) (< 10%), and the impact on the probability of
redshift success is negligible.

This implies that the probability of redshift success for
a given spectrum’s signal-to-noise ratio is not negatively
correlated with strength of spectral features. We also
show that the mean signal-to-noise ratio (SNR) per spec-
trum does not change as a function of redshift (above a
threshold of SNR> 5; Appendix D, Figure 23), as was
the intent of B16.

While these tests suggest the the B16 input sample
has robust sampling in SNR with redshift, and as shown
previously has a flat mass cut across redshift, there is a
further effect to consider at the low mass end - namely
that the mass-to-light (M/L) ratio of a stellar popula-
tion of fixed mass changes as it ages. To test this further
we generate model SEDs for galaxies with a fixed stel-
lar mass (logM=10.4) and fixed redshift (z=0.5), and
spanning the same metallicity and age range as galax-
ies in Figure 11. We calculate the formation redshifts
and M/L ratios, corresponding to r band (AB) lumi-
nosities (a close match to the rest-wavelength interval
over which spectra have been fit), in units of (M/L)g)



20 KHULLAR ET AL. 2021

—~~
36
O
~— o o ....
(@] o & .
LB . : ) :‘ ‘}
= e ® o *® .7
® 4 1 e % * °.: ///
8 ® °® /. L)
— ® e %, {/.
(0] *, °
2 o /.‘ Qoo °°
-
:C) ..g ty .'0...’ .
o...O > o‘. -
229 R RS Sl
// oa’ ° .l
&0
< 0.4 0.6 0.8
(L/M)o,

Figure 13. Age of Universe at which the galaxy has formed
50% of its mass (corresponding to tso, in Gyr) vs inverse
of mass-to-light ratio (L/M) (in solar units) for D4000>1.45
quiescent galaxies drawn from model SEDs. The best-fit
relation is plotted as a dotted blue line.

for D4000>1.45 galaxies in this sample. Figure 13 shows
the distribution of ages of the Universe at t5g (Gyr) as a
function of the inverse of (M/L) i.e. light-to-mass ratio;
lower values of (I,/M) correspond to fainter galaxies for
a fixed stellar mass. We also calculate the best-fit age-
(L/M) relationship, plotted in blue; this implies that
for a fixed stellar mass, our observing strategy preferen-
tially chooses brighter late-formed galaxies and is likely
to miss the lowest (L/M) (or low mass early-formed)
galaxies. In Figure 11, we overplot the flat stellar mass
cut (dotted red), and also use the slope from the best
fit age-(L/M) (dotted blue) to plot a ‘fixed detectabil-
ity’ (or equal SNR) line in the lowest-mass end of the
distribution. Note that the two lines by choice intercept
at the median age (4.2 Gyr) in the lowest stellar mass
subsample (logM<10.4). Quiescent galaxies in the nor-
mal direction to the ‘fixed detectability’ line to the left
are less likely to be detected in the spectroscopy sam-
ple and those to the right are more likely to be present.
While this will slightly shape the distribution in the age
of the Universe at tsg versus stellar-mass plane, it is not
primarily responsible for the observed distribution.

For completeness we also note that the high-mass late-
forming corner of this diagram (i.e., upper right in Fig-
ure 11) is highly unlikely to be affected by incomplete-
ness that would shape the distribution, as such galaxies
would be observed at high SNR. Thus the upper enve-
lope of the distribution of galaxies in this plane, which
traces the same slope as the overall fit, is robust.

We also compare the D4000 spectral index distribu-
tion measured in this work to that of other cluster and
field galaxy studies (Balogh et al. 1999; Hutchings & Ed-

wards 2000; Kauffmann et al. 2003; Noble et al. 2013;
Haines et al. 2017). At our cut (D4000 > 1.45), the
D4000 distributions in these studies are similar to this
work. We also note that the secondary peak of D,,4000
distribution in Figure 21 of Kauffmann et al. (2003) at
D,,4000=1.8 differs from the D4000 peak we see in this
work (Figure 3) by 0.50.

6.2.2. Formation Redshift across bins of Observed Redshift

To quantify downsizing trends inferred from our SED
fitting analysis across our sample, we analyse sub-
populations based on the binning criteria described in
Section 4.3.

Row 1 of Figure 14 illustrates formation redshifts and
stellar masses for galaxies divided into three observed
redshift bins. On comparing median formation ages of
each subpopulation, we see an average downsizing trend
of ~ 0.5 Gyr (across a range of 1.5 dex in logM), which
agrees with both field quiescent galaxies at 0.3 < z < 3
in Carnall et al. (2019a) and cluster galaxy work seen at
z > 1in the GOGREEN survey (Webb et al. 2020). The
most massive galaxies lie in the bottom right corner of
each panel in this plot, as is expected in the scenario of
a simple hierarchical structure formation and mass as-
sembly (e.g., Springel et al. 2005). The diagonal dashed
lines plotted in all panels correspond to the best-fit mean
age-mass relation for the lowest observed redshift bin
(0.29 < z < 0.45), to facilitate visual comparison of the
relation gradient across redshift. The highest redshift
bin 0.61 < z < 0.93 has the steepest gradient, with a
~ 0.75 Gyr difference from corresponding galaxies in the
lower redshift bins.

Figure 14 demonstrates that the two lower observed
redshift bins contain galaxies with a diversity of forma-
tion redshifts in each stellar mass subpopulation, with
similar median formation times and age-mass relations.
This indicates that the dependence of formation time
on stellar mass does not evolve significantly between
0.3 < z < 0.6 (~ 2 Gyr in time), over a wide range
of stellar masses. For a given stellar mass, this could be
either because galaxies in the two lowest observed red-
shift bins could be derived from the same population, or
newer galaxies joining the quiescent population sample
the same range of formation redshifts.

In Figure 14, we also overplot age and stellar mass val-
ues from two snapshots of the IllustrisTNG simulations
at z = 0.1 (dotted dark green line, 3” aperture) and
z = 1.0 (solid dark green line, 1”7 aperture) as seen in
Carnall et al. 2019b and Tacchella et al. 2021, with ap-
proximately matched quiescent galaxy criteria, to specif-
ically compare the gradient of the age-mass relation seen
in simulations with our work. It is interesting to note
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Figure 14. (Row 1) Age of the Universe at t50 in Gyt (or formation redshift) vs. stellar mass logM for each galaxy. Each subplot
displays the galaxy subpopulation in redshift bins 0.29 < z < 0.45, 0.45 < z < 0.61, and 0.61 < z < 0.93 (star symbols in panel
3 correspond to 10 z > 1.2 galaxies in our sample). Dotted horizontal grey lines represent ages of the Universe corresponding to
redshifts 1,2 and 3. Dark green dashed and solid lines represent ages of Universe at formation times vs logM from the TNG100
field galaxy simulations and redshifts at 0.1 and 1 respectively, as seen in Figure 8 of Carnall et al. 2019b. We fit for a mean
relationship between formation redshifts and log(M), indicated by black lines. The diagonal dashed black lines correspond to
the mean relationship from panel 1 (the lowest redshift subsample), plotted in all three panels to facilitate comparisons across
redshift bins. (Row 2) Distributions of age of the Universe at tso per redshift bin, split by log(Msooc,52,2—0/ M) > 15 (dark
orange) and log(Msooc,52,2=0/ M) < 15 subpopulations (purple). Vertical lines correspond to median ages. Inset text refers
to KS1 statistic values for the pair of distributions in each panel (see Section 6.2.3). High values of KS1 indicate that the
hypothesis that the distributions are the same can be ruled out; statistically significant values are shaded in red. (Row 3) Same
as Row 2 panels, but galaxies split by phase space (rprojected/T500¢ X Upeculiar/0v ), corresponding to early+mixed infall (yellow)
and late (black) infall sub-populations. (Row 4) Same as Row 2 panels, but galaxies split by stellar mass, with logM> 10.9
subpopulation in light orange, and logM < 10.9 subpopulation in blue.

that the gradient in none of the studies mentioned above mation redshifts of the 10 highest redshift cluster galax-
(including our work) agree with the z = 1 snapshot; in ies in our sample (black stars, in top right panel). This
fact, our work indicates a steeper gradient in the z > 0.6 work agrees with the slope of the z = 0.1 simulation

population , and steeper still when we overplot the for- snapshot, which potentially indicates that for galaxies
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in our low-z sample (z < 0.95), either the steep z = 0.1
relation is already in place, or simulations are not able
to reproduce the physical properties of quiescent galax-
ies at z~1. Note that the TNG simulations considered
here contain both cluster and galaxy-scale halos, but are
primarily designed and executed to sample field galax-
ies (e.g., the small volume of TNG100 does not contain
a representative sample of Msgg. ~ 101° Mg clusters).
Dynamically, massive clusters are regions of the Uni-
verse with an accelerated clock, and if the star formation
in associated halos is similarly accelerated relative to the
field, we might expect better agreement in age-mass re-
lations between lower redshift field galaxy simulations
and higher redshift cluster observations, as is seen here.

6.2.3. Formation redshifts across Msooc,sz,-=0, phase-space
location and logM

In Figure 14 (rows 2, 3 and 4), we show distributions
of ages of the Universe at galaxy formation redshifts
for subpopulations divided by final descendant cluster
mass log(Msooc,57,-=0/ M), phase-space location p =
rprojectcd/rf’)OOc S 'Upcculiar/o—v (a proxy for infall time)7
and stellar mass (logM). We conduct this exercise to
determine the galaxy property that contributes the most
to the difference in formation redshifts observed in our
sample: the cluster mass, galaxy stellar mass, or the
phase-space location of the galaxy. Vertical lines in each
panel correspond to median ages.

Qualitatively, we find that the galaxy stellar mass
subpopulations show the largest difference in forma-
tion redshifts, while subpopulations cut by ‘environ-
mental’ factors like cluster subpopulations or phase-
space location have similar median formation redshifts.
We quantify this observation by using the two-sample
Kolmogorov-Smirnov (K-S) test (Hodges 1958), and ob-
tain the K-S statistic for the following null hypothesis,
to check whether the age distributions in each panel in
Figure 14 are identical or not:

Hypothesis KS1 : The distributions of formation
ages/redshifts — assumed to be probability distributions
— in each panel are identical (the alternative is that
the distributions are not identical).

For large samples being considered in a two-sample
K-S test, the null hypothesis is rejected at a 5% signifi-
cance level if the K-S statistic is D > Dipreshold, Where
Dinreshola = 1.358 x ((n +m)/n-m)/? (Knuth 1997),
and n and m are number of elements in the two distribu-
tions. For each distribution considered here, Dipreshold
is in the range [0.13,0.19].

In Figure 14, we show values of the KS statistic (la-
beled KS1) in each panel. We see that the null hy-

pothesis is rejected in the higher redshift panels of Row
3 (phase-space) and all panels in Row 4 (stellar mass).
We also cannot rule out the hypothesis that the distribu-
tions of ages split by log(Msgoc,52,2=0/ M@ ) are identical
at all redshifts (Row 2).

As expected, we find that there is a significant differ-
ence in ages when galaxies are divided by stellar mass
logM (Row 4) i.e. high mass galaxies are formed earlier
than low mass galaxies. To validate this result, we cal-
culate bootstrapped uncertainties for each age bin (in
Row 4), and visually confirm that the distributions of
galaxy formation redshifts split by stellar mass are not
identical.

The KS statistic value of subpopulation of galaxies
in the 0.61 < z < 0.93 clusters split by phase-space
location implies that a marginal difference in formation
redshifts between phase-space subpopulations cannot be
ruled out. As discussed in Section 6.1.1 with respect
to Figure 8, we observe a subpopulation corresponding
to a single burst SSP formation redshift of z > 10 in
the early+mixed infall subpopulation. We see this sub-
population (of 27 galaxies) in the low age tails (age of
Universe at t50 < 2 Gyr) in Row 3 of Figure 14 (yellow
histogram). When considering the entire distribution of
these subpopulations, we find no difference in the me-
dian formation age. In cluster environments, we expect
galaxies to move along an evolutionary path from late
infall to early+mixed infall subpopulations from high
to low redshifts. We anticipate this transition to lower
the median formation redshifts of the early+mixed infall
subpopulation (due to progenitor bias), assuming that
the late infall subpopulation has lower median formation
redshifts relative to the early-+mixed infall subpopula-
tion (as is observed in the highest redshift age distribu-
tion). We observe this trend in Figure 14 (yellow vertical
line, a difference of ~ 1 Gyr across redshift bins).

This lack of an accretion history-specific difference in
formation age for quiescent galaxies in the two lower
redshift bins (0.29 < z < 0.61) is consistent with find-
ings of intermediate redshift cluster studies at z < 0.7
(Sanchez-Blazquez et al. 2009) and SDSS DR7 massive
galaxies in Pasquali et al. (2019) (where they find that
only the lowest mass — logM <10 — show sensitivity to
cluster environmental effects). If the galaxy cluster is
directly affecting the formation of quiescent galaxies (as
opposed to being an overall environment in which the
‘clock’ of galaxy evolution runs faster), we would ex-
pect to see a signal in the formation redshifts of galaxies
tagged as quiescent at that epoch when they are split by
accretion history (i.e. phase-space). We only see a hint
of this in the highest-redshift (0.61 < z < 0.93) subpop-
ulation. This suggests that even in observably quiescent
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Table 5. Slopes and Intercepts for Age-Mass relationship
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Subsample

0.29 < 2 <0.45

0.45 < z < 0.61

0.61 < z < 0.93

log(Ms00¢,52,2=0/ Mg) < 15
log(Ms00¢,57,2=0/ Mg) > 15
Early+Mixed Infall

Late Infall

a
—1.68 £0.25
—1.37£0.24
—1.43£0.19
—1.92 £0.43

B
2.66 £+ 0.09
2.62 £ 0.08
2.63 £ 0.07
2.62+0.13

a
—1.56 £ 0.26
—1.50 £ 0.26
—1.59 £0.22
—1.40 £0.33

B
2.69 +0.09
2.54 £ 0.08
2.63 +0.08
2.58 £ 0.09

a
—1.74 £0.29
—2.10 £0.28
—1.81 +£0.26
—1.93 £0.32

B
2.09 +£0.10
2.37 £0.09
2.14 +£0.09
2.39 £0.10

NoTE— *Model for the age-mass relation is described by t50,ageofUniverse (Gyr) = a logio(M/10' Mg) + 8

High M., ngh MSUUC [inaldesc High M*v Low MBOOC Linaldesc

High M., Late Infall High M., Early + Mixed Infall
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Figure 15. Distributions for ages of the Universe at t5¢ (in Gyr) in redshift bins 0.29 < z < 0.45 (hollow dashed), 0.45 < z < 0.61

(hollow solid), and 0.61 < z < 0.93 (filled).

Left six panels show distributions for ages where the population is split by

log(Ms00c,52,-=0/ M@ ), whereas the right six panels show distributions for ages where the population is split by phase-space
location, or ‘infall time’. Stellar mass for each subpopulation is denoted by colors (logM< 10.90=blue, logM> 10.90=light
orange). The vertical lines in the bottom panels correspond to median ages in each redshift bin (dotted, thin solid and thick
solid lines in increasing order of redshift.) Overplotted as dots are the ages of the Universe at tso for the z> 1.2 galaxies.

galaxies, higher redshift clusters are the correct location
to observe the echos of cluster-specific transformations
that quench star formation (Brodwin et al. 2013; Webb
et al. 2020). An in-depth comparison of accretion his-
tories of member galaxies and star formation timescales
will be conducted in a future publication.

As we find stellar mass to be a major contributing
attribute in ascribing a formation redshift (or potentially
an evolutionary path) to a given galaxy, we inspect each

age distribution in Rows 2 and 3 of Figure 14 — divided
by log(Msoo¢,52,-=0/ Me) and phase-space location —
as a function of stellar mass.

We use the ages plotted in Figure 14 to show the age
distributions of galaxies in each redshift bin, divided by
the two stellar mass bins, to investigate whether the
distributions and median ages across redshift for mas-
sive quiescent cluster galaxies are drawn from the same
parent distribution. See Figure 15, where each panel
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is a subpopulation split by stellar mass, and environ-
ment. This demonstrates that the lower redshift bins
have galaxies with extended distributions of formation
ages, and the highest redshift bin contains the oldest
galaxies. Moreover, the lower mass galaxies in each sub-
population have similar median formation times and dis-
tributions.

In Figure 8, we see a median difference in mass-
weighted ages between the two stellar mass bins (re-
gardless of redshift bin) of ~ 0.75 Gyr. In Figure 15,
this translates to a median difference of ~ 1 Gyr (re-
gardless of redshift, final descendant cluster mass, or
phase-space location subpopulation). Therefore, this al-
lows us to conclude that the results in this work are
consistent with Raichoor et al. (2011), Muzzin et al.
(2012), Woodrum et al. (2017), and Webb et al. (2020),
that suggest that formation timescales are more vary-
ing across stellar mass, and there is only a weak link
between formation redshifts for fixed stellar mass across
‘environment’.

In Figure 15, we can quantify the lower half (0-50th
percentile) of age distributions for a given redshift bin,
as the fraction of galaxies formed before the median red-
shift (z > 3) in each subpopulation. This metric illus-
trates that a) a higher fraction of more massive galaxy
subpopulations forms at z > 3, compared with low mass
galaxies, b) more massive galaxy subpopulations forms
on average a Gyr earlier than their corresponding low
mass galaxy subpopulation (see bottom panel of Figure
15. We also note a minor difference in formation red-
shifts between early and late infall galaxies, between 0.2-
0.4 Gyr. The highest redshift subpopulations have sim-
ilar fractions of galaxies with formation redshifts z> 3,
indicating that quiescent galaxies at high-redshifts po-
tentially have similar observational signatures and prop-
erties. As galaxies within clusters evolve, and newer sys-
tems merge with clusters at lower redshifts, we expect
these systems to have ages drawn from wider distribu-
tions.

6.3. Star Formation Timescales and Mass-Dependent
Evolution

Akin to Pacifici et al. (2016) and Tacchella et al.
(2021), we characterize a notional star formation
timescale as the time elapsed between 20% and 80%
of stellar mass formed for a given galaxy, top-tgp (in
units of Gyr). In Figure 16, we plot tso vs logM,
with colors indicating the star formation timescale. We
find that the most massive galaxies on average only ex-
hibit shorter star formation timescales (i.e. for logM >
11.5, the median star formation timescale is 0.45%503
Gyr, whereas median timescales for the logM < 11.5 is

0.647095 Gyr); this is consistent with other studies (see
references below). This analysis has its shortcomings;
see Appendix D in Tacchella et al. (2021) for compar-
isons between parametric and non-parametric SFH vis-
a-vis prior imprints on calculations of timescales (such
as quenching and star-formation timescales). They find
that galaxies with formation redshifts z < 3 have longer
star formation timescales, but our analysis interestingly
only reproduces that trend for a subset of galaxies with
Zformation between 1.5 < z < 3.5 for timescales > 1 Gyr.

The majority of star formation in massive quiescent
galaxies (most of which morphologically look like early-
type galaxies) occurs at high redshifts, with passive evo-
lution thereafter (see Section 1, and van Dokkum et al.
1998; Jgrgensen et al. 2006; Saracco et al. 2020; Tac-
chella et al. 2021). Sénchez-Blazquez et al. (2009) study
stellar populations in red-sequence galaxies in clusters
and groups at 0.4 < z < 0.8 and measure formation
redshifts of z > 2, and find that those massive galaxies
are compatible with passive evolution since. Sénchez-
Blazquez et al. (2009), Gallazzi et al. (2014), and Webb
et al. (2020) also find that the most massive galaxies
in their datasets form stellar mass earlier and quicker,
relative to lower mass systems; higher-redshift studies
also point towards this trend (see Section 5.1 on mass-
dependent evolution in Webb et al. (2020) and Section
6.2 in Diaz-Garcia et al. (2019) for more information,
and references therein).

Our objective is to quantify star-formation timescales
in quiescent galaxies. We observe the above mass-
dependent evolution in our studies, where formation red-
shifts between high and low-mass systems differs sub-
stantially. Studies have attempted to explain this mass-
dependent evolution either by accounting for the dif-
ferent methods to calculate metallicity, or due to the
parameterization (or lack thereof) of SFHs, that can
potentially bias formation redshifts (see Section 5). tao-
tgo is a simple parameterization to achieve this goal; a
given value of tog-tgg does not correspond to a unique
shape of the SFH. Non-parametric SFHs could be key
here. We will conduct an analysis of this dataset
with non-parametric SFH models to measure quenching
timescales in a follow-up work (Khullar et al., in prep).

6.4. Formation of galazies observed at z > 1.2

In the bottom panels of Figure 15, we overplot as dots
the ages of the Universe at t5¢ for 10 massive cluster qui-
escent galaxies at z > 1.2 in our sample (Zmedian=1.3)-
All 10 galaxies belong to the log(Msooc,52,2=0/ Mg)> 15
subpopulation. The median age of the Universe at ts
calculated via a stacked spectrum (see Figure 17) SED
fit for this subpopulation is 1.42+0.74 Gyr, correspond-
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Figure 16. Same as Figure 11, with points color-coded to represent star formation timescale, as calculated with the parameter
t2o-tso (Gyr). Dark green dotted and solid lines represent ages of Universe at formation times vs log(M) from the TNG100
simulations and redshifts 0.1 and 1 respectively, as seen in Figure 8 of Carnall et al. 2019b. The most massive galaxies have
mostly formed before z> 2, while the lowest-mass galaxies have formation redshifts of z< 3. While the most massive galaxies
have formed stars in the shortest time-scales, we observe that the most extended star-formation is shown by galaxies at formation

redshifts between 1.5-3.5.
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Figure 17. (Top) Stacked spectrum (orange) and best-

fit SED models (blue) for 10 galaxies in the z> 1.2,
log(Mso00c,52,2=0/ M )> 15 bin.

ing to a formation redshift of 4.33733% (a 1o range of

z=3-71).

Conducting a direct comparison with recent field
galaxy studies, we find that the formation redshifts of
galaxies in our z > 1.2 sample are either similar or

marginally higher. By determining SFHs for 75 massive
quiescent field galaxies at 1 < z < 1.3 with a median
stellar mass of logM~11, Carnall et al. (2019a) find a
mean formation redshift of 2.6, with a range of formation
redshifts between 1.5-6. Tacchella et al. (2021) measure
quenching timescales and SFHs for 161 galaxies, with
~20 galaxies at z > 1 and an aggregate formation red-
shift of 4, consistent with this work. Saracco et al.
(2009) find that their study of 32 quiescent early-type
galaxies (ETGs) at z~1.5 divides them into young and
old systems, with the older population forming the bulk
of their stars between redshifts z~5-6, while the younger
galaxies form at z~2-3. While our sample has a small
number of z > 1.2 quiescent galaxies, Figure 14 indicates
that our highest-redshift high mass galaxies (logM;11)
form at 4 < z < 10.

When considering cluster galaxies, Raichoor et al.
(2011) measure ages and stellar masses for 79 clus-
ter ETGs at z~1.3 (albeit with multi-band photome-
try and Bruzual & Charlot (2003) SED models); for
galaxies with logM>10.5, they find formation redshifts
of 2 < z < 10, marginally wider than the distribution in
this study. For 331 quiescent galaxies in galaxy clusters
at 1 < z < 1.4, Webb et al. (2020) sample a similar
range of masses as our study, and find that the majority
of the highest stellar mass galaxies have an aggregate
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formation redshift of z~ 5.4 (logM> 11.3, with a range
of z = 3 — 10), while lower mass galaxies have a for-
mation redshift of z~ 3.3 (logM< 10.5, with a range of
z = 2 — 8); our results (both the median and range) for
the z > 1.2 sample are in agreement.

7. CHALLENGES AND FUTURE WORK

Comparing ages of stellar populations in massive and
quiescent galaxies across cosmic time in various studies
is a non-trivial task, especially due to the fact that ages
across studies are calculated via different methods and
modeling techniques. Moreover, the impact of metal-
licity is crucial, and the extent to which age-metallicity
degeneracy is broken in this work needs to be inves-
tigated further, by measuring other age and metallicity
indicators, especially via direct absorption line measure-
ments (e.g., Choi et al. 2014, and see Appendix in Webb
et al. 2020). Finally, it should be noted that most stud-
ies of massive galaxies use UVJ color-based selection to
select quiescent galaxies, which is an approach we did
not utilise.

Further photometry and spectroscopy in the in-
frared would allow us to characterize properties of
dust-unobscured stellar populations in these systems.
Datasets like the just-completed SPT-HST SNAP clus-
ter imaging of 137 SPT clusters at 0.3 < z < 1.5 with
F110W and F200LP photometry (Remolina-Gonzalez et
al. in prep) will allow us to morphologically character-
ize the brightest galaxies in these systems as well (see
examples of such analyses in Belli et al. 2015; Estrada-
Carpenter et al. 2020; Akhshik et al. 2020; Matharu
et al. 2020). We also note that a study of cluster mass ac-
cretion histories in simulations could highlight the (pos-
sibly non-negligible) population of ‘pre-processed’ qui-
escent galaxies in our sample i.e. galaxy group environ-
ments that could cause infall-based quenching of galax-
ies before they enter accrete to their final cluster halo
Zabludoff & Mulchaey (1998); Pallero et al. (2019).

The ability of delayed-tau SFH models to constrain
quenching timescales has been called into question (Car-
nall et al. 2019a; Leja et al. 2019a). A modification of
the current methodology that will be explored in fu-
ture work (Khullar et al., in prep) is the usage of non-
parametric SFHs, and by using frameworks that con-
strain star formation episodes in SFHs via the dense
basis method (Iyer et al. 2019). We will also explore
mass-weighted ages with calculations of mass accretion
histories of cluster haloes studied in simulations (e.g.,
MlustrisTNG, Pillepich et al. 2018).

8. SUMMARY

In this work, we characterize stellar populations in
massive cluster quiescent galaxies from the SPT-GMOS

survey (Bayliss et al. 2016) and the SPT Hi-z survey
(Khullar et al. 2019), to constrain stellar masses, ages
and SFHs in 837 galaxies at 0.3 < z < 1.5. We constrain
these properties via SED analysis of individual systems’
photometry and optical spectroscopy, with the Bayesian
fitting framework Prospector and primarily a delayed-
tau SFH model. We calculate mass-weighted ages and
formation redshifts for galaxies as a function of stellar
mass to quantify mass evolution with time. We measure
formation redshifts in different environments; ‘environ-
ment’ in this work is characterized by placing galaxies in
subpopulations divided by final descendant galaxy clus-
ter mass M finai,desc, and phase space location — a proxy
for infall time — rprgjected/T500¢ X Upeculiar/0v). We also
employ stacked spectra to robustly characterize aggre-
gate properties of the the highest redshift galaxies with
low SNR spectra and boost wavelength coverage, as well
as to cross-check our analyses of median properties. We
find that:

e Quiescent galaxies in our dataset sample a diverse
set of SFHs, exhibiting a range of mass-weighted
ages as a function of redshift, and environment —
with 6.237735 Gyr being the 16th, 50th and 84th
percentile age distribution (median uncertainty of
1.22 Gyr).

e The median formation redshift in our sample is
2.8 + 0.5, with a range of z = 1 — 6, and is on
aggregate similar or marginally older than massive
quiscent field galaxy studies, and similar to cluster
studies at z > 1. On average, we find that more
massive galaxies form ~0.75 Gyr earlier than lower
mass galaxies.

e The highest redshift galaxies in our sample (z >
0.6) show a marginally steeper age-mass relation
relative to lower redshift subpopulations, indicat-
ing that the age-mass relation does not change
(within uncertainties) at (z < 0.6) in our cluster
quiescent galaxies sample.

e The median age-mass relation (slopes and inter-
cepts) of the full sample is t50,agcofUniverse =
2.52(£0.04) —1.66(£0.12) log10(M /10 M), sim-
ilar to other massive field quiescent galaxy studies
seen in the literature.

e Lower mass quiescent galaxy subpopulations
across Mfinai,desc and phase-space location form
approximately at the same formation redshifts
(z ~2), regardless of the observed redshift bin.

e Subpopulations that have interacted the most
with their respective galaxy cluster’s gravitational
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potential ie. log(Msooc,52,2=0/ Me)> 15 and
(rprojected/rE)OOc X vpeculiar/av) <04 (eal“ly infall
time) have steeper age-mass relations relative to
other subpopulations, indicating marginal influ-
ence of environmental quenching.

This is the first publication in a series which will en-
able studies of stellar mass assembly in clusters across
a wide range of redshifts. With upcoming spectroscopic
datasets of clusters at z > 1, we will comprehensively de-
termine star formation and quenching timescales in qui-
escent galaxies, and connect galaxies at high redshifts to
lower-redshift objects in an antecedent-descendent man-
ner.
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APPENDIX

A. METALLICITY: LOG(Z/Zs)
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Figure 18. Metallicity distribution for galaxies considered in this work, as a function of stellar mass. The blue horizontal
line corresponds to the mean metallicity assigned to a clipped normal prior for each SED model fit, with the shaded region
corresponding to the 1o prior range bound on the upper end at log(Z/Z¢)=0.

Metallicity for individual galaxies in our SED analysis is fit as a free parameter within the Prospector framework.
In Model A, we fit for metallicity by using the mass-metallicity relation (MZR) from Gallazzi et al. (2005) as a
starting point, and incorporate studies about the evolution of stellar mass-metallicity relation in clusters (Ellison et al.
2009; Leethochawalit et al. 2018) such that for each individual galaxy fit, we use a clipped-normal prior centered at
log(Z/Z&)=0.0, with a dispersion of 0.3, clipped at [-2.0,0.2]; the bounds are defined by MIST and MILES libraries
used in Prospector. With optical spectroscopy, we rely on spectral signatures in the rest-frame 3710-4120A range to
break the age-metallicity degeneracy.

Figure 18 shows the median metallicities log(Z/Za) as a function of stellar mass (simultaneously fit with metallicity)
from Model A fits. We find that the highest mass galaxies (logM> 11) have median metallicities in a narrow range,
while low-mass galaxies have a diverse set of median metallicities. This result has an impact on the creation of stacked
spectra, as care is needed to assign and fit metallicity in a stacked spectrum, especially when the constituent individual
spectra span a wide range of metallicities (variation in log(Z/Zs) does not scale linearly with flux).

B. AGE BIASES IN MEDIAN STACKING OF SPECTRA

As mentioned in Section 4.2, we explore an alternate method of stacking, where uncertainty per flux element is
characterized by calculating the uncertainty on the median flux (from median fluxes per wavelength element in a
given stack bin); this is the usual approach to stacking seen in SED studies, to visually qualify and quantify spectral
features and galaxy properties. We find that this method severely underestimates uncertainty, and generates median
mass-weighted ages that are biased by ~ 1.5 Gyr (~ 0.8 Gyr) in higher (lower) stellar mass stacks in the lowest redshift
bins. See Figure 19, which plots stack ages as a function of redshift for galaxies divided by log(Msgoc,52,2=0/ Mo)
subpopulations, and compares them with median ages in a given bin.

To quantify this bias, we generate stacks via this alternate method for a given redshift and stellar mass bin, for
mock galaxies. We do this by sampling galaxy SEDs via Prospector from the allowed parameter space for the
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Figure 19. Same as top panels of Figure 9, but hollow squares signifying stacked spectra mass-weighted ages where stacking
is performed using the alternate method described here.
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Figure 20. Physical properties of three mock samples of quiescent galaxies: Sample 1 (fixed metallicity log(Z/Zs) = 0.1, in
blue), Sample 2 (Metallicity in a restricted range log(Z/Ze) = [0.0,0.2], in orange) and Sample 3 (Metallicity in a restricted
range log(Z/Zs) = [-0.4,0.2], in green). (Left) Metallicity vs mass-weighted age for stacked spectra from three samples with
varying metallicities (filled circles) and individual galaxy per sample (empty circles). (Right) Mass-weighted ages for the three
samples, with median ages for each sample annotated with horizontal dotted lines.

log(Ms00c,52,2=0/ Mg)> 15, logM> 10.90 and z = 0.53 bin galaxies, using Model A (see Section 4.2). This corresponds
to an age range of [0,8] Gyr, and a stellar mass range of logM=[10.90,12.0].

We make three samples, with each galaxy samplying varying range of metallicities:
1. Sample 1: fixed metallicity log(Z/Zg) = 0.1.
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Figure 21. Stacked spectrum generated for galaxies in the log(Msooe,s2,2=0/ M@)> 15, logM> 10.90 and z = 0.53 bin in our
sample. The median stacked spectrum is plotted in black, while the stacked spectrum uncertainty considered in this work is
plotted in blue. Orange denotes the uncertainty derived from the alternate stacking method, which — as we argue in this section
— biases age calculations and may underestimate uncertainty.

2. Sample 2: Metallicity in a restricted range log(Z/Zg) = [0.0,0.2] (range observed in our highest mass galaxies)
3. Sample 3: Metallicity in a restricted range log(Z/Ze) = [-0.4,0.2] (range observed in our lowest mass galaxies).

We make a D4000 > 1.45 cut on the sampled SEDs, with an average of 40 galaxies in each sample. We use similar
priors on all parameters as Model A, while the metallicity prior is approximately 20 times the priors from Model A.
We pass these stacked spectra through a similar analysis as is conducted in this work.

Figure 20 shows the distribution of stacked metallicities and ages for each sample, with filled points corresponding
to stack values, and hollow points corresponding to parameter values for the individual mock galaxies in each sample.
Horizontal dotted lines correspond to median mass-weighted ages per sample.

We find that the stack metallicity and age is the most biased for Sample 3, with the highest range in metallicity,
while Sample 1 is the least biased i.e. for fixed metallicity, we find that the stacked spectra retrieves ages matching
median age of the sample of constituent galaxies. In Sample 3, we see a bias as wide as 1.50 (in this specific case, an
age that is younger than the median age by ~ 1.5 Gyr). Hence, we attribute that the dominant source of the bias
in ages from this stacking method, is the range of metallicities in the constituent galaxies per stacking bin. This is
a bigger contributing factor in stacks from the lower mass galaxies, since these subpopulations are where we see the
largest range in metallicities. Hence, we do not employ this stacking method in this work.

C. SINGLE BURST SFHS

Beyond the delayed-tau SFHs, we also calculate the age/epoch of star formation (in the form of a single burst-like
star formation age) for the single burst model (Model B). This is a more limiting model for galaxies with more than
one episode of star formation (which would better be approximated by the delayed-tau SFH), but is an exercise to test
the robustness of approximating quiescent galaxies as simple stellar populations, a model employed by many studies in
the past (e.g., Fumagalli et al. (2016); Jorgensen et al. (2017). See Figure 22 for stellar age of quiescent galaxies as a
function of stellar mass (M) for galaxies in our sample at 0.3 < z < 0.9. Color of points in the figure indicates observed
redshift of the member galaxy. As is expected, the most massive galaxies are formed earliest, with a median-age of ~
5 Gyr for a massive quiescent cluster member galaxy in our sample.

As expected, objects observed at lower redshifts have older ages i.e. for a given stellar mass, low redshift galaxies
sit on the top end of the plot. To physically motivate this, and compare this distribution of ages to the evolution
of galaxies in the Universe, we map these ages and observed redshifts to the formation redshift of each galaxy for a
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Figure 22. (Left) Ages (in Gyr) as a function of stellar mass (in Mg) for a single burst fixed metallicity model-based (Model
B), with color indicating observed redshifts. (Right) Stellar Mass vs redshift for the low-z member galaxies in our sample,
corresponding to Model B. Colors correspond to formation redshifts, where more massive galaxies (logM > 11) were formed at
z> 3.

distribution of stellar mass M as a function of observed redshift, where color indicates the formation redshift of a galaxy

Zform). The median mass galaxy (M) has formed at z o = 2-3, given the assumptions of a single burst model; this
is significantly younger than results seen from Model B, as is expected in an SSP-model based age characterization.

D. SNR OF QUIESCENT GALAXY SPECTRA
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Figure 23. Same as Figure 7, with average signal-to-noise ratio of the observed spectrum coded with color for each galaxy
spectrum in the low-z cluster sample (0.3 < z < 0.9), where we employ an SNR cut. Points with black borders are the 827
galaxies considered in this study from the low-z cluster sample. The highest SNR spectra were observed from the higher mass
galaxies in the sample.
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We apply a mean spectrum SNR cut to our quiescent galaxy spectra in the range 0.3 < z < 0.9. Figure 23 shows the
distribution of stellar mass as a function of observed redshift, with color indicating mean SNR per galaxy spectrum.

We find that the highest SNR spectra are observed in the highest mass galaxies, which is expected, without a strong
redshift dependence, as is expected from observational design of the program in B16. Intermediate mass galaxies are
seen to have been derived from a flat distribution of intermediate SNR spectra, mostly independent of redshift in the
low-z sample. The SNR distribution also indicates that the lowest SNR, (< 5) galaxies are cut from the sample by
applying the mass cut (logM > 10.3, dotted red lines in Figure 23).
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