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Abstract

We present results from a Keck/DEIMOS survey to study satellite quenching in group environments at z ~ 0.8
within the Extended Groth Strip (EGS). We target 11 groups in the EGS with extended X-ray emission. We obtain
high-quality spectroscopic redshifts for group member candidates, extending to depths over 1 order of magnitude
fainter than existing DEEP2 /DEEP3 spectroscopy. This degth enables the first spectroscopic measurement of the
satellite quiescent fraction down to stellar masses of ~10°°M,, at this redshift. By combining an infall-based
environmental quenching model, constrained by the observed quiescent fractions, with infall histories of simulated
groups from the llustrisTNG100-1-Dark simulation, we estimate environmental quenching timescales (7qyench) for

0.2 Gyr, which
is consistent with previous estimates at this epoch. At lower stellar masses (Mx = 10°°M.), we find that

the observed group population. At high stellar masses (M* = 1010'5M@) we find that Tguench = 2.4+

Tquench = 3.1J_r8'2 Gyr, which is shorter than prior estimates from photometry-based investigations. These

timescales are consistent with satellite quenching via starvation, provided the hot gas envelope of infalling satellites
is not stripped away. We find that the evolution in the quenching timescale between 0 <z <1 aligns with the
evolution in the dynamical time of the host halo and the total cold gas depletion time. This suggests that the
doubling of the quenching timescale in groups since z ~ 1 could be related to the dynamical evolution of groups or
a decrease in quenching efficiency via starvation with decreasing redshift.
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1. Introduction

In exploring the influence of the environment on the
suppression (or “quenching”) of star formation, considerable
attention has been given to galaxy clusters, the most massive
and rarest galaxy overdensities (e.g., see A. R. Wetzel et al.
2013; A. Muzzin et al. 2014; M. L. Balogh et al. 2016; R. Foltz
et al. 2018; D. C. Baxter et al. 2023; S. L. Ahad et al. 2024).
However, galaxy groups, which represent intermediate-density
environments between the low-density field and galaxy
clusters, are considerably more prevalent, with the majority
of galaxies residing in groups (e.g., R. B. Tully 1987;
V. R. Eke et al. 2004). Given this, it is crucial to study galaxy
groups across a broad range of redshifts and stellar masses,
focusing on both the star-forming and quenched galaxy
populations. Among other aspects, this will help to address
major outstanding questions regarding the physical mechan-
isms responsible for the dramatic growth of the population of
quenched galaxies since z ~ 2 (see E. F. Bell et al. 2004;
K. Bundy et al. 2006; S. M. Faber et al. 2007).

However, there are numerous obstacles in studying group
populations across cosmic time. Groups are far less galaxy-rich
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relative to clusters, making them less efficient to observe and
more difficult to characterize. Furthermore, while there have
been large spectroscopic surveys at z ~ l—e.g., DEEP2
(J. A. Newman et al. 2013) and zCOSMOS (S. J. Lilly et al.
2007)—that have identified hundreds of groups (B. F. Gerke
et al. 2012), they collectively lack the necessary depth,
sampling density, and/or spectral resolution to accurately
identify a substantial number of satellite galaxies. Additionally,
these spectroscopic surveys are less complete for the crucial
population of quenched galaxies due to selection biases
favoring massive, star-forming galaxies.

A fruitful pathway forward to improve upon current group
samples to z ~ 1— and the goal of this study is to perform
targeted spectroscopic follow-up of faint group member
candidates around spectroscopically confirmed groups. These
investigations are crucial to address the limitations of existing
galaxy formation models, both semianalytic and hydrody-
namic, which struggle to reproduce observed satellite quenched
fractions in groups and cluster environments (e.g., M. Hirsch-
mann et al. 2014; G. De Lucia et al. 2019; L. Xie et al. 2020;
M. Donnari et al. 2021; E. Kukstas et al. 2023).

One effective approach to improving existing models is to
combine observations of group and cluster populations with N-
body simulations to constrain the timescale over which satellite
galaxies quench since first infall onto their host system. This
timescale, commonly denoted as Tguench, 1S important because it
encapsulates the efficiency at which star formation is quenched
in dense environments and serves as a distinguishing feature
between the various quenching mechanisms that are theorized
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to exclusively operate in galaxy groups and clusters (e.g.,
A. R. Wetzel et al. 2014; S. P. Fillingham et al. 2015;
R. J. Wright et al. 2019). These include inefficient mechanisms
such as starvation (R. B. Larson et al. 1980)—i.e., the slow
consumption of cold gas in the absence of cosmological
accretion—that quench galaxies on timescales comparable to
the cold gas depletion time, T4ep, = Mgas/SFR, where My, is
the remaining cold gas mass and SFR is the star formation rate
of the galaxy. In contrast, highly efficient mechanisms such as
ram pressure stripping (RPS; J. E. Gunn & J. R. I. Gott 1972),
which involves the stripping of the cold gas reservoir from the
interstellar medium (ISM) of a galaxy due to pressures exerted
by the hot, dense gas that permeates groups and clusters,
quenches galaxies on timescales comparable to the crossing
time (or dynamical time), T4y, = R/V, where R and V are the
radius and velocity of the host dark matter halo, respectively.

Several environmental quenching studies have successfully
constrained Tquench- Notably, studies in the nearby Universe
(z $0.1) constrain Tguench across a wide range of stellar masses
in both galaxy groups and clusters (e.g., A. R. Wetzel et al.
2013; C. Wheeler et al. 2014; S. P. Fillingham et al.
2015, 2016; M. K. Rodriguez Wimberly et al. 2019). Among
other findings, these studies indicate that satellite quenching
timescales for galaxies with M% ~ 10°°7'°% in both galaxy
groups and clusters are relatively long (4—8 Gyr), stellar-mass
dependent, and generally consistent with the total cold gas
(H1+H,) depletion timescale, suggesting that starvation (as
opposed to more rapid mechanisms such as RPS) is the
dominant quenching mechanism at this epoch.

At higher redshifts (z ~ 1), environmental quenching studies
have predominantly focused on the most massive galaxy
clusters (My0 ~ 1014715M@), where membership can be
robustly assigned, and environmental processes are expected to
be more pronounced (e.g., A. Muzzin et al. 2012; S. A. Stanf-
ord et al. 2014; R. F. J. van der Burg et al. 2014; M. L. Balogh
etal. 2021; K. J. Kim et al. 2023). At these redshifts 74yench for
galaxies with Mx > 10'%°M_ is ~1.5 Gyr, again aligning with
the total cold gas depletion timescale at this epoch (A. Muzzin
et al. 2014; M. L. Balogh et al. 2016; R. Foltz et al. 2018;
D. C. Baxter et al. 2023).

Conversely, studies of galaxy groups (Mpnao ~ 1027 #M..) at
Z ~ 1 report Tquench for galaxies with (Mx 2 IOIO'SM@) around
~2.5Gyr (e.g., M. L. Balogh et al. 2016; M. Fossati et al.
2017). These results suggest that quenching in groups is due to
the exhaustion of cold gas reservoirs in the absence of
cosmological accretion, with modest feedback-driven outflows
thought to play a secondary role (see S. L. McGee et al. 2014;
M. L. Balogh et al. 2016). However, it remains unclear how
quenching proceeds for less massive (Mx > 10°°M.) group
satellites at this epoch. Studies at z ~ 0 have shown that galaxies
below this stellar-mass threshold are more efficiently quenched by
the environment, making this an important regime to investigate at
earlier times (Y. J. Peng et al. 2010; S. P. Fillingham et al. 2015;
A. R. Wetzel et al. 2015; D. C. Baxter et al. 2021; A. Karunak-
aran et al. 2023; J. Meng et al. 2023).

The objective of the Keck /DEIMOS survey presented in this
investigation is to enhance the existing literature by assembling
a mass-limited (Mx 2 109'5M@) sample of spectroscopically
confirmed group satellite galaxies at z ~ 0.8. This improves
upon previous studies of low-mass galaxies in groups at this
epoch, which have been limited to photometrically selected
group members. This new data enables us to improve estimates
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of Tquench at Mx 2 109‘5M®, identify the dominant quenching
pathway for galaxies in group environments at z ~ 0.8,
investigate the relative efficiency of environmental quenching
in groups versus clusters, and constrain how quenching
timescales of low-mass group satellites evolve with redshift.

This paper is structured as follows. In Section 2, we discuss
how groups and group member candidates were selected and
followed up with the Deep Imaging Multi-object Spectro-
graph (DEIMOS) instrument using the Keck II telescope. We
also describe the data reduction of the 1D and 2D spectra and
present the resulting redshift catalog in Section 2. In Section 3,
we describe our methodology for determining group member-
ship, estimating physical properties via spectral energy
distribution (SED) fitting, and separating group members in
star-forming and quiescent subpopulations. In Section 5, we
present satellite quenched fractions in bins of stellar mass,
group-centric radius, and redshift, alongside a model that
utilizes these measurements to constrain the satellite quenching
timescales in groups at z ~ 0.8. In Section 6, we present our
quenching timescale results. Finally, in Section 7 we explore
the implications for the dominant quenching mechanism in
group environments at intermediate redshift and contextualize
our results with respect to previous environmental quenching
studies, before summarizing our findings in Section 8.

Throughout this study we adoPt a Planck 2015 cosmology
with Hy = 67.7km s ! Mpc™ and ,,=0.307 (Planck
Collaboration et al. 2016), express distances in comoving
units, magnitudes in the AB system (Oke and Gunn, 1983), and
halo masses and sizes in terms of R,q, the radius within which
the average density is 200 times the critical density of the
Universe at the redshift of the group.

2. Data
2.1. Keck/DEIMOS Campaign Overview

This paper presents new data derived from a multicycle
Keck/DEIMOS campaign, focused on obtaining high-resolu-
tion spectroscopy for suspected satellite galaxies in spectro-
scopically confirmed galaxy groups in the Extended Groth
Strip (EGS; J. A. Newman et al. 2013). The survey aimed to
achieve a balanced representation of both star-forming and
quiescent galaxies by selecting objects in the K-band
(K <23.1), with the objective of building a mass-limited
sample down to Mx ~ 10°°M_. Data were taken during the
2016A-2019A semesters, for a total of nine nights.

2.2. Group Selection

We target 23 galaxy groups identified from DEEP2 and
DEEP3 spectroscopy (M. C. Cooper et al. 2012; J. A. Newman
et al. 2013; R. Zhou et al. 2019) in the EGS. The targets are
split between primary and secondary targets. The primary
target sample consists of 11 X-ray-selected galaxy groups from
the group catalog presented in G. Erfanianfar et al. (2013).
These targets are a subsample of 52 groups identified in a blind
survey for X-ray extended sources from 800 ks Chandra
coverage of the All-wavelength Extended Groth Strip Interna-
tional Survey (AEGIS; M. Davis et al. 2007). The optical
counterparts of these X-ray sources were identified using
CFHTLS-Wide3 imaging data, which is covered in
u*, g, r,i', and 7 filters down to i’ = 24.5. Spectroscopic
group membership was determined using DEEP2 and DEEP3
spectroscopy. However, photometric redshifts were used to
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confirm the overdensity of red galaxies within or near X-ray
sources that lacked spectroscopic data, following the red
sequence technique presented in A. Finoguenov et al. (2010).

As detailed in G. Erfanianfar et al. (2013), each group is
given a quality flag between 1 and 4, with one being the highest
quality. Specifically, FLAG = 1 indicates that the group has a
confident redshift assignment, significant X-ray emission, and
good X-ray centering; FLAG = 2 indicates large uncertainties
on the X-ray centering; FLAG = 3 indicates good centering but
no spectroscopic confirmation; FLAG = 4 indicates large
uncertainties on centering and uncertain redshifts due to lack of
nearby spectroscopic objects and red galaxies; and Flag = 5
indicates that a redshift could not be identified.

In total, 10 out of the 11 group targets that comprise
our primary sample have quality flags less than 4, between
2 and 13 spectroscopically confirmed group members, and
are located in the redshift range 0.66 < z < 1.02. Each group
has a total estimated halo mass, M5y, which is determined
using the X-ray luminosity-halo mass scaling relation from
A. Leauthaud et al. (2010), assuming a standard evolution:
MoyE. = f(L,, E; ") where E, = ((1 + z)> + Q)"/2. The
primary group sample has total halo masses that range from
Mooy ~ 2-7 x 10"M....

To enhance the efficiency of the survey, our observing
masks were configured to include an additional 12 optically
selected groups in the redshift range 0.53 <z < 1.03. These
groups were initially identified in the publicly available catalog
of galaxy groups by B. F. Gerke et al. (2012), which applied
the Voronoi—Delauny Method (VDM) group finder to spectro-
scopic data from the fourth data release of the Deep
Extragalactic Evolutionary Probe 2 (DEEP2) spectroscopic
survey (M. Davis et al. 2003; J. A. Newman et al. 2013). The
main difference between the primary and secondary target
samples is that the latter lacks X-ray observations. As discussed
in Section 3.1, these secondary systems contribute minimally
to our analysis, with only two of the 12 groups having
dynamically estimated halo masses typical of galaxy groups
(10"*7'M_). Consequently, we exclude these secondary
targets from our analysis, focusing exclusively on groups with
confirmed extended X-ray emission, a strong indicator of
virialization. Thus, this selection criterion ensures that our
analysis is limited to galaxy groups likely to be virialized, with
relatively robust halo mass estimates.

2.3. Spectroscopic Target Selection

The targets for spectroscopic follow-up are sourced from
NEWFIRM Medium-Band Survey (NMBS; K. E. Whitaker
et al. 2011) photometry. Specifically, we utilize version 5.1 of
the deblended catalog with sources in the AEGIS (M. Davis
et al. 2007) field.* This deep, multiwavelength data set,
which features ugrizJ,J,J;H H,K photometry, complemented
by space-based imaging from Hubble Space Telescope/
Advanced Camera for Surveys, Spitzer, and Galaxy Evolution
Explorer (GALEX), provides accurate photometric redshifts
(0,/(1 + z) = 0.017) for efficient selection of group member
candidates.

In addition, we leverage existing spectroscopy from DEEP2/
DEEP3 to construct a cross-matched catalog, constructed by
enforcing a maximum separation of 1” between objects from
the photometric (NMBS) and spectroscopic (DEEP2/DEEP3)

4 http://www.astro.yale.edu /nmbs/Data_Products.html
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catalogs. This merged catalog, which serves as the primary
source for our science targets, allows us to easily deprioritize
galaxies with existing DEEP2 /DEEP3 spectroscopy. Addition-
ally, we include overlapping Sloan Digital Sky Survey (SDSS)
photometry to identify guide and alignment stars in the EGS.
These stars, restricted to objects below the SDSS magnitude
limit of R <22, comprise our “guide catalog.” We use the
guide catalog as a reference to align the primary science catalog
by measuring and applying the relative astrometric offset.

With the aim of constructing a stellar-mass limited sample of
ZIOQ'SM@ at z ~ 1, we adopt a K-band selection limit of
K < 23.1 (or R < 25.5). Notably, this depth exceeds that of the
DEEP2 and DEEP3 surveys (R, = 24.1; M. C. Cooper et al.
2012; J. A. Newman et al. 2013) by more than 1 mag. Utilizing
this K-band selection criterion, we identify group candidates as
galaxies with comoving separations of less than 1 Mpc from a
group center and rest-frame redshift separations Az/
(1 4+ z) <0.15. In total, approximately 1500 satellite candidates
around 23 spectroscopically confirmed groups in the EGS are
targeted in this survey.

2.4. Observations and Data Reduction

The spectroscopic follow-up observations were conducted
using the Deep Imaging Multi-Object Spectrograph (DEIMOS)
mounted on the 10 m Keck II telescope. DEIMOS was chosen
for its capability to measure spectroscopic redshifts at z ~ 1,
leveraging the [O II] doublet and Ca H & K absorption features
to probe both star-forming and quiescent galaxies. The
instrument was configured with the 1200 lines mm ' grating
blazed at 7500 A and centered at ~7750 A (with the OG550
order-blocking filter), providing high resolution for precise
spectroscopic redshifts (o, ~ 30km s~ "), which is crucial for
confirming group membership.

A total of 17 slitmasks were manufactured using the
DSIMULATOR software,’ a mask design and optimization
tool. The masks were designed with efficiency in mind,
allowing ~130-160 targets per mask, with 17 slit widths and
minimum slit lengths of 47 Furthermore, the slit gaps were
designed to have 0.5 separations, and the slits were tilted 5°
relative to the mask position angle to increase the wavelength
sampling of the sky region to aid in sky subtraction. Before
being observed, each target was given a priority for observation
and categorized as either extremely faint (R > 25.5), moder-
ately faint (24 < R < 25.5), or relatively bright group candi-
dates (R < 24.3). Masks were designed with this priority in
mind to preferentially target brighter sources for nights with
unfavorable observing conditions.

Over the course of the survey, observations were acquired
with a typical seeing of 0'68, determined by analyzing the
median full width at half-maximum (FWHM) of alignment
stars across the spectral range of 7750 A-9100 A. In general,
we used total exposure times of 2> 6 hr, which were selected to
effectively capture spectra for low-mass (~10°°M..), quiescent
group member candidates. However, for nights with unfavor-
able observing conditions, either due to high humidity and/or
poor transparency, we prioritized masks with preferentially
brighter targets and adopted relatively shorter total exposure
times of ~2 hr.

5 This limit is derived by examining the R-band distribution of galaxies that

satisfy the K-band selection limit.
6 https: //www2.keck.hawaii.edu/inst/deimos /dsim.html
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Table 1
Galaxy Redshift Catalog

Object ID* Mask® SIit° MID? RAS Decl.! s Zhelio Zhuality
1961 ml9A16 0 58628.4102 214.44531 52.40640 0.32785 0.32790 3
2152 m19A16 1 58628.4102 214.37834 52.41012 0.97771 0.97775 3
2238 mI9A16 4 58628.4102 214.42816 52.41250 0.61744 0.61748 2
2327 ml9A16 5 58628.4102 214.48625 52.41427 0.31458 0.31462 2
2609 mI9A16 6 58628.4102 214.43631 52.41878 0.42200 0.42204 4
2616 m19A16 7 58628.4102 214.35102 52.41954 0.81242 0.81246 4
2648 ml9A16 8 58628.4102 214.46630 52.41904 0.44642 0.44647 2
2786 m19A16 10 58628.4102 214.42449 52.42131 0.54177 0.54181 4
Notes.

# Unique object identification number from the Newfirm Medium Band Catalog.

® Name of slit mask on which the object was observed.

¢ Slit number on the corresponding mask.

9 Modified Julian date of the observation.

®R.A. in degrees.

f decl. in degrees.

€ Measured spectroscopic redshift from DEIMOS spectrum.
T' Heliocentric-corrected redshift

! Redshift quality flag (—2 = poor quality spectrum; —1 = star; 1 = very low S/N; 2 = uncertain redshift measurement; 3, 4 = high-quality redshift measurement)

(This table is available in its entirety in machine-readable form in the online article.)

All data acquired from the survey were reduced using the
spec2D DEEP2/DEEP3 DEIMOS data reduction pipeline
M. C. Cooper et al. 2012; J. A. Newman et al. 2013).
Redshifts were determined using the specld automated redshift
pipeline, supplemented with visual redshift verification using
zspec. The DEEP2 /DEEP3 classification scheme was used to
assign quality codes (Zguaiity) to €ach visually inspected redshift.
These codes are as follows: zquaiity —2 (poor quality
spectrum /effectively unobserved); Zzquaiy = —1 (star);
Zquality = 1 (likely an extended object, but very low signal-to-
noise ratio; S/N); Zquaiiy = 2 (low S/N and/or compromised
data leading to uncertain redshift measurement); zZquaiy = 3
(reliable redshift with probability of accuracy >95%); and
Zqualiiy = 4 (reliable redshift with probability of accur-
acy 299%).

2.5. Galaxy Redshift Catalog

We provide the spectroscopic data obtained from our Keck/
DEIMOS observations in Table 1 (the complete version can be
found in the digital edition of the Journal). For the purpose of
this investigation, we consider only galaxies with secure high-
quality redshifts (zquality => 3) for which there are 1313 objects,
including 1040 without previous spectroscopic redshifts.
Although our sample is relatively small compared to DEEP2
and DEEP3, the extension to fainter magnitudes (as illustrated
in Figure 1) enhances the utility of each obtained spectroscopic
redshift.

The final catalog comprises 7058 unique redshifts, sourced
from this survey (1313), DEEP2/DEEP3 (5702), and over-
lapping SDSS coverage (43).

3. Observed Group Sample
3.1. Group Membership

Galaxies are classified as group members based on two
selection criteria:

1. The rest-frame line-of-sight velocity difference between a
galaxy and a nearby group is limited to | Av| < 1000kms ™",

) Y

A DEEP2/DEEP3’ 4
O This survey

A

1
0.60 < Zgpec < 1.2

2.0F

A£ : © o

rap [mag)]

Figure 1. The color-magnitude diagram shows the g — r distribution for
galaxies in EGS from DEEP2/DEEP3 and our Keck/DEIMOS survey. The
data shown is restricted to galaxies with high-quality spectroscopic redshifts
within the range 0.60 < z < 1.2, aligning with the redshift range of our EGS
group sample. Our observations enhance the existing data by adding high-
quality spectroscopic redshifts beyond the Rag = 24.1 limiting magnitude of
the DEEP2/DEEP3 survey.

which is approximately three times the average velocity
dispersion of the group sample.

2. The projected separation relative to the location of the
peak X-ray emission is less than R, of the group.

Applying these membership selection criteria leads to the
identification of 134 spectroscopically confirmed group
members across the 11 X-ray-selected groups. We subse-
quently refine group membership by measuring separations
relative to the location of the luminosity-weighted centroid of
the group members instead of the location of peak X-ray
emission. This adjustment serves two purposes: to facilitate a
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Table 2
Properties of 11 X-Ray-selected Groups
Group ID* RAL Decl.¢ Z o° Rboo M5y N e Flag'
(deg) (deg) (km s~ (ckpe) (10"°M.,) (<R200)
J1416.4+5227 214.12029 52.45258 0.837 386.0 1123.170 6.26 13 (7) 1.0
J1416.6+5228 214.16351 52.48248 0.812 307.0 928.283 3.17 84 3.0
J1417.0+5226 214.25454 52.44760 1.023 340.0 1004.364 3.85 74 1.0
J1417.5+5232 214.39395 52.53531 0.985 399.0 1172.309 6.35 14 (5) 2.0
J1417.5+5238 214.38802 52.63349 0.717 358.0 1070.654 532 23 (13) 2.0
J1417.74+5228 214.44257 52.46947 0.995 372.0 1082.625 5.12 12 (4) 1.0
J1417.9+45225 214.48623 52.42069 0.995 347.0 984.205 4.13 20 (7) 3.0
J1417.94+5226 214.48705 52.43759 0.684 301.0 883.415 3.22 32 4.0
J1417.9+45231 214.47931 52.52391 0.661 308.0 930.701 3.49 3(2) 1.0
J1417.94+5235 214.47645 52.58274 0.683 346.0 1029.427 4.92 27 (12) 1.0
J1418.8+5248 214.68967 52.80612 0.741 274.0 785.177 2.36 5@4) 1.0

Notes.

 Group identification number.

®RA. in degrees, measured from the location of peak X-ray emission.
€ decl. in degrees, measured from the location of peak X-ray emission.
4 Redshift of peak X-ray luminosity.

¢ X-ray-derived velocity dispersion.

f Ry derived from X-ray luminosity.

€ M,y derived from X-ray luminosity.

%1 Number of spectroscopic group members found in this study, with those originally found in G. Erfanianfar et al. (2013) listed in parentheses.
! Group identification flag (1 = confident redshift assignment, significant X-ray emission, and good centering; 2 = centering has a large uncertainty; 3 = no
spectroscopic confirmation but good centering; 4 = unlikely redshifts due to the lack of spectroscopic objects and red galaxies and also a large uncertainty in

centering; 5 = could not identify any redshift).

more accurate comparison with mock galaxy groups from N-
body simulations and to account for the fact that only six of the
11 X-ray selected groups possess well-defined group centers
based on the X-ray emission. We find that the separation
between the location of the peak X-ray emission and the
luminosity-weighted centroid ranges from 083 to 258,
corresponding to 14 kpc to 338 kpc, with a median separation
of 1374 or 201 kpc. Given that the typical absolute astrometric
accuracy of Chandra is approximately 0.6, these offsets are
unlikely to be caused by astrometric errors. Instead, they may
reflect physical properties of the X-ray emission, such as
asymmetric morphologies or substructures within the groups.
This is consistent with the findings of G. Erfanianfar et al.
(2013), who noted that some X-ray sources exhibit secondary
peaks or irregular emission, which could shift the X-ray peak
relative to the luminosity-weighted galaxy centroid. Despite
these spatial offsets, the membership of the groups remains
remarkably stable, with the total number changing by only one
member, from 134 to 135. This is unsurprising given that the
typical virial radius is 4-5 times larger than even the maximum
observed offset between the X-ray emission center and the
luminosity-weighted centroid. In column (8) of Table 2, we
compare the number of satellites confirmed from the member-
ship analysis employed in this study with those previously
confirmed in G. Erfanianfar et al. (2013). In nearly all cases, we
reaffirm membership, with only four exceptions identified as
interlopers.

In addition to the aforementioned membership selection
technique, we also test two alternative techniques. The first,
which includes both the primary and secondary groups, follows
the membership selection technique presented in Section 5 of
G. Erfanianfar et al. (2013). This technique relies on assuming
an initial velocity dispersion for each group, with our choice of
o = 500 km s~ ' matching that assumed by G. Erfanianfar et al.
(2013). This initial velocity dispersion is then used to calculate

both a maximum redshift threshold and a projected spatial
separation threshold for determining group membership. Initial
group members are selected based on these thresholds and then
refined iteratively using the “gapper” method to compute the
observed group velocity dispersion. The gapper method is an
iterative technique that calculates the velocity dispersion by
analyzing the gaps between the measured line-of-sight
velocities within a given group, after sorting the velocities in
ascending order. It has been shown to be an accurate estimator,
particularly in the limit of small sample sizes T. C. Beers et al.
(1990).

The gapper method derived velocity dispersion is iteratively
used to reassess group membership until stability is achieved,
which we reach after two iterations. The final velocity
dispersion is subsequently used to compute the rest-frame
and intrinsic velocity dispersion for each group, where the latter
is achieved by removing the effect of measurement errors of
component galaxies from the rest-frame velocity dispersion.
The intrinsic velocity is then used to compute R,go and
subsequently M»qg, under the assumption of virialization. From
this exercise, we find that the membership of the primary
X-ray-selected group sample is relatively unchanged, whereas
only five of the 12 secondary groups yield halo masses in the
conventional group halo mass range of My, = 107 "M,.
Notably, three of these five groups are located at lower
redshifts (z = 0.53-0.58) compared to the rest of the sample,
and are thus excluded from this analysis. We ultimately find
that the primary measurable from this investigation, the satellite
quenched fraction, is robust to the inclusion and exclusion of
these two additional groups. Therefore, for the sake of
simplicity, we continue using the membership selection
technique based on the line-of-sight velocity and projected
spatial separation from the luminosity-weighted centers of the
X-ray selected groups.
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Second, we investigate the possibility of including photo-
metric redshift members to increase the number of low-mass
quiescent galaxies in our sample. While maintaining the
originally defined projected separation threshold, we test two
rest-frame line-of-sight velocity thresholds for galaxies lacking
spectroscopic redshifts. The first, conservative approach defines
photometric members as galaxies with [Av| < 1000kms™",
resulting in an increase in group membership from 135 to 149.
The second, less conservative approach defines photometric
members as galaxies with |Av| < 2500 km s, leading to a rise
in group membership from 135 to 167. Our analysis reveals
minimal impact on the quiescent fraction at both high and low
stellar masses when including photometrically selected mem-
bers. Moreover, we find that the differences in quiescent
fractions resulting from the inclusion of photometric members
are substantially smaller than the uncertainties associated with
the quenched fraction derived solely from spectroscopically
confirmed members. Consequently, to ensure membership purity
and minimize contamination from interlopers, we opt to retain
the more reliable spectroscopic selection criteria for the
remainder of the analysis.

3.2. Control Sample

We utilize the NMBS catalog to establish a control sample of
“isolated” galaxies in the EGS. This catalog -contains
approximately 22500 K-band selected galaxies in the AEGIS
field with accurate photometric redshifts and rest-frame colors,
as well as stellar masses and star formation rates derived using
the Fitting and Analysis of Spectral Templates (FAST;
M. Kriek et al. 2009) SED fitting code. From this initial
sample, we limit to galaxies in the redshift range 0.6 < z < 1.2,
which yields ~9100 galaxies, of which ~23% have spectro-
scopic redshifts. From this sample, we define isolation as being
sufficiently far away, both in terms of line-of-sight velocity and
projected separation, from any massive (>10'"7°M.) galaxy.
This specific threshold is selected based on the stellar-mass
distribution of the two most massive group members for each
group, with Mx ~ 10'"7°M_ being the minimum of the
distribution. We identify 596 massive galaxies and establish the
isolation criteria as follows:

1. A galaxy must have a comoving separation greater than
2 cMpc (i.e., twice the typical Ry, of the observed group
sample) from any massive galaxy, excluding itself.

2. The rest-frame line-of-sight velocity difference between a
galaxy and any massive galaxy must be greater than
|Av|>5000km s~ " (five times the line-of-sight velocity
cut used to determine group membership), again exclud-
ing itself. This threshold is reduced to |Av|>1500km s
for galaxies with spectroscopic redshifts.

Applying these criteria, we identify approximately 3600
isolated galaxies in the redshift range 0.6 < z < 1.2. Figure 2
shows the redshift-space distribution for groups (unfilled black
circles), group members (unfilled orange circles), nongroup
members (cyan circles), and isolated galaxies (pink circles).
Open and closed circles indicate galaxies with and without a
spectroscopic redshift, respectively, for nongroup members and
isolated galaxies. This figure illustrates the locations of the
galaxy groups and the control sample of isolated galaxies in
relation to the large-scale structure, as traced by the observed
galaxy population. As detailed in Section 5.1, we use the
control sample to estimate the fraction of isolated quenched
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galaxies as a function of redshift and stellar mass. This is a
crucial measurement and is used to constrain the contribution to
the observed satellite quenched fractions from satellites that
likely quenched independent of the group environment.

3.3. Physical Properties from SED Fitting

We determine the physical properties of the confirmed group
members using the Bayesian Analysis of Galaxies for Physical
Inference and Parameter Estimation (BAGPIPES) SED fitting
code (A. C. Carnall et al. 2018). We fit all available NMBS
photometry, which includes coverage in the UV (GALEX),
visible and NIR (Canada—France-Hawaii Telescope and
Subaru Telescope), and mid-IR (Spitzer/IRAC). During the
fitting process, we assume an exponentially declining star
formation history (SFH) given by SFR =exp /7 and fix each
galaxy to its spectroscopic redshift. The following parameter
ranges are utilized for fitting: time since SFH began, 0.1 Gyr <

t < 15Gyr; timescale of decl.,, 0.3Gyr < 7 < 10Gyr;
formation mass, 1.0 < log,(M*/Mz) < 15; metallicity,
0 < Z/Z, < 2.5; and reddening, 0 < A, < 4.0 (using a
D. Calzetti et al. 2000 dust law). Furthermore, we adopt the
default stellar population models, namely the 2016 version of
the G. Bruzual & S. Charlot (2003) models.

We compare the stellar masses derived using BAGPIPES
with those listed in the deblended NMBS catalog, which were
obtained using FAST. While the two sets of values are
generally consistent, we note a moderate offset of ~0.1 dex,
with our updated stellar masses being larger than those
obtained using FAST. This discrepancy is likely attributable
to differences in SED fitting methodologies, model assump-
tions, and a minor influence of variations between our
spectroscopic redshifts and the photometric redshifts employed
by FAST for stellar-mass estimation.

3.4. Galaxy Classification

We classify group members as star-forming or quiescent
based on rest-frame UVJ colors, using the color—color cuts
defined by K. E. Whitaker et al. (2011) and shown in
Equation (1),

U-vV)y>13 n
(V-J)y<1l6 n
(U—-V)>088 x(V-J)+0.59. (1)

Although the NMBS catalog provides rest-frame UVJ
colors, these values are based on photometric redshifts. Given
the modest scatter between photometric and spectroscopic
redshifts of group members (o, ~ 0.06), we remeasure the rest-
frame UVJ colors using the spectroscopic redshifts from our
Keck/DEIMOS observations. To maintain consistency with
the NMBS catalog, we use the EAZY code (G. B. Brammer
et al. 2008), applying the same configuration file as used in the
catalog's construction. Using Equation (1), we identify 62
quenched galaxies and 73 star-forming galaxies. For compar-
ison, these numbers are 61 and 74, respectively, when using the
rest-frame UVJ colors provided in the NMBS catalog.

Additionally, we classify group member galaxies based on
the median specific star formation rates (sSFR) estimated using
BAGPIPES. We apPly a visually selected threshold of
sSFR = 107 '“* yr ', which effectively separates the star-
forming and quiescent populations, and coincidentally aligns
with the redshift-dependent sSFR threshold of 0.3 X e
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Figure 2. The redshift-space distribution of galaxies in the EGS field is shown. The vertical axis represents the transverse distance along the decl. direction on the sky.
The black circle marks the location of our groups at the luminosity-weighted centroid, with the circle size indicating the group's richness. Orange circles represent the
spectroscopically confirmed group members. Cyan and pink circles represent nongroup members, with closed and open circles distinguishing between galaxies with
and without spectroscopic redshifts, respectively. The pink circles specifically highlight the subset of nonmember galaxies that constitute our control sample of

isolated galaxies.

from M. Franx et al. (2008). This criterion yields 52 quenched
and 83 star-forming galaxies. Upon comparison, the two
classification methods demonstrate significant agreement, with
>90% of the galaxies having consistent classifications.
However, to ensure consistency across our analysis, we adopt
the rest-frame UVJ color—color classification. This choice is
influenced by two factors. First, it is essential to maintain a
consistent classification system for both group and control
samples. Second, a considerable portion of the control sample
lacks reliable sSFR estimates.

4. Simulated Group Sample
4.1. Simulated Group Selection

We use the TNGI100-1-Dark simulation from the Illu-
strisTNG project’(TNG; F. Marinacci et al. 2018; D. Nelson
et al. 2018; J. P. Naiman et al. 2018; A. Pillepich et al. 2018;
V. Springel et al. 2018) to track the distribution of infall times
(and thus quenched fraction given an assumed quenching
timescale) for a simulated group population selected to closely
approximate the redshift and halo mass distribution of the
observed group sample. The TNGI100-1-Dark simulation
(hereafter referred to as TNG100-Dark) is a state-of-the-art,
high-resolution cosmological model that simulates the forma-
tion and evolution of galaxies and large-scale structure in the
Universe. TNG100-Dark covers a cubic region with a side
length of 75cMpc/h and achieves a dark matter mass
resolution of 6 x 10°M_,/h. This combination of volume and
resolution enables us to reliably investigate analogs of our
observed group population.

The simulated groups are derived from the group catalogs
and sublink merger trees of the TNG100-Dark simulation,

7 https: //www.tng-project.org

which encompasses a total of 100 snapshots from z = 20.05 to
z = 0. Our analysis focuses on a subset of four snapshots at
Zenap = 1.0, 0.82, 0.73, and 0.68, chosen to mirror the redshift
distribution of the observed group sample. Each snapshot
contains a distinct group catalog comprising both friends-of-
friends (FoF) groups (M. Davis et al. 1985) and SUBFIND
objects (V. Springel et al. 2001; K. Dolag et al. 2009). The FoF
catalog includes a GroupFirstSub column, which identifies the
primary /central as the most massive subhalo within each FoF
group.

For each snapshot, we restrict groups to have halo masses
ranging from 10"3°M. to 10"°*M.. We then utilize the
TNG100-Dark Sublink merger trees to track the SUBFIND IDs
of these groups from z=0.68 to z = 1.0, ensuring the
identification of unique groups across the four snapshots
without any progenitor-descendant relation. In other words, a
group selected in a higher redshift bin is not a progenitor of a
group in a lower redshift bin. After constructing the sample of
unique groups, we further limit the groups in each snapshot to
have halo masses approximately within the range of the
observed groups at a given redshift. As shown in Figure 3, our
simulated group sample comprises a total of 22 unique groups
from snapshots spanning from z=1.0 to z=0.68. This
simulated sample has a median redshift of Z = 0.82 and a
median halo mass of My = 10'3% M, consistent with the
median redshift (f = 0.81) and a median halo mass of
(Myyo = 10392 M) of the observed group sample.

4.2. Simulated Group Membership

We define simulated group members as all subhalos
(including the central/primary, defined as the most massive
subhalo in a given group) that satisfy the condition
Ahosi(Zobs) < Raoo, Where dpos(zobs) represents the three-dimen-
sional comoving separation between a subhalo and the group
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Figure 3. M, vs. z for the observed and simulated group samples. The open
circles (filled diamonds) represent the TNG100-Dark (EGS) groups.

center as measured at the observed redshift. Once the satellite
population is established, we utilize the TNG100-Dark sublink
merger trees to track subhalo properties such as position, halo
mass, and Rgy along the main progenitor branch from
z2=20.05 to Zyps-

Since TNG100-Dark is a dark-matter-only simulation, we
estimate stellar masses using the empirical stellar mass-to-halo
mass (SMHM) relation proposed by P. Behroozi et al. (2019).
This relation allows us to assign stellar masses to all subhalos at
their respective snapshots using their peak halo mass at a given
Zsnap- TOr this procedure, we use the SMHM fit parameters and
their uncertainties listed in rows 2 and 3 of Table J1 in
P. Behroozi et al. (2019) to assign stellar masses to centrals and
satellites, respectively. Specifically, we use the spread in the
SMHM relation, as quantified by the 68% confidence interval
from the model posterior space, to assign stellar masses via
Gaussian sampling.

In Figure 4, we compare the stellar-mass distribution of the
simulated group sample with the observed sample in bins of
size 0.25dex. The mass resolution of the TNGI100-Dark
simulation enables the reliable detection of low-mass satellites
down to ~10”°M_.. However, the observed group sample
shows signs of incompleteness below Mx < 10°°M... For the
purpose of our analysis, we limit both the observed and
simulated samples to group members with Mx > 109‘5M®,
which yields 203 satellites across the 22 simulated groups and
122 satellites across 11 EGS groups.

5. Quenching Model

We utilize an infall-based modeling framework akin to that
utilized in A. R. Wetzel et al. (2013), C. Wheeler et al. (2014),
S. P. Fillingham et al. (2015), and D. C. Baxter et al. (2022) to
estimate the satellite quenching timescale for our observed
group sample. Unlike quenching timescales derived from star
formation histories, which measure the time between peak star
formation and when the star formation rate falls below a
specific threshold (e.g., A. C. Carnall et al. 2019), our approach
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Figure 4. Comparison of the satellite stellar-mass function between observed
(red diamonds) and simulated (open circles) groups. The observed sample
exhibits a slight extension toward higher masses compared to the simulated
counterpart, yet both distributions demonstrate relative agreement down to
approximately IOQ‘SM@, Our analysis focuses solely on observed and simulated
group members above 10°M., as highlighted by the shaded gray band.

focuses on the timescale over which a galaxy quenches after it
has become a satellite of a group or cluster. This approach
leverages the assembly histories of group populations from N-
body simulations to determine how long a subhalo of a given
mass has been a group member. This information allows us to
construct an infall-based quenching model that: (i) probabil-
istically determines the fraction of galaxies that quench due to
secular processes prior to infall, based on observed measure-
ments of the isolated quenched fraction (see Section 3.2); and
(ii) constrains the time required for galaxies to quench due to
environmental mechanisms after infall. Specifically, the model
generates satellite-quenched fractions based on assumed
satellite-quenching timescales, and we use a Bayesian approach
to identify the timescales that are most consistent with the
observed satellite-quenched fraction trends.

5.1. Contributions from Self-quenching

While environment plays a significant role in the build-up of
the passive galaxy population, some galaxies quench through
internal mechanisms, such as feedback from star formation
and/or accreting supermassive-black holes (e.g., D. J. Croton
et al. 2006; B. D. Oppenheimer & R. Davé 2006). This process,
known as “self-quenching,” acts as a distinct and important
contributor to galaxy quenching independent of environment
(Y. J. Peng et al. 2010). It is therefore reasonable to assume that
a fraction of the observed group population may have self-
quenched prior to infall. To account for group members that
potentially self-quenched prior to infall, we construct a control
sample of isolated galaxies from the NMBS catalog in the EGS
(see Section 3.2). This control sample allows us to measure the
quenched fraction of isolated galaxies as a function of mass and
redshift, providing a baseline for comparison with the observed
group members. We define isolated galaxies as those located
sufficiently far away from massive (>10'°7°M,) galaxies in
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Figure 5. Isolated quenched fraction as a function of redshift in bins of stellar
mass ranging from 10%°M, to 10''°M_, derived from galaxies considered
relatively isolated (see text for description) in the NBMS catalog. Colored
circles represent the observed field quenched fractions in their respective
stellar-mass bins, while the curves illustrate fits to the observed results using an
exponentially decaying function. Vertical error bars denote the 1o binomial
uncertainties in the quenched fraction.

terms of both projected separation (>2 Mpc) and line-of-sight
velocity (>5000kms™"). We determined the threshold for
defining massive galaxies by analyzing the stellar-mass
distribution of the two most massive group members for each
group, with Mx ~ 10'7°M_ being the minimum of the
distribution. Following the UVIJ color—color classification
scheme highlighted in Section 3.4, we separate the -~3600
isolated galaxies into star-forming and quiescent populations.

Figure 5 illustrates the observed isolated quenched fraction
( fqlSOIatEd (z, M%)) in bins of redshift and stellar mass. We
observe a prominent trend between the isolated quenched
fraction and stellar mass, indicating that low-mass isolated
galaxies are predominantly star-forming relative to massive,
isolated galaxies. We find that the observed fractions are robust
to variations in both the threshold used to define massive
galaxies and the line-of-sight velocity threshold for isolation.
The robustness with respect to the line-of-sight velocity
threshold is particularly crucial because, although the isolation
condition relies heavily on photometric redshifts, more
stringent isolation criteria (e.g., |[Av| > 30,000 km sfl) do
not significantly alter the general trends.

We employ curve fitting techniques to model the isolated
quenched fractions, which are then utilized in tandem with the
simulated group sample to probabilistically classify the
members of simulated groups at the observation redshift. That
is to say, we use the observed isolated quenched fraction as a
function of redshift and stellar mass from Figure 5 to establish a
baseline for the quenched fraction of simulated galaxies that
would likely be quenched regardless of their environment. To
achieve this, we generate random numbers from a uniform
distribution ranging from zero to one and compare them with
the expected isolated quenched fraction for galaxies of a given
stellar mass and redshift. If the generated number exceeds (or
falls below) the observed isolated quenched fraction, we
classify the simulated galaxy as star-forming (or quenched).
For instance, as shown in Figure 5, we see that an isolated
galaxy at z = 1 with a stellar mass between 10'°~'%M_ has an
expected quenched fraction of approximately 20%. Thus, in
this modeling framework, such a galaxy will be classified as
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quenched only if the randomly generated number is less than
0.2 (or 20%); otherwise, it will be assumed to be star-forming.

We repeat the classification procedure N times (here,
N = 10) to account for the inherent randomness of the
procedure. Increasing the number of iterations has a negligible
impact on the results. We define the contribution to the group
quenched fraction from galaxies that quench independent of
environment as the median quenched fraction value across all N
iterations. This process establishes the baseline group quenched
fraction for the simulated group population, which is subse-
quently augmented in bins of stellar mass, group-centric radius,
and redshift using our infall-based quenching model to align
with observed quenched fractions.

5.2. Measuring Infall Times

The second component of our quenching model involves
analyzing the infall time distribution of the simulated group
population. As detailed in Section 4.2 we utilize the TNG100-
Dark sublink merger trees to track the positions of group
members over time. This allows us to pinpoint the infall time
(tinran) for individual simulated satellites, defined as the
moment when a subhalo first crosses Rygy of the group.
However, due to a median timestep resolution of approximately
100 Myr between each snapshot, we employ spline interpola-
tion to enhance the temporal resolution to approximately
10 Myr.

Figure 6 provides a visualization of the infall time
distribution, showcasing how the simulation group population
assembles over time. For context, the assembly process is
defined from the moment a central galaxy acquires a satellite
that remains bound to it until the observed redshift. This figure
highlights the diverse assembly histories of individual groups,
while also revealing that, on average, a significant portion
(more than 60%) of group assembly occurs after z < 2.

5.3. Constraining Quenching Timescales

While environmental quenching is a complex process that
depends on more than a single parameter, constraining the
timescale upon which environmental quenching proceeds,
denoted Tguench, has proven valuable in isolating dominant
quenching mechanisms in groups and clusters (e.g., G. De
Lucia et al. 2012; J. D. Cohn & M. White 2014; C. Wheeler
et al. 2014; S. P. Fillingham et al. 2015; M. Fossati et al. 2017;
R. Foltz et al. 2018; B. C. Lemaux et al. 2019). In general,
studies that constrain Tquench typically define the onset of
environmental quenching relative to the moment a less massive
subhalo becomes a member of a more massive subhalo. This
can be defined relative to the instance when a subhalo crosses
the virial radius of any subhalo more massive than itself or the
instance when a subhalo first crosses the virial radius of its final
host. The former typically helps constrain the role of group
preprocessing (M. L. Balogh & S. L. Morris 2000; Y. Fujita
2004; G. De Lucia et al. 2012) in building up the quiescent
population of galaxy clusters. The latter, which is the method
utilized in this work, is used to constrain the timescale upon
which dense environments suppress star formation.

In this study, we use the assembly histories from TNG100-
Dark to constrain Tquench. First, we establish 7., representing
the maximum time available for a subhalo to quench, defined as
the duration between its first infall and the observed snapshot
(fmax = Tinfanl — lobs)- Additionally, we parameterize Tquench as a
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linear function of stellar mass with parameters m (slope) and b
(y-intercept):

Tquench = m*10g,o(M*/M¢) + b. ()

Therefore, the condition for a simulated group member to
quench is given by Tquench < fmax. Thus, after accounting for
the subpopulation of simulated galaxies that quench indepen-
dently of the group environment (see Section 5.1), we can vary
Tquench tO generate a range of modeled quenched fractions. To
efficiently explore this parameter space, we employ Markov
Chain Monte Carlo (MCMC) sampling techniques. This
enables us to identify Tguench Values that best align with both
modeled and observed quenched fractions.

6. Results
6.1. Satellite Quenched Fractions

We stack our observed group populations, a total of 124
satellites with stellar masses greater than M > 10°°M_, across
11 X-ray-selected groups. Using this combined sample, we
measure the satellite quenched fraction as a function of satellite
stellar mass, group-centric radius (measured from the lumin-
osity-weighted centroid), and redshift. We find that the fraction
of quenched galaxies increases from ~20% in the lowest mass
bin to around 95% in the highest mass bin (see Figure 7). This
trend is roughly consistent with results from previous group
quenching studies that combine spectroscopically and photo-
metrically confirmed members to measure the satellite
quiescent fraction in groups at z ~ 1 down to 10°°M,, (e.g.,
M. L. Balogh et al. 2016; M. Fossati et al. 2017). Compared to
measurements from group studies at z ~ 0, the satellite
quenched fractions measured here are roughly two times lower
at low masses (M* ~ 109'5M@) and nearly unchanged at high
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masses (Mx* > 10“‘0M®) (e.g., D. C. Baxter et al. 2021;
J. Meng et al. 2023). Regarding the dependence on redshift, we
observe an increase in the quenched fraction from 35% at z ~ 1
to 60% at z ~ 0.7. Finally, we find that the fraction of quiescent
galaxies increases with decreasing group-centric radius. This is
somewhat to be expected given that the quenched fraction is
measured relative to the luminosity-weighted centroid, but this
trend still holds (albeit not as steep) if measured relative to the
position of peak X-ray emission.

Environmental quenching studies often use the observed
relationship between the quenched fraction and a single
parameter, such as satellite stellar mass or host-centric radius,
to constrain the satellite quenching timescale (e.g.,
A. R. Wetzel et al. 2013; C. Wheeler et al. 2014; M. L. Balogh
et al. 2016; D. C. Baxter et al. 2022). This approach is practical
because it captures the intended quenched fraction trend as a
function of the chosen parameter. However, as illustrated in the
top row of Figure 7, this method can struggle to capture the
observed variations in the quenched fraction with other
parameters, such as group-centric radius. A more comprehen-
sive approach is to constrain the model based on trends in
stellar mass, group-centric radius, and redshift. While this
method prioritizes capturing the interplay between all three
parameters, sacrificing a perfect match with the quenched
fraction versus stellar-mass trend (as shown in the bottom row
of Figure 7), it yields improved overall alignment with all three
observed trends and provides tighter constraints on the inferred
quenching timescale, as elaborated below.

6.2. Satellite Quenching Timescales

Figure 8 depicts the satellite quenching timescales as a
function of satellite stellar mass inferred from this invest-
igation. We present results for two scenarios: the quenching
timescale constrained solely by the observed quenched fraction
trend with stellar mass ( f;‘“ (M %)) depicted by the purple line,
and constrained by quenched fraction trends with stellar mass,
group-centric radius, and redshift ( f;at (M, Rproi/ Rooo, 2))
shown by the magenta line in Figure 8. We find that by jointly
constraining the quenching model against multiple quenched
fraction trends, we achieve tighter constraints on the quenching
timescale across the entire range of investigated stellar masses.
Nevertheless, in both cases, we infer a mildly mass-dependent
quenching timescale in which higher-mass satellites quench
more rapidly relative to lower-mass counterparts. Specifically,
the quenching timescales that we infer decrease with increasing
satellite stellar mass, ranging from approximately 3-3.5 Gyr at
10%°M,, to ~2.5 Gyr at 10'%°M_,. In the following section, we
discuss the ramifications of these timescales and how they
compare with estimates from previous studies in the literature.

7. Discussion
7.1. The Dominant Quenching Pathway in Galaxy Groups

Fundamentally, the quenching of star formation requires two
ingredients. First, the inflow of cold gas (i.e., fuel for star
formation) onto the galaxy must be halted. Second, the
remaining star-forming gas must be consumed, ejected, or
stripped away from the disk. Regarding the former, simulations

show that galaxies within host halos with masses above
Muao 2 10" are able to halt the inflow of cold gas streams

from the intergalactic medium, with more massive host halos
more efficiently cutting off accretion (e.g., F. van de Voort
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et al. 2017). Thus, in group environments this is thought to be
an effective method to halt the accretion of pristine cold gas,
though this process is less efficient in groups than in clusters.
Regarding the latter, the consumption of cold gas can be
framed in terms of the depletion timescale (Tqep = Mgas/SFR)
of molecular gas or atomic and molecular gas. This is assumed
to also include the stripping of the extended hot gas halo
surrounding a galaxy—which serves as an additional source of
star-forming gas after a satellite is separated from gas inflows
from the IGM—via a process dubbed “strangulation”
(M. L. Balogh & S. L. Morris 2000). Additionally, the
interactions between a galaxy and its host halo provide several
opportunities to strip star-forming gas, either via dynamical
interactions (e.g., RPS) or gravitational interactions (e.g., tidal
stripping) (e.g., A. Manuwal & A. R. H. Stevens 2023). The
timescales for these mechanisms typically scale like the
crossing—or dynamical—time (7gy, = R/V).

The quenching timescales inferred in this analysis are longer
than both the typical crossing time (<1 Gyr) and the total cold
gas (H 1+H,) depletion timescale (<2 Gyr at z ~ 1 for galaxies
with Mx* ~ IOIOMO, based on estimates from G. Popping et al.
2015). While direct stripping of star-forming gas through RPS
is believed to occur in group environments (e.g., C. Sengupta
et al. 2007), it is expected to be relatively inefficient due to
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relative to photometry-based estimates, suggesting that low-mass satellites quench faster than previously thought.

lower densities and velocities compared to cluster environ-
ments (for a recent review, see L. Cortese et al. 2021). This,
coupled with the relatively long quenching timescales, suggests
that direct stripping events are unlikely to be the dominant
drivers of star formation suppression in groups.

A possible scenario highlighted in S. L. McGee et al. (2014)
and M. Fossati et al. (2017) to explain timescales that exceed
the expected total cold gas depletion timescale is that group
environments are relatively inefficient at removing the hot gas
halo surrounding infalling galaxies. In this scenario the
multiphase gas in the circumgalactic medium (CGM) of the
satellite can potentially cool onto the galaxy, replenishing the
supply of star-forming gas and sustaining continued star
formation. Thus the relatively long timescales inferred from
this analysis are consistent with the idea that quenching in
galaxy groups is mainly driven by gas exhaustion, with the
caveat that quenching timescales may exceed estimated
depletion timescales due to CGM gas recycling.

7.2. The Efficiency of Quenching in Groups versus Clusters

In Figure 9 we compare satellite quenching timescales
reported in the literature, focusing on studies of galaxy groups
Moo = 1013_14M@) and galaxy clusters (M»gg = 1014_15M@,)

12

at z ~ 1. Our results (purple stars) reaffirm previous findings
indicating that galaxies with Mx ~ 10'°°M_ in group
environments (e.g., M. L. Balogh et al. 2016; M. Fossati
et al. 2017) quench on timescales of ~2.5 Gyr. These
timescales are longer than those inferred from cluster studies,
which generally find that galaxies with Mx ~ 10'"°M,
quench on timescales of 1-1.5 Gyr (e.g., A. Muzzin et al.
2014; M. L. Balogh et al. 2016; R. Foltz et al. 2018;
D. C. Baxter et al. 2023). As shown in D. C. Baxter et al.
(2022) the quenching timescales for clusters at z ~ 1 is
consistent with estimates of the total cold gas depletion
timescale at this epoch, suggesting that starvation plays a
dominant role in suppressing star formation within cluster
environments. Therefore, if the exhaustion of cold gas in
the absence of cosmological accretion is also the dominant
driver of quenching in groups, then the relatively longer
quenching timescales in group environments can be
attributed to their retention of the CGM, which serves as a
source of additional star-forming gas. In contrast, clusters,
due to their high densities and temperatures, are more likely
to strip the CGM from infalling satellites, resulting in
quenching timescales comparable to the total gas depletion
timescale.
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Gyrat >10'°5M_) and C. Wheeler et al. (2014) (7.87957 Gyr at >10°°M.,).

The timescale constraints at low and high masses from this work are consistent with both evolutionary scenarios, suggesting that quenching in galaxy groups over the
past 7 billion years may be driven either by the stripping of cold gas or by its passive consumption in the absence of cosmic web accretion.

7.3. Redshift Evolution of Satellite Quenching in Group
Environments

The environmental quenching timescale inferred for low-
mass (Mx ~ 10°°M..) satellites in groups at z ~ 0 (approxi-
mately 8 Gyr) conflicts with the age of the universe as early as
z ~ 0.6. This constraint necessitates an increase in the efficiency
with which low-mass group satellites quench as redshift
increases. Studies at z ~ 1 that utilize photometrically selected
group members at these masses indeed infer quenching
timescales shorter than those inferred at z ~ 0 (M. L. Balogh
et al. 2016; M. Fossati et al. 2017). The physics driving the
redshift evolution of the quenching timescale remains unclear,
but several investigations find that it is possibly related to gas
stripping events because this evolution is consistent with the
evolution of the dynamical time (S. L. McGee et al. 2014;
R. Foltz et al. 2018). To explore this, Figure 10 presents the
quenching timescale as a function of redshift for galaxies in
groups, with this investigation prov1d1n§ two new constraints at
z ~ 0.8 for low-mass (Mx °M_.) and high-mass
(Mx = 10"%°M..) satellites in groups. When placed into the
larger context with other studies from the literature, we find
results consistent with the picture in which the quenching
timescales undergo strong evolution with redshift, nearly
doubling over the last 7-8 Gyr, implying that groups with
similar halo masses at z ~ 0 and z ~ 1 quench their satellite

populations at vastly different timescales. As illustrated by the
orange bands in Figure 10, our investigation finds that the
evolution of the quenching timescale roughly follows the
evolution in the dynamical time, i.e., Tquench(@) o< (1 + O
when normalized to the quenching timescale of galaxy groups
at z ~ 0. This finding aligns with previous studies on the
redshift evolution of environmental quenching timescales (e.g.,
S. L. McGee et al. 2014; R. Foltz et al. 2018), suggesting that
changes in quenching efficiency result from the dynamical
evolution of groups with redshift. However, as indicated by the
purple bands in Figure 10, we also find that the redshift
evolution of the environmental quenching timescale is
consistent with the evolution of the total cold gas (H I + H,)
depletion time derived from G. Popping et al. (2015), which
scales as o (1 + z)~'°. This would instead imply that the
redshift evolution of environmental quenching in group
environments is driven by a decrease in the efficiency of
quenching via starvation with decreasing redshift, as opposed
to gas stripping events. This scenario is supported by both this
investigation and prior studies at z ~ 0, which consistently
identify starvation as the primary driver of environmental
quenching in group environments (F. C. van den Bosch et al.
2008; A. R. Wetzel et al. 2013; C. Wheeler et al. 2014;
S. P. Fillingham et al. 2016). While stripping likely plays a role
in quenching the group satellite population, the relatively long

13
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quenching timescales in group environments suggest that less
efficient processes such as starvation and strangulation
dominate.

8. Summary and Conclusions

Using Keck/DEIMOS, we conduct follow-up spectroscopy
targeting faint (R < 25.5) satellite candidates around 11 X-ray-
selected groups in the EGS, covering a redshift range of 0.66 <
z < 1.02. By stacking confirmed group members, we measure
the satellite quenched fraction as a function of stellar mass,
group-centric radius, and redshift, to a stellar mass limit of
approximately 10°°M....

These observed trends are used to constrain an infall-based
quenching model, parameterized by the satellite quenching
timescale (Tquench), Tepresenting the duration a satellite remains
star-forming after becoming a group member. This timescale,
which is allowed to vary with stellar mass, is estimated using
the assembly histories of 22 mock groups from the TNG100-
Dark simulation, selected to mirror the redshift and halo mass
distribution of the 11 observed groups. Importantly, before
estimating Tquench, the model calibrates against the observed
coeval quenched fraction of isolated galaxies, establishing a
baseline quenched fraction for group members that quenched
independently of their environment. Once this baseline is
established, additional galaxies are allowed to quench based on
their group membership duration. This modeling procedure,
conducted in a Bayesian framework, constrains the quenching
timescale that best matches the modeled quenched fractions
with the observations. The primary findings from this analysis
are as follows:

1. At lower masses (M* = 109'5M@) we infer quenching
timescales of 3.1+O'i Gyr, while at higher masses

(Mx = 10"%°M_.) we find shorter quenching timescales of

2.4+0'§ Gyr, consistent with previous estimates from
the literature.

2. These relatively long timescales are consistent with
starvation as the dominant quenching mechanism,
provided the multiphase CGM remains intact post-infall
onto the group. This condition allows for hot diffuse gas
to gradually cool onto the galaxy from the CGM, thereby
enabling prolonged star formation. Given that the
observed timescales surpass the estimated total cold gas
depletion timescale at this epoch, the preservation of the
CGM emerges as a critical factor in this study.

3. We observe a weaker dependence on the quenching
timescale with satellite stellar mass compared to previous
studies. Our findings for Tqyench at Mx = IOIO'SM@ agree
with the existing literature. Therefore, the shallower trend
is predominantly driven by quenching timescales at
Mx* = 10°°M_,, which are shorter than prior photometry-
based estimates from the literature. This suggests that
quenching in the low-mass regime is more efficient than
previously thought.

4. When comparing quenching timescales at z ~ 1 from the
literature for groups and clusters, we find that high-mass
(>10'""M.) cluster satellites quench on timescales of
1 — 1.5 Gyr, while high-mass (>10'"°M.) group
satellites have slightly longer timescales of ~2.5 Gyr.
This mild halo mass dependence is attributed to clusters
more efficiently removing the CGM of satellites, thereby
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eliminating a potential source of additional star-forming
gas postinfall.

5. We place novel constraints on the quenching timescale at
z ~ 0.8 for group satellites with Mx = 10°°M_, and
Mx = 10'°M_,. By exploring the redshift dependence of
the satellite quenching timescale in groups, we find that
quenching efficiency increases with increasing redshift.
Our results indicate that the quenching timescale evolves
roughly like the dynamical time (x (1 + z)~'°) and is
consistent with previous studies (e.g., M. L. Balogh et al.
2016; R. Foltz et al. 2018) and the total cold gas d%pletion
time from G. Popping et al. (2015) (x (1 + 2 "9). This
suggests that the near doubling of the environmental
quenching timescale over the last 7-8 Gyr could be due to
the dynamical evolution of groups or a decrease in
quenching efficiency via starvation with decreasing
redshift. While stripping likely plays a role, the relatively
long quenching timescale in groups at z ~ 0 and z ~ 1
suggests that starvation is the primary quenching
pathway.

The results from this study represent only the tip of the
iceberg in understanding low-mass satellite quenching in
overdense regions at early times. Since these data were
collected, deeper photometric surveys in legacy fields, such
as COSMO0S2020 (J. R. Weaver et al. 2023), have become
publicly available. Additionally, data from JWST are enabling
the spectroscopic confirmation of low-mass galaxies down to
Mx ~ 108M® at cosmic noon (2 < z < 3) (S. E. Cutler et al.
2024). While not specifically focused on the environment,
these studies identify distinct populations of quiescent galaxies
at low and high stellar masses, suggesting different quenching
pathways, similar to what is observed at later times. Looking
ahead, these new facilities and data sets will enable the
selection of even fainter satellite candidates around spectro-
scopically confirmed groups and clusters at early times. This
will undoubtedly deepen our understanding of environmental
quenching in low-mass galaxies and its evolution across
cosmic time.
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