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Abstract

We present the results of the measured shapes of 832 galaxies in 11 galaxy clusters at 1.0 <z < 1.4 from the
GOGREEN survey. We measure the axis ratio (g), the ratio of the minor to the major axis, of the cluster galaxies
from near-infrared Hubble Space Telescope imaging using Sérsic profile fitting and compare them with a field
sample. We find that the median g of both star-forming and quiescent galaxies in clusters increases with
stellar mass, similar to the field. Comparing the axis ratio distributions between clusters and the field in four
mass bins, the distributions for star-forming galaxies in clusters are consistent with those in the field. Conversely,
the distributions for quiescent galaxies in the two environments are distinct, most remarkably in
10.1 < log(M/M;) < 10.5 where clusters show a flatter distribution, with an excess at low g. Modelling the
distribution with oblate and triaxial components, we find that the cluster and field sample difference is consistent
with an excess of flattened oblate quiescent galaxies in clusters. The oblate population contribution drops at high
masses, resulting in a narrower g distribution in the massive population than at lower masses. Using a simple
accretion model, we show that the observed ¢ distributions and quenched fractions are consistent with a scenario
where no morphological transformation occurs for the environmentally quenched population in the two
intermediate-mass bins. Our results suggest that environmental quenching mechanism(s) likely produce a
population that has a different morphological mix than those resulting from the dominant quenching mechanism in
the field.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Galaxy clusters (584); High-redshift galaxy
clusters (2007)

1. Introduction Holden et al. 2007; Bassett et al. 2013). This implies that a
morphological change must have taken place at a certain
evolutionary stage. Despite the focused effort in recent
decades, the physical processes that drive the quenching of
star formation and the morphological transformation of the
galaxies in dense environments are not yet fully understood.
Detailed studies of the properties of the galaxy population in

clusters and groups in the local Universe and low redshifts have

It is well-established that the environment of a galaxy plays a
crucial role in its evolution. In the local Universe, the galaxy
population in high-density environments comprises mainly
galaxies that have ceased forming stars. The dominance of
quiescent galaxies in groups and clusters, as reflected by the
higher quiescent fraction at fixed stellar mass compared to the

field (e.g., Balogh et al. 2004; Baldry et al. 2006; Wetzel et al.
2012), suggests that there are physical processes that correlate
with the environment to suppress star formation. These
quiescent galaxies are composed of mostly early-type objects,
as opposed to the late-type morphologies that are seen in star-
forming galaxies (e.g., Dressler 1980; Postman et al. 2005;

revealed various mechanisms that can contribute to environmental
quenching (see, e.g., Boselli & Gavazzi 2006, 2014, for reviews).
For example, the cut-off of the cold gas accretion from the cosmic
web during infall into a massive halo can gradually quench the star
formation of a galaxy as the fuel slowly runs out (“strangulation”
or “starvation”, Larson et al. 1980; Balogh et al. 1997, 2000).
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Quenching can also occur due to rapid removal of the cold gas
in the galaxies when it passes through the intracluster medium
(ICM) (“ram pressure stripping”’, Gunn & Gott 1972) or due to
interactions between galaxies with other group or cluster members
(“galaxy harassment”, e.g., Moore et al. 1998). Nevertheless, the
relative importance of each of these mechanisms is still not well
understood, in part because the efficiency of these mechanisms
depends on both the properties of the galaxies (e.g., gas content or
star formation rate) and the environment that they are in (e.g., halo
mass or ICM density). Environmental quenching at low redshift is
shown to be largely separable from quenching driven by
mechanisms that act internally in the galaxy (i.e., mass-quenching,
e.g., Peng et al. 2010). One interpretation is that environmental
quenching operates independently and does not depend strongly
on stellar mass (but see also De Lucia et al. 2012; Wetzel et al.
2013; Fillingham et al. 2015). Nevertheless, there is growing
evidence that the situation is very different at z > 1. Recent works
have reported a mass dependence in the environmental quenching
efficiencies at redshift z 2> 1 (Cooper et al. 2010; Balogh et al.
2016; Kawinwanichakij et al. 2017; Fossati et al. 2017; Papovich
et al. 2018; Pintos-Castro et al. 2019; van der Burg et al. 2020),
which suggests that the effects from both classes are no longer
separable. This points to a possible change in the dominant
environmental quenching mechanism at high redshift (Balogh
et al. 2016).

The studies of environmental quenching efficiency that were
mentioned above mostly rely on measuring the stellar mass
function of the star-forming and quiescent galaxy population as
a function of redshift and environment. The relative fraction of
the two populations provides important constraints on galaxy
evolution in different environments. Additional, complemen-
tary, information about the morphologies or structural proper-
ties of the galaxy population is also often considered. Many of
the proposed environmental mechanisms have unique implica-
tions or predictions on the morphology of the galaxies. The
most striking example of them all is the stripped gas tails that
are produced by gas removal processes such as ram pressure
stripping, which are easily recognizable by their peculiar
morphologies in Ha imaging and spectroscopy (e.g., Gavazzi
et al. 2001; Fumagalli et al. 2014; Yagi et al. 2015; Sheen et al.
2017). Significant efforts have been put into searching for
galaxies that exhibit tails reminiscent of a debris trail, known as
“jellyfish” galaxies, in groups and clusters at low redshifts (e.g.,
Poggianti et al. 2016; McPartland et al. 2016; Roberts &
Parker 2020). Similarly, galaxies with peculiar morphologies,
such as merging pairs, tidal features, and truncated or warped
disks, are often treated as the proof of the existence of the
corresponding mechanisms (i.e., mergers, harassment, strip-
ping). The structural properties of galaxies have also provided
crucial insights into the evolutionary path of the galaxy
population. For example, studies of the quiescent galaxy
population in clusters and the field at high redshift have shown
that they are on average more compact than their local
counterparts of the same mass (e.g., Trujillo et al. 2006;
Newman et al. 2012; van der Wel et al. 2014a; Chan et al.
2018; Matharu et al. 2019), which suggests that they must have
undergone significant evolution in size but only mild growth in
mass (but also see Valentinuzzi et al. 2010; Cooper et al. 2012;
Lani et al. 2013; Poggianti et al. 2013; Delaye et al. 2014).
Repeated minor mergers have been shown to be the primary
mechanism that gives rise to the observed size evolution and
the inside-out growth of the galaxies (e.g., Naab et al. 2009;
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van Dokkum et al. 2010; Shankar et al. 2013; Suess et al.
2019), although the effect of continual arrival of larger
quenched galaxies may also play a role (i.e., progenitor bias,
e.g., van Dokkum & Franx 2001; Saglia et al. 2010; Carollo
et al. 2013; Poggianti et al. 2013; Belli et al. 2015; Matharu
et al. 2020).

The projected axis ratio (ellipticity) distribution of the galaxy
population has also long been used to study their intrinsic
structural properties and shapes (e.g., Sandage et al. 1970;
Franx et al. 1991; Tremblay & Merritt 1996). Although
individual axis ratios do not carry much information because
they are degenerate with the inclination angle, their distribution
can be used to infer the intrinsic shape distribution under the
assumption of random viewing angles. From the studies that
have been published in the last few decades, it is established
that the majority of star-forming galaxies in the local Universe
are flattened, oblate systems (e.g., Ryden 2004; Padilla &
Strauss 2008). Furthermore, van der Wel et al. (2014b) showed
that this is also true for the more massive log(M /M) > 10.0
star-forming galaxies at high redshift, up to z~2.5. Mean-
while, the projected axis ratio distribution of the early-type
population in the local Universe requires a two-component
model, which comprises a triaxial set and an oblate set of
objects, to well describe its properties (e.g., Tremblay &
Merritt 1996; Holden et al. 2012). The exceptions are the
massive quiescent galaxies with log(M /M) > 11.0, where
they are preferentially round and can be described by a single
triaxial population (e.g., van der Wel et al. 2009). Chang et al.
(2013b) extended this axis ratio analysis to quiescent galaxies
at 1 <z<2.5 in the field and found that the fraction of oblate
galaxies relative to the total population evolves over redshift.
For massive quiescent galaxies with log(M /M) > 11.0, the
oblate fraction is almost three times higher at z > 1.

This two-component picture is also supported by the
observed stellar kinematics of the low-z quiescent galaxies
(i.e., the slow rotators and fast rotators, e.g., Emsellem et al.
2011). Recent integral field spectroscopy studies have shown
that the intrinsic shape of a galaxy is correlated to the degree of
rotational support. For example, Weijmans et al. (2014) found
that fast rotators have flattened intrinsic shape distributions that
are similar to spiral galaxies, while slow rotators are likely to be
mildly triaxial (see also Cortese et al. 2016; Pulsoni et al.
2018). With a larger sample, Foster et al. (2017) showed that
galaxies with higher “spin” parameter (Emsellem et al. 2011)
have more flattened intrinsic axis ratios and are more likely to
be axisymmetric systems.

The projected axis ratio distribution has also been used to
study the formation of lenticular galaxies (SOs), which are
abundant in local galaxy clusters. For example, Vulcani et al.
(2011) studied the axis ratio distributions of a sample of early-
type galaxies in intermediate redshift clusters (z~ 0.6) and
compared them to those in local clusters. They found that there
are fewer flattened objects in the intermediate redshift sample
due to a lower fraction of SO galaxies. Similar studies also
found that the SO fraction drops rapidly with increasing z. By
7~ 0.5 the fraction of SO galaxies is found to be <10% (e.g.,
Fasano et al. 2000; Postman et al. 2005). The high occurrence
of SO in low-z clusters, although not fully understood, is
generally believed to be due to environmental effects (e.g., Just
et al. 2010; Johnston et al. 2014; Kelkar et al. 2017). Since the
mass dependence of environmental quenching efficiencies
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emerges at z 2 1, it is interesting to extend the axis ratio
distribution studies to even higher redshift.

In this paper, we investigate the axis ratio distributions of the
galaxies in 11 clusters of the Gemini Observations of Galaxies
in Rich Early ENvironments survey (GOGREEN; Balogh et al.
2017, 2021) at 1.0 < z < 1.4. This recently completed survey is
an imaging and spectroscopic survey that targets 21 known
high-redshift overdensities that are representative of the
progenitors of the clusters we see today. The deep spectroscopy
and imaging of GOGREEN allows us to study the axis ratio
distributions of an unprecedentedly large sample of cluster
galaxies in this redshift range. The goal of this work is to study
the effect of environment on galaxy structures by comparing
the axis ratio distributions of cluster galaxies to those in the
general field. The field comparison sample is taken from the
CANDELS (Grogin et al. 2011; Koekemoer et al. 2011), and
3D-HST Treasury programs (Brammer et al. 2012; Skelton
et al. 2014).

This paper is organized as follows. In Section 2, we describe
the data set that is used in this work and we present the
derivation of structural parameters and other quantities. We
present the results of the axis ratio distributions and describe
the procedure and results of the axis ratio modeling in
Section 3. We then explore the relationship between environ-
mental quenching and morphological transformation and
discuss the results in Section 4. In Section 5, we draw our
conclusions.

Throughout this paper, we assume the standard flat
cosmology with Hy=70kms ™' Mpc™!, Q) =0.7 and Q,,=
0.3. Magnitudes quoted are in the AB system (Oke & Gunn
1983). The stellar masses in this paper are computed with a
Chabrier (2003) initial mass function (IMF).

2. Sample and Data

The cluster sample that is used in this work is from
the GOGREEN survey (Balogh et al. 2017, 2021). The
GOGREEN sample consists of 21 overdensities at 1.0 < z <
1.5 spanning a wide range of halo masses, including three
clusters from the South Pole Telescope (SPT) survey (Brodwin
et al. 2010; Foley et al. 2011; Stalder et al. 2013), nine clusters
from the Spitzer Adaptation of the Red-sequence Cluster
Survey (SpARCS, Muzzin et al. 2009; Wilson et al. 2009), of
which five were followed up extensively by the Gemini Cluster
Astrophysics Spectroscopic Survey (GCLASS, Muzzin et al.
2012), and nine group candidates selected in the COSMOS and
Subaru-XMM Deep Survey (SXDS) fields.

In this study, we focus on 11 GOGREEN clusters at
1.0<z< 1.4 that have complete spectroscopic and photo-
metric catalogs at the time of this work.?® Eight of the clusters
were discovered using the red-sequence or the stellar-bump
technique (Muzzin et al. 2009; Wilson et al. 2009; Demarco
et al. 2010). The remaining three clusters were discovered via
the Sunyaev—Zeldovich effect signature (Bleem et al. 2015).
The properties of the clusters are summarized in Table 1.

The main spectroscopic data set of GOGREEN was obtained
from a Gemini Large and Long Program (GS LP-1 and GN LP-
4; PI Balogh) using the Gemini Multi-Object Spectrographs
(GMOS) on Gemini-North and South. This large program

20 The one cluster in the 12 GOGREEN clusters that was not included is
SpARCS 1033 because deep K-band imaging has not yet been obtained at the
time of this work.
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allows us to obtain unbiased spectroscopy of galaxies of all
types down to stellar masses of M, >10'%* M., with the
faintest targets having exposure time up to 15 hr. Five of the
GOGREEN clusters that are part of GCLASS also have similar
GMOS spectroscopy data for the bright galaxies in the clusters.
These data have been incorporated into the GOGREEN
spectroscopy sample. For the specifics of the targeting selection
and data reduction, we refer the reader to the survey and data
release papers (Balogh et al. 2017, 2021).

In addition to deep spectroscopy, GOGREEN has obtained
deep multi-band imaging (UBVRIZYJK and IRAC 3.6 ;1 m) for
the sample. We begin by describing in detail the derivation of
structural properties of galaxies, the key focus of this paper,
from HST imaging in Sections 2.1 and 2.2. The deep multi-
wavelength photometric data also allows us to characterize
galaxy SEDs and derive photometric redshifts, stellar popula-
tion parameters, and rest-frame colors. A brief summary of the
derivation of these properties is given in Sections 2.3, 2.4 and
2.5. We refer the reader to van der Burg et al. (2020) for more
details.

2.1. HST Observations and Data Reduction

We make use of the near-infrared HST/WFC3 F160W
imaging of the GOGREEN clusters to quantify the structural
properties of the galaxies. The HST/WFC3 F160W images
were obtained in a Cycle 25 program (GO-15294; PI: Wilson),
which is dedicated to studying galaxy morphologies. Each
cluster was targeted with a 1 x 2 mosaic of WFC3 pointings
centered on the cluster, covering a region of 136” x 233", At
the redshift of the GOGREEN clusters, this corresponds to a
~1.1 x 1.9 Mpc rectangular region on the sky. Each pointing
has 1-orbit depth. We constrained the ORIENT to within 20° of
the GMOS mask orientation to maximize the overlap between
the imaging and the GMOS spectroscopy.

The data are reduced and combined using ASTRODRIZZLE
(version 2.1.22) (Gonzaga et al. 2012). All of the calibrated
frames (_flt.fits) were downloaded from the Mikulski
Archive for Space Telescopes (MAST) archive and are first
examined to check the quality of the cosmic rays and bad pixels
identification by the calwf 3 pipeline. We find hot stripes that
span across the field of view (FOV) in two of the frames (e.g.,
due to satellite trails), which are not fully flagged by the
pipeline. We mask these regions generously in the data quality
array of the flt files. In addition, a total of seven frames in five
clusters show a smooth background gradient, presumably due
to earthshine. To remove the gradient, we follow a similar
approach described in Windhorst et al. (2011). Sources on the
flt image are first masked, and then the gradient is fitted with a
fifth-order bivariate spline function and is subtracted from the
frame before drizzling.

For the final drizzling, we adopt a pixel scale of 0”06
pixel !, a square kernel, and apixfrac of 0.8. We produce
weight maps using both inverse variance map (IVM) and error
map (ERR) weighting for different purposes. The IVM weight
maps, which contain all background noise sources except
Poisson noise of the objects, are used for object detection,
while the ERR weight maps are used for structural analysis
because the Poisson noise of the objects is included. The final
images and the weight maps are included in the first
GOGREEN public release (Balogh et al. 2021). The character-
istic point-spread function (PSF) of each cluster is constructed
by median-stacking of the isolated bright unsaturated stars.
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Table 1
Summary of the Gogreen Cluster Sample Used in this Study
Name R.AESS Decl. 255, Redshift at Moo Rago" Nenemust
(kms™") (10"*M.) (Mpc)
SpARCS J1051+5818 10:51:11.23 +58:18:02.7 1.035 689 + 36 2.514083 0.88 & 0.07 51
SPT-CL J0546-5345 05:46:33.67 —53:45:40.6 1.067 977 + 68 6117132 1.17 £ 0.09 151
SPT-CL J2106-5844 21:06:04.59 —58:44:27.9 1.132 1055 + 83 7657292 1.23 +0.10 145
SpARCS J1616+5545 16:16:41.32 +55:45:12.4 1.156 782 + 39 3.2979% 0.92 £ 0.06 85
SPARCS J1634-+4021 16:34:37.00 +40:21:49.3 1.177 715 £ 37 2.6610.%9 0.85 & 0.06 57
SPARCS J1638+4038 16:38:51.64 +40:38:42.9 1.196 564 + 30 1521042 0.71 + 0.06 49
SPT-CL J0205-5829 02:05:48.19 —58:28:49.0 1.320 678 + 57 2224088 0.76 + 0.09 61
SPARCS J0219-0531 02:19:43.56 —05:31:29.6 1.325 810 + 77 2,513 0.79 £ 0.12 47
SpARCS J0035-4312 00:35:49.68 —43:12:23.8 1.335 840 + 52 4.14+199 0.93 £ 0.07 90
SpARCS J0335-2929 03:35:03.56 —29:28:55.8 1.368 542 + 33 160408 0.67 + 0.08 47
SPARCS J1034+5818 10:34:49.47 +58:18:33.1 1.385 250 + 28 0.0879%3 0.24 £ 0.03 49

Notes.

 The cluster mass Moo and R, (radius where the mass overdensity is 200 times the critical density at the cluster redshift) are derived from a scaling relation with the
velocity dispersions o,. See Biviano et al. (2021) and Old et al. (2020) for details.

b Npmem nst 18 the number of galaxies that are spectroscopically and photometrically selected as cluster members, are within the HST image FOV, and have a good

structural fit.

Depending on the cluster, 5-22 stars are used in the stack.
The full-width-half-maximum (FWHM) of the PSFs are
~0717-0"18.

2.2. Structural Parameters

We derive structural parameters for all sources in the F160W
image of each cluster by fitting them with two-dimensional
single Sérsic profiles (Sersic 1968). The parameters are derived
using a modified version of GALAPAGOS (based on v.2.3.1)
(Barden et al. 2012; HauBler et al. 2013) with GALFITM
(v.1.2.1). The five independent parameters of the Sérsic profile
—namely the total luminosity (L), the Sérsic index (n), the
half-light radius / effective semimajor axis (R,), the axis ratio
(g=b/a, where a and b are the major and minor axis
respectively) and the position angle (P.A.), as well as the
centroid (x, y) of the source—are left as free parameters. Source
detection from the HST image and initial guesses for fitting
these parameters were derived by running SEXTRACTOR,
which is incorporated in the GALAPAGOS run.

We apply fitting constraints of 0.2 <n < 12, 0.3 <R, <400
(pix), 0 <mag <40, 0.000l <g<1, and — 180°<P.A. <
180°. The local sky level for each source is fixed to the value
determined by GALAPAGOS, which is derived using an
elliptical annulus flux growth method. We derive noise maps
(rms noise) from the ERR weight maps output by ASTRO-
DRIZZLE and use them as sigma map input for GALFIT. The
noise maps that we generate from ERR weight maps are a more
realistic representation of the noise than the internal error
estimation in GALFIT because they include pixel-to-pixel
exposure time differences originating from image drizzling and
dithering patterns in observations, as well as a more accurate
estimation of shot noise. The Sérsic model is convolved with
the characteristic PSF of each cluster. Nearby objects that are
close to the primary source of interest are fitted simultaneously.

We refine the GALAPAGOS configuration parameters,
including those that control local sky level estimation and
close neighbor treatment, using extensive tests with simulated
galaxies. The details and result of these simulations are
provided in Appendix B. In brief, we inject a set of 20000
simulated galaxies (20 at a time), with surface brightness

profiles described by a Sérsic profile, to random locations in the
sky region of the F160W image and recover their structural
parameters with our science setup. Using this set of simulated
galaxies, we then compute the biases of our measurements,
modify the GALAPAGOS setup, and re-derive the parameters
and biases. This process is iterated a few times to get the best
configuration parameters that minimize the biases.

The simulation allows us to characterize the biases in our
structural parameter measurements. Among the three Sérsic
structural parameters that describe the shape of a galaxy (R,, n,
and ¢), the axis ratio g can typically be measured with the
highest accuracy. The axis ratio shows an average bias and
dispersion of ~2% and ~12% at F160W =23 (AB), which
corresponds roughly to log(M /M) ~ 9.5, which is the mass
limit that we adopted in this work. This is a factor of five (two)
better than the average bias (dispersion) we see in Sérsic index
n. We stress that while Sérsic index is useful for morphological
selection, it is not straightforward to compare their distribution
between different samples. From our simulations, we find that
biases in n depend also heavily on n itself, such that high n
values are more uncertain (see also van der Wel et al. 2012, for
a description of systematic uncertainties). These systematic
errors can have a detrimental effect on the cluster and field
comparison, especially for low-mass galaxies, because the
expected difference is small at this redshift (see, e.g., Chan
et al. 2018; Matharu et al. 2019, for the difference in »n for a
sample of massive galaxies). Therefore, in this work we focus
primarily on the axis ratio distributions.

We also visually inspect outliers that have large sizes for their
particular magnitudes or parameters that hit the boundary of the
constraints with a procedure similar to Chan et al. (2016). In
cases where sources or nearby objects are not correctly
deblended, extra Sérsic components are added iteratively if
necessary to ensure adjacent sources are well-fitted. Fits that still
hit the boundary of our fitting constraints are considered as bad
fits and are excluded from subsequent analyses.

2.3. Photometric Catalogue

We utilize the K-band selected photometric catalog that is
derived from the multi-band imaging of each cluster. We refer
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to van der Burg et al. (2020) for details of the procedure to
construct these catalogs. Source detection is performed on the
K-band image using SEXTRACTOR (Bertin & Arnouts 1996).
Aperture photometry is measured on the PSF-matched images
using circular apertures with a diameter of 2”. To preserve the
spatial resolution of the ground-based imaging, aperture
photometry of Spitzer/IRAC data is measured with a larger
aperture of 3” and rescaled, following the approach in van der
Burg et al. (2013). The area covered by the catalogs range from
~5" x 5 to ~10’ x 10’ depending on the cluster. Therefore, the
area that is considered for this study is limited by the HST
imaging coverage.

2.4. Spectroscopic and Photometric Redshifts

Spectroscopic redshifts (zgpec) are measured using the
Manual and Assisted Redshifting software (MARZ, Hinton
et al. 2016), which utilizes a cross-correlation algorithm to
match the spectra against a variety of spectral templates. These
are supplemented with publicly available zy,.. from various
surveys. An exhaustive list of surveys can be found in van der
Burg et al. (2020). Photometric redshifts (z,no1) are derived
using EAZY (Brammer et al. 2008) with standard templates. In
this work, we use the peak of the posterior probability
distribution of the redshift estimated with EAZY as zppo. A
correction, in the form of a quadratic function, has been applied
to the zpne to minimize the residual between the measured zpec
and Zphe (van der Burg et al. 2020). In this work, we derive an
additional correction to the z,no Of €ach cluster to better match
the zgpee at the cluster redshift. The correction is taken as the
median offset between the zpno and the zg. of the cluster
members (see Section 2.6 for a description of the cluster
membership). The magnitude of this correction is generally
small, but in some cases can reach up to ~0.09.

2.5. Stellar Mass Estimates and Rest-frame Colors

The stellar masses for all of the galaxies are inferred from the
multi-band photometry using FAST (Kriek et al. 2009), derived
in van der Burg et al. (2020). This includes a rescaling factor
that is applied to the input aperture fluxes, such that SED fitting
gives the total mass of the galaxy. This factor is taken to be the
ratio of K;-band FLUX_AUTO measurements to the aperture
flux from SEXTRACTOR (i.e., Fauto/Faper)- We use the Bruzual
& Charlot (2003) stellar population synthesis models and we
assume a Chabrier (2003) IMF, solar metallicity, and the
Calzetti et al. (2000) dust law. The star formation history (SFH)
is parameterized as an exponentially declining history
SFRce” "7, where the timescale T ranges between 10 Myr
and 10 Gyr. We note that stellar masses derived in this way can
typically be 0.2 dex lower than those derived from non-
parametric star formation histories (Leja et al. 2019; Webb
et al. 2020). Nevertheless, as we describe in Section 2.7, the
method that we used to derive stellar masses in GOGREEN is
largely consistent with our chosen field sample and therefore
has the advantage of allowing us to compare the stellar masses
directly.

In this work, we utilize the rest-frame UVJ color classifica-
tion to separate the galaxies into star-forming and quiescent.
UVJ classification has become a standard technique in galaxy
evolution studies because it can separate “genuine” quiescent
galaxies from dusty star-forming galaxies (e.g., Labbé et al.
2005; Williams et al. 2009; Muzzin et al. 2013a). The
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rest-frame U — V and V — J colors required for this classifica-
tion are again derived using EAZY. We adopt the UVJ color
classification criteria in Muzzin et al. (2013b). The best redshift
estimate of individual galaxies (zpnot for those lacking zgpec) is
used to measure the rest-frame colors. We also computed the
colors by fixing the redshifts of all galaxies in each cluster field
to the cluster mean redshift listed in Table 1, and confirm this
does not change our conclusion.

2.6. Cluster Membership and Sample Selection

We use both the spectroscopic and photometric redshift
information of the GOGREEN sample to define cluster
membership. For galaxies with spectroscopic redshifts, we
define them as cluster members if they are+2000kms '
around the mean redshift of the cluster. This corresponds to
AZgpec ~0.015 at GOGREEN redshifts. Our simple cluster
membership selection is slightly different from those used in
previous GOGREEN papers (e.g., Old et al. 2020; Balogh et al.
2021; Biviano et al. 2021) but are fully adequate for the scope
of the present analysis given that we also include members that
are selected photometrically.

For galaxies without spectroscopic information, we use their
photometric redshifts to determine membership. Since the main
goal of this work is to compare the axis ratio of cluster galaxies
with the field, it is important to strike a balance between
maximizing the number of cluster members (i.e., sample
completeness) and compromising the purity of the sample. To
find the optimal z,p, selection criteria, we compare the zZgpee of
the GOGREEN spectroscopic sample with their zpo to
estimate the completeness and purity as a function of the
Zphot Selection width. The result of this test is given in
Appendix A. This test is possible because the spectroscopic
sample is a representative subset of the photometrically
selected galaxy population (see Appendix A.2 in van der Burg
et al. 2020, for a discussion). Photometric cluster members are
defined as those with Azphm/(l + Zphoo) < 0.06 around the
mean redshift of the cluster. Our test suggests that this selection
gives a completeness of ~85% and a purity of ~80%.

We crossmatch the structural parameter catalog (i.e., detected
from the F160W image) with the K-band selected photometric
catalogs. Adopting the above mentioned cluster membership
selection and a stellar mass limit of log(M /M,,) = 9.5 results in
860 cluster members that are within the HST image FOV. This
stellar mass limit corresponds to a ~80% completeness of the
catalogs (see van der Burg et al. 2020, for details of the
completeness characterization). After excluding bad structural
fits (i.e., fits that hit the boundaries of the fitting constraints), our
final sample contains 832 cluster members that have robust
structural parameters. In the left-hand column of Figure 1, we
show the rest-frame U — V and V —J color distribution of the
cluster sample, color coded by their axis ratios and Sérsic
indices.

2.7. Field Comparison Sample

Although a large number of spectroscopically-confirmed
field galaxies are available in GOGREEN, the number of field
galaxies within the HST image FOV is still too small for a
morphology comparison between clusters and the field within
GOGREEN. Expanding this field sample with photometric
redshifts is not straightforward because the number of galaxies
declines sharply with the redshift selection. We end up with
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Figure 1. Rest-frame UVJ diagram of the GOGREEN cluster sample and the field sample used in this study. Top: Data points are color coded by their axis ratio g. As
expected, both quiescent and star-forming galaxies in clusters and the field exhibit a wide range of axis ratios. Galaxies that have both red U — V and V — J colors can
be predominantly seen with small ¢, as the fact that they are viewed edge on result in a higher dust extinction value. Bottom: Data points color coded by their Sérsic
index n. As pointed out in various works, quiescent and star-forming galaxies in both clusters and the field show discernible differences in their n distributions. The
number of quiescent (Ng) and star-forming (Nsg) galaxies in each sample are provided next to the UVJ classification line. The cluster BCGs are marked with a star
symbol. The cluster sample shows a higher relative abundance of quiescent galaxies compared to star-forming galaxies than the field.

either a small sample or a sample with low purity (see
Appendix A for a discussion).

The field comparison sample that we use in this study is
taken from the CANDELS (Grogin et al. 2011; Koekemoer
et al. 2011) and 3D-HST Treasury programs (Brammer et al.
2012; Skelton et al. 2014). Among the ~99000 3D-HST grism
redshift measurements (Momcheva et al. 2016), ~5200
redshifts are within the range of 0.9 <z < 1.5. For structural
parameters, we use the F160W-band measurements of all five
CANDELS/3D-HST fields (COSMOS, GOODS-N, GOODS-
S, EGS, and UDS) derived by van der Wel et al. (2014a). The
CANDELS F160W wide imaging has, on average, one and
one-third orbit depth, thus being comparable in depth to the
GOGREEN imaging. To ensure that our structural parameter
measurements are compatible with the van der Wel et al.
(2014a) measurements, we apply our methodology described in
Section 2.2 to the CANDELS imaging for a sample of galaxies
in the redshift range of 0.9 < z < 1.5. Overall we find that the
median ratio and lo uncertainty between our measurements
and van der Wel et al. (2014a) are 1.00 +0.03 (0% 4+ 3%)
down to the mass limit of this work. The result of the
comparison is shown in Appendix C. We also check that using
either set of measurements gives a consistent conclusion.
Throughout this work, we show the field results using the van
der Wel et al. (2014a) measurements.

Stellar masses, photometric redshifts, and rest-frame colors
are estimated using FAST and EAZY from multi-band photo-
metry (Skelton et al. 2014), in a way that is almost identical to
GOGREEN (van der Burg et al. 2020). There are two main

differences. First, Skelton et al. (2014) adopted a minimum
timescale 7 of 40 Myr as opposed to 10 Myr. The second subtle
difference is on the definition of the total fluxes, which affects
the stellar mass estimates. On top of rescaling the aperture
fluxes to FLUX_AUTO measurements like in GOGREEN (see
Section 2.5), Skelton et al. (2014) also factored in a correction
to account for the missing flux that falls outside the AUTO
aperture, which is determined from measuring the growth
curves of the F160W PSFs (the detection band of the 3D-HST
catalog). To ensure that the stellar masses are comparable, we
apply a correction to both the 3D-HST and GOGREEN stellar
masses, rescaling the stellar masses to the total F1I60W fluxes
of the best-fit Sérsic profile of the galaxies. Overall this
correction is small—it only increases the stellar mass by ~0.02
(3D-HST) and ~0.03 (GOGREEN) dex on average, although
in some cases it can exceed 0.1 dex. The fact that GOGREEN
galaxies require a slightly larger correction is accordant with
the additional missing flux correction that is applied in
3D-HST.

We select galaxies that (i) are in the redshift range of
0.9 < z < 1.5, (ii) with a stellar mass of log(M /M) > 9.5, and
iii) have robust structural parameters as our field sample. The
selection is done using the zp.y catalogs (v4.1.5), which uses
ground-based zy. of the galaxies if available, then grism
redshift zyyigm, and finally z,po if the other two are not available.
These selection criteria result in a sample of 6471 galaxies. We
verified that applying more sophisticated redshift cuts (e.g.,
1.0 <z < 1.4 for zgee and Zgrigm, 0.9 <z < 1.5 for zpho) does
not affect our conclusion.



THE ASTROPHYSICAL JOURNAL, 920:32 (26pp), 2021 October 10 Chan et al.
1.0F ‘ I L G(I)GREEN Clt‘Jsters ] IsD—HST Fileld 1 1.0F —_ ‘GOGREEN (I‘,Iusters ]
.. A - 1 1 -- ‘.SD—HST Field
0.8F.. . 4 0.8F E ]
04F. 1 J04b. e ]
02f 102} 102l .
Ngg: 352 1 [ r
0.0 ‘ 1 0.0C 0.0t
1.0F 110 . | 1.0f ]
0.8 b 108 1 o8 R e . ]
o 0.6 N ] 0.6; ] 0.67 : 5
0.4F o4k 104 .
02f U 1o2f 102f ]
00 Quieecent‘ . . N?: 480 ool ' . . NIQ: 1016 1 ool - ' - .
9.5 10.0 10.5 11.0 115 9.5 10.0 11.0 11.5 9.5 10.0 10.5 11.0 11.5
log(M./My) log(M./My) log(M./My)

Figure 2. Projected axis ratio ¢ distribution of star-forming (top) and quiescent (bottom) galaxies as a function of mass in clusters and the field. The cluster BCGs are
marked with a star symbol. The right-hand column shows the g-mass relation in clusters and the field as a running median in stellar mass bins of 0.2 dex. Only bins
with > 10 galaxies in the cluster and field samples are shown. The solid line and black-dashed line correspond to the median axis ratio for clusters and field,
respectively. The shaded regions correspond to the standard error of the median ¢ (1.2530/+/N). The dotted lines correspond to the running 16th and 84th percentiles
of the ¢ distributions. The vertical dotted lines correspond to the masses we used to divide the samples into four mass bins in Section 3.2. The median g of both star-
forming and quiescent galaxies in clusters and the field both show a mass dependence, with high-mass galaxies being rounder. The median relations of the star-
forming galaxies in clusters and the field are plotted in the bottom panel as blue solid (cluster) and gray-dashed (field) for comparison. The axis ratio distributions of
quiescent galaxies in clusters and the field are distinct, most remarkably at log(My/M) ~ 10.0-10.6 (~4.00) and log(My/M) ~ 11.0-11.3 (~2.40). See Section 3.1

for details.

The right-hand column of Figure 1 shows the rest-frame
U —V and V —J color distribution of the field sample, color
coded by their axis ratios and Sérsic indices. We have checked
for offsets in the rest-frame U — V and V — J colors between the
two catalogs by inspecting the color distribution of the 3D-HST
galaxies and the GOGREEN field galaxies. We find no
evidence of any color offset that is larger than 0.05 mag. To
ensure that our results are robust, we move the UVJ selection
for the clusters in all four directions by 0.05 mag to mimic the
effect of potential color offsets and repeat the analyses four
times. All of these analyses give consistent results.

3. Results
3.1. Projected Axis Ratios in Clusters and the Field

Figure 2 shows the axis ratio of the star-forming and
quiescent population in clusters and the field as a function of
mass. Clusters show a higher relative abundance of quiescent
galaxies compared to star-forming galaxies than the field, with
an overall quenched fraction of fo ¢us = (No/Nsg + Ng) = 0.58
down to our mass limit compared to the field quenched fraction
of fq.fiela = 0.16. This confirms the enhanced quenched fraction
in GOGREEN clusters, relative to the field, found by van der
Burg et al. (2020). The right-hand panel of Figure 2 shows the
g—mass relation in clusters and the field as a running median
and percentiles in stellar mass bins of 0.2 dex. We can see that
the median ¢ of both star-forming galaxies and quiescent
galaxies in clusters and the field show a mass dependence. For
the cluster sample, the median ¢ increases from 0.55 % 0.02
(0.69 £0.04) at log(My/Mz) ~ 9.7 to 0.73+£0.10 (0.83+
0.02) at log(My/My) ~ 11.2 for star-forming (quiescent)
galaxies.

The median axis ratios of star-forming and quiescent
galaxies in both clusters and the field are significantly different,

which suggests that there are fundamental differences in the
intrinsic shapes between star-forming and quiescent galaxies.
For the field, these differences in median g are seen at all masses.
Star-forming galaxies in the field show a lower median ¢ at a
fixed stellar mass than quiescent galaxies, which is consistent
with the finding that most star-forming field galaxies are disks at
this redshift range (e.g., van der Wel et al. 2014b). Meanwhile,
the median ¢ of star-forming and quiescent galaxies in clusters
show a difference only at low (log(My/M) < 10.1) and high
(log(My/M) > 11.0) masses.

From Figure 2, we can also see that massive quiescent
galaxies with log(My/M) > 11 in both clusters and the field
are not only rounder than their low-mass counterparts but they
also have a narrower ¢ distribution, which is reflected by their
percentiles (dotted lines). Note that this is not an effect merely
due to low number statistics because there are 59 and 116
massive cluster and field galaxies, respectively. A similar
change is also seen in the axis ratio distributions of local and
intermediate-redshift quiescent galaxies (e.g., van der Wel et al.
2009; Holden et al. 2012; Chang et al. 2013a). We will focus
more on their distributions in the next sections.

There are some intriguing differences between the axis ratio
distributions in clusters and the field. The medians and percentiles
of the ¢ distributions of star-forming galaxies are largely consistent
with each other, although there may be a weak indication that
massive star-forming galaxies (log(My/M) 2 11.0) in clusters
show a higher median g (~1.2¢ difference). Meanwhile, we note
that the distributions of quiescent galaxies in clusters and the field
show differences roughly in the following two mass ranges:
log(My/M) ~ 10.0-10.6 and log(My/Mz) ~ 11.0-11.3, but
in the opposite sense. For log(My/M) ~ 10.0-10.6, the median
q are offset to lower values in clusters compared to the field, with a
~4.00 difference. This effect can be seen in Figure 2 as both the
cluster medians and the 16th percentiles extend to lower values
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Figure 3. Comparison of the projected axis ratio ¢ distribution of star-forming (top) and quiescent (bottom) galaxies in clusters with the field in different mass bins. In
each case the top panels show the ¢ histograms, while the bottom panels show the CDFs and the resultant p-values of the KS, AD and MW tests. The shaded areas
shows the 1o uncertainty of the CDF derived from the bootstrapped sample of the axis ratios. The solid and dashed arrows show the median of the distribution of the
cluster and the field sample, respectively. There is no obvious difference between the ¢ distribution of star-forming galaxies in clusters and the field. For quiescent
galaxies, the ¢ distribution in clusters and the field are distinct, most prominently in the 10.1 < log(Mx) < 10.5 mass bin.

than the field. In contrast, at log(My/M.) ~ 11.0-11.3, there is
evidence that the median ¢ and the percentiles are offset to higher
values (~2.40 difference) in clusters compared to the field. We
find similar differences if we limit the cluster sample to only
spectroscopically-confirmed members but with lower significance,
due to the smaller number of galaxies in the sample. In the
following sections, we will explore these differences in more detail
using the axis ratio distributions in different mass ranges and we
will investigate their implications using intrinsic shape reconstruc-
tion techniques.

3.2. Reconstructing the Intrinsic Shapes from the Projected
Axis Ratio Distributions

In Figure 3 we compare the axis ratio distributions between
clusters and the field in four mass bins: (i) 9.5 < log(My) < 10.1,
@) 10.1 < log(My) < 10.5, (iii) 10.5 < log(My) < 10.8, and
@iv) 10.8 < log(My) < 11.8. The bottom panels show the
cumulative distribution functions (CDFs). To take into account

the measurement uncertainties of g, we bootstrap the observed g
distribution and at the same time perturb individual g with its 1o
uncertainty. The shaded areas in the bottom panels show the 1o
uncertainty of the CDF derived from this bootstrapped sample.
The choice of the binning is selected to match the binning used in
Chang et al. (2013b) for the purposes of the g distribution
modeling (see Section 3.2.1 for details). Chang et al. (2013b)
adopted three mass bins, with the lowest mass bin being
10.1 < log(My/M) < 10.5. Since GOGREEN data allow us
to go down to lower masses, here we include an additional mass
bin of 9.5 < log(Myx/M;) < 10.1>'. We have repeated the
analysis with a different set of binnings that have more uniform
bin widths and found a consistent conclusion. We apply the
Kolmogorov—Smirnov (KS) test, the Anderson-Darling (AD)

2 Similarly, the highest mass bin in Chang et al. (2013b) only goes up to
log(My/M>) = 11.5. Here we extend it up to log(My/Ms) = 11.8. We
checked that limiting it to 11.5 gives the same conclusion.
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test, and the Mann—Whitney U-test (MW)* on the q
distributions, with the null hypothesis that they come from a
common distribution.

Figure 3 confirms the similarities and differences between
clusters and the field discussed in Section 3.1. No obvious
differences can be seen between star-forming galaxies in cluster
and field, which suggests that their intrinsic shapes are likely
to be similar. For quiescent galaxies, we see some evidence
that the axis ratio distribution between cluster and field are
distinct in some mass bins. Cluster galaxies in the 10.1 <
log(My) < 10.5 bin show a flatter distribution with an apparent
excess at low g compared to the field. All three tests show a
small p value (pxsapmw = 0.00)*%. There is some weak
indication that cluster galaxies in the highest mass bin
(10.8 < log(My) < 11.8) show on average higher ¢ than those
in the field (pyvw = 0.05, pgs.ap S 0.1). As we have shown in
Section 3.1, this is due to the high-mass population
(log(My) > 11). There is no statistically significant difference
in the other mass bins.

3.2.1. Methodology for Fitting the Observed q Distributions

To understand the implication of these differences, we model
the projected axis ratio distributions of the quiescent population
in clusters and the field to reconstruct their intrinsic shapes. We
focus only on quiescent galaxies because no difference can be
seen for the star-forming population. We adopt the methodol-
ogy used by previous works (e.g., Holden et al. 2012; Chang
et al. 2013b; van der Wel et al. 2014b), assuming that the
intrinsic 3D structure of a galaxy can be described by a triaxial
ellipsoid. We refer the reader to Section 5 of Chang et al.
(2013b) for a description of the relevant equations. The
procedure can be briefly described as follows.

A triaxial ellipsoid can be described with three axes (a, b, ¢),
with a > b > ¢. One can define two intrinsic axis ratios, 5 =0/
a and y=c/a, the intrinsic ellipticity £=(1 —~) and the
triaxiality 7= (1 — 3%)/(1 — 7). The triaxial ellipsoid has two
axisymmetric cases; the ellipsoid is known as an oblate
spheroid if =1 (ie., a=b>c¢). If =~ (i.e,, a>b=c),
then the ellipsoid is known as a prolate spheroid. The goal of
the modeling is to find the model galaxy population(s) (i.e., sets
of triaxial ellipsoids) that best-reproduces the observed axis
ratio distribution. The model population is assumed to have
Gaussian distributions of ellipticity and triaxiality. It can,
therefore, be described by four parameters (E, o, T, o7), where
or and or are the standard deviations of the ellipticity and
triaxiality, respectively.

Assuming random viewing angles, we can compute the
expected projected axis ratio distribution for such a population.
A correction is then applied to include the effects of
uncertainties in the ¢ measurements (see Rix & Zaritsky 1995,
for a description). In practice, the projected axis ratio
distribution for a model galaxy population is computed
numerically by generating 100,000 galaxies with random
viewing angles and input parameters according to the Gaussian
distributions. The number of galaxies is chosen so that the
resolution of the axis ratio distribution of the model population
is sufficient to compare with the observations. This is

22 The Mann—Whitney U-statistics tests the hypothesis that the two sample
populations are distributed with the same median.

2 We have also assessed the significant of this difference using the half-
sample method (using only half of the cluster sample) and by jackknifing the
cluster sample. Both tests give small p values.
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essentially the probability distribution function of the projected
axis ratio P(q) of the model population given a set of input
parameters.

Star-forming galaxies are traditionally modeled with a single
model g)opulation of triaxial ellipsoids (e.g., van der Wel et al.
2014b)**. For quiescent galaxies, it is established that a single
model population is unable to reproduce their axis ratio
distributions. For example, Holden et al. (2012) modeled the
low-redshift quiescent population in SDSS and found that a
single-component triaxial model cannot adequately describe
the ¢ distribution, except for the massive population with
log(My/M) > 11.0. They showed that an additional second
component, composed of oblate spheroids, is needed to match
the observed distributions. Chang et al. (2013b) confirmed that
this is also true for quiescent galaxies in the field at higher
redshifts (1 <z <2.5). Although it originated from purely
empirical needs to reproduce the axis ratio distribution, this
two-component (triaxial + oblate) model is consistent with the
dichotomy in local early-type galaxies discovered via stellar
kinematics, (i.e., the slow and fast rotators, see Cappellari 2016,
for a review).

Following Holden et al. (2012) and Chang et al. (2013b), on
top of the single model population we also adopt the two-
component model. Since =1 in the oblate model, the
triaxiality is always zero, hence the parameters that describe the
model are the intrinsic axis ratio -y and its standard deviation o.,.
To be consistent with previous works, we use b and o, to
denote v and 0725 . Hence, the two-component model can be
fully described by seven independent parameters (E, og, T, o7,
b, o3, fob), Where the oblate fraction f, is the fraction of oblate
galaxies relative to the total model population.

Nevertheless, high-redshift galaxy samples, including the
cluster and field samples used in this work, are often not large
enough to constrain all seven parameters simultaneously.
Chang et al. (2013b) tackled this by first fitting the model to
local quiescent galaxies, and assumed that the same compo-
nents could be used to describe the axis ratio distributions at
high redshift. They fixed the parameters for the triaxial
component and only allowed the oblate parameters (b, o,
fob) to vary to study the redshift evolution of these parameters.
They demonstrated that using this approach can reach
conclusion that is consistent with other independent analyses.
Here we take a similar approach and build on the findings of
Chang et al. (2013b). Partly for this reason, we have adopted a
similar mass binning as Chang et al. (2013b). We consider
three scenarios with different assumptions, summarized below:

1. Case [—Fitting E, og, T, co7—We assume the axis ratio
distribution can be described by a single-component
model, i.e., f,,=0. The single-component model is
useful in studying the distributions at the high masses.
See Section 3.2.4.

2. Case [I—Fitting f,,, b, 0,—We assume the values of the
remaining four parameters (E, oz, T, o7) to be the same as
the best-fit values in Chang et al. (2013b). The same
assumed values are used for cluster and the field,
although we find that the conclusion does not depend

24 Zhang et al. (2019) demonstrated that R, needs to be taken into account in
the modeling, due to the strong correlation between ¢ and R,. This correlation
is only seen in star-forming galaxies and is not seen in quiescent galaxies.
%5 This definition is first used by Sandage et al. (1970). An oblate galaxy only
has two independent axes a, b, with the intrinsic axis ratio being b/a. Sandage
et al. (1970) assumes a = 1 without loss of generality, hence the use of b.
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Table 2
Initial Parameters and Setup Used for the Model Fitting

Initial Parameters

Fitting Grid Spacing

Type Mass Ranges
Job b op T or E“ op

Case I—Fitting E, oz, T, or Ar Ay Ap Ay
Cluster/Field 9.5 < log(My/M) < 10.1 0 0.04 0.02 0.01 0.02
Cluster/Field 10.1 < log(My/M.) < 10.5 0 0.04 0.02 0.01 0.02
Cluster/Field 10.5 < log(My/M;) < 10.8 0 0.04 0.02 0.01 0.02
Cluster/Field 10.8 < log(My/M) < 11.8 0 0.04 0.02 0.01 0.02

Case II—Fitting fob, b, 0p AV Ay Ag,
Cluster/Field 9.5 < log(My/M) < 10.1 0.48 0.08 0.49 0.12 0.04 0.01 0.01
Cluster/Field 10.1 < log(My/M) < 10.5 0.48 0.08 0.49 0.12 0.04 0.01 0.01
Cluster/Field 10.5 < log(My/M) < 10.8 0.68 0.08 0.45 0.16 0.04 0.01 0.01
Cluster/Field 10.8 < log(My/M:) < 11.8 0.64 0.08 0.41 0.19 0.04 0.01 0.01

Case III—Fitting f,;, only AT
Cluster/Field 9.5 < log(My/M) < 10.1 0.28 0.09 0.48 0.08 0.49 0.12 0.04
Cluster/Field 10.1 < log(My/Mz) < 10.5 0.28 0.09 0.48 0.08 0.49 0.12 0.04
Cluster/Field 10.5 < log(My/M) < 10.8 0.28 0.08 0.68 0.08 0.45 0.16 0.04
Cluster/Field 10.8 < log(My/M;) < 11.8 0.29 0.07 0.64 0.08 0.41 0.19 0.04

heavily on these assumed values (see Appendix D for a
discussion).26

3. Case III—Fitting f,;, only—We assume the values of the
remaining six parameters to be the same as the best-fit
values in Chang et al. (2013b).

The best-fit model population is determined using a
maximum likelihood estimation method. To reduce computa-
tion time, we first generate a model grid within the parameter
space being considered in each case. The spacing of the grid
and the assumed values for the remaining parameters can be
found in Table 2. We then compute the likelihood for each
model population. For each ¢ in the observed distribution, we
calculate the probability of observing a galaxy with this
particular value of g according to the probability distribution
function p(q) of the model population. The total log-likelihood
In(L) of the model is then computed by summing the log-
probability of all ¢ in the observed axis ratio distributions.
Then, the best-fit model population is taken as the one with the
highest likelihood.

The uncertainty of the fitted parameters is derived by fitting
the bootstrapped sample. The 1o variation of the best-fit
parameters of the bootstrapped sample is taken as the
uncertainty. Some examples of the corner plots of the fitting
of the bootstrapped sample are shown in Appendix D. The
best-fit parameters can be found in Table 3. We provide pks,
Pumw, the reduced x> and the p,> values in Table 3 as rough
goodness-of-fit indicators. The Akaike information criterion
(AIC) value of the best-fit models is also provided in Table 3.

3.2.2. Evidence for a Higher Fraction of Oblate Quiescent Galaxies in
Clusters

Figure 4 shows the result of the modeling for the four mass
bins. The shaded regions show the 1o variation of the axis ratio

26 For the lowest mass bin, we use the same assumed values as the
10.1 < log(My/Mz) < 10.5 bin in Chang et al. (2013b).
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distribution derived from the bootstrapped sample, which we
used to derive the uncertainty of the best-fit parameters.

We find that the observed axis ratio distribution of the field
sample in all mass bins can be reasonably described by a
single-component triaxial model (Case I). This is consistent
with previous findings. Chang et al. (2013b) also found that the
single-component model cannot be ruled out with only the use
of high-redshift data. Meanwhile, there is some evidence that
the single-component model is unable to accurately reproduce
the shape of the distribution of the cluster sample in some of
the mass bins (see Table 3 for the Py values). This is intriguing
because the axis ratio distribution of local quiescent galaxies in
this mass range is known to be not well described by a single
component, due to the existence of an oblate component (e.g.,
Holden et al. 2012).

Assuming the triaxial component as found in Chang et al.
(2013b) and fitting the oblate component parameters fp,, b, oy,
(Case II), we find that the main differences between the cluster
and field distribution lie in the fraction of oblate galaxies in the
total population. We find tentative evidence that the cluster
distribution in the three lower mass bins has a higher oblate
fraction than the field, with the 10.1 < log(My/M,) < 10.5
mass bin showing the largest difference (fop cruster =0.88 =
0.14 versus fop fiela = 0.44 £0.17). The best-fit value of the
intrinsic axis ratio b of the cluster sample is low in all four mass
bins, with b =0.25-0.35, which is consistent with the value
found in Chang et al. (2013b) for their 1 <z <2.5 sample
(b ~ 0.29). The best-fit b for the field models are also consistent
with this value, except in the two lower mass bins where both b
and o, are poorly constrained (see Appendix D for the corner
plots).

Fixing all parameters to the field values and only allowing f,;,
to vary also gives a similar conclusion (Case III). The cluster
sample has a much higher oblate fraction of fob cluster =
0.72 £0.06 compared to the field fop fieia = 0.24 = 0.07 in the
mass bin 10.1 < log(My/M;) < 10.5. However, we note that
the best-fit model of the field in this bin is not a good
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Table 3
Best-fit Parameters of the Models

Type Mass Ranges Best-fit Parameters GoF

Job b Op T or E¢ Ok Pxs PMw P2 /v AIC

Case I—Fitting E, og, T, or
Cluster 9.5 < log(My/M.) < 10.1 0.36933 0.00 548 0.63+0% 0.06°934 0.03 0.06 0.02 2.13 897.6
Cluster 10.1 < log(My/My) < 10.5 0.8875%8 0.001922 0537543 0.22+519 0.63 0.49 0.02 1.99 1233.27
Cluster 10.5 < log(My/M) < 10.8 0367938 0.10759% 0.7273% 0.027923 0.12 0.04 0.76 0.66 978.7
Cluster 10.8 < log(My/M) < 11.8 0.369% 0.0273% 0.4819:93 0.22°95¢ 0.80 0.34 0.18 1.38 1076.6
Field 9.5 < log(My/Me) < 10.1 048704 0.021938 0.6470% 0.3079%¢ 0.75 0.34 0.89 0.57 1757.0
Field 10.1 < log(My/M.) < 10.5 0.447924 0.047534 0.503%2 0.2075% 0.89 0.47 0.98 0.35 2433.0
Field 10.5 < log(My/M.) < 10.8 0.92*399 0.007943 0.517397 0.247303 0.32 0.16 0.39 1.06 2464.3
Field 10.8 < log(My/Ms) < 11.8 0.487304 0.0273% 0.53+0:93 0.20°0% 0.31 0.10 0.06 1.67 2142.4
Case II—Fitting fop, b, o)
Cluster 9.5 < log(My/My) < 10.1 0.76+5:1¢ 0.35+0:92 0.03+9%3 0.31 0.20 0.18 1.37 894.4
Cluster 10.1 < log(My/M) < 10.5 0.887012 0.3279% 0.09790%3 0.88 0.41 0.06 1.66 1230.5
Cluster 10.5 < log(My/M.) < 10.8 0.76594¢ 0.28+3:%2 0.029% 0.78 0.40 0.93 0.46 971.1
Cluster 10.8 < log(My/My) < 11.8 0247048 0.2579:98 0.0179] 8% 0.22 0.08 0.35 1.11 1074.9
Field 9.5 < log(My/M,) < 10.1 0.641018 0.247508 0.21599% 0.85 0.37 0.90 0.57 1755.0
Field 10.1 < log(My/My) < 10.5 0.447918 o.45t3?f 0.22t8,8§ 0.39 0.16 0.82 0.64 2434.0
Field 10.5 < log(My/Ms) < 10.8 0.641032 0.2910%3 0.0815%3 0.94 0.46 0.64 0.83 2458.6
Field 10.8 < log(My/M) < 11.8 0.2479%8 0.2759:85 0.0573:03 0.12 0.25 0.06 1.70 2143.7
Case III—TFitting f,, only

Cluster 9.5 < log(My/M.) < 10.1 0.641512 0.28 0.15 0.38 1.07 893.6
Cluster 10.1 < log(My/Ms) < 10.5 0.72+533 0.47 0.50 0.07 1.57 1228.4
Cluster 10.5 < log(My/Me) < 10.8 0.767948 0.50 0.34 0.89 0.55 972.0
Cluster 10.8 < log(My/M) < 11.8 0.207042 0.39 0.17 0.43 1.02 1072.0
Field 9.5 < log(My/M,) < 10.1 0.6073% 0.63 0.25 0.70 0.79 1756.3
Field 10.1 < log(My/Me) < 10.5 0.247908 0.02 0.00 0.36 1.09 2435.4
Field 10.5 < log(My/My) < 10.8 0.647908 0.96 0.46 0.73 0.76 2454.7
Field 10.8 < log(My/M) < 11.8 0.2479%8 0.10 0.20 0.09 1.54 2140.3
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Figure 4. The best-fit intrinsic shape models for the quiescent galaxy population in clusters (top) and the field (bottom) in different mass bins. The solid (dashed) line
in each panel corresponds to the observed axis ratio distribution for the clusters (field), while the shaded area represents the 1o variation of the distribution derived
from the bootstrapped sample. A different binning width than in Figure 3 is used here to highlight the variation. The purple line in each panel corresponds to the best-
fit model of case I, where a single-component model is used. The brown line corresponds to the best-fit model of case II, where fo, b, 0, are free parameters. The
orange line corresponds to the best-fit model of case III, where only f,, is being fitted. The best-fit case II and III models for the 10.1 < log(My) < 10.5 mass bin both

show a higher f;, in clusters than the field, which suggests that clusters have a higher fraction of disk-like galaxies than the field at this redshift.
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Figure 5. The axis ratio distributions for each of the oblate and triaxial components that contribute to the total distribution in the best-fit intrinsic shape models
(Case II) for the quiescent galaxy population in clusters (top) and the field (bottom) in different mass bins. The brown line in each panel corresponds to the best-fit
model of case II, also shown in Figure 4. The magenta (blue) dashed line corresponds to the model axis ratio distributions of the oblate (triaxial) component. The
shaded magenta area represents the 1o variation of the fitted oblate component parameters derived from the bootstrapped sample. For simplicity, only the variation of
the oblate component is shown. A different y-scale than in Figure 4 is used to show the components. With a low best-fit b value, the oblate component dominates the

low-¢q region of the cluster distribution.

representation of the data according to the pxg and pyw values,
presumably due to the limitation of the assumed models.
Figure 5 shows the axis ratio distributions for each of the
oblate and triaxial components separately, which contribute to
the total distribution in the best-fit f,, b, o, models (Case II). In
each panel, the brown line corresponds to the same best-fit
model in Figure 4, and the shaded magenta area represents the
1o variation of the fitted oblate component parameters derived
from the bootstrapped sample. We can see that the effect of
having a larger f, of a low b oblate population to the overall
distribution. This results in a larger low-g contribution relative
to the total population and gives rise to a broader ¢ distribution
that better describes the flatter shape of the cluster distributions,

especially

in the mass bin 10.1 < log(My/Ms) < 10.5.

12

Therefore, the difference between the cluster and the field
sample that we described in Section 3.1 is consistent with the
existence of a larger population of flattened, oblate quiescent
galaxies in clusters.

3.2.3. The Relationship between Axis Ratio and Sérsic Index

We show that the main difference between the axis ratio
distribution of the cluster and the field quiescent population is
consistent with the existence of a larger population of flattened,
oblate quiescent galaxies in clusters. With such a low b value,
these oblate quiescent galaxies resemble disk-dominated
galaxies as in the majority of the star-forming population. In
the literature, the Sérsic index is commonly used to separate
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Figure 6. The Sérsic index of the quiescent galaxies in the cluster sample as a
function of axis ratio. Grey points correspond to individual galaxies. Large red
circles and error bars corresponds to the median n of the entire sample and its
standard error. Light blue and orange circles correspond to the median # in the
lowest and the second lowest mass bin, respectively. There is a positive trend
between ¢ and n, as expected. The trend is mass dependent, with low-mass
galaxies having on average lower values of n for a given gq.

disk- and bulge-dominated galaxies with the n =2.5 division.
Although we do not rely heavily on Sérsic index in this work,
here we examine the relation between axis ratio and Sérsic
index of the cluster sample as a consistency check.

Figure 6 shows the axis ratio of the quiescent galaxies in the
cluster sample as a function of their Sérsic index. We see a
strong trend between the two, with low ¢ galaxies typically
having on average smaller values of n. The trend is also mass-
dependent, with low-mass galaxies having lower values of n for
a given g bin. The excess population of g <0.4 galaxies in
clusters have, on average, n < 2.5, and are consistent with the
traditional selection of disky galaxies using Sérsic indices. This
strong trend supports our modeling results and interpretation
that the difference in the axis ratio distribution originates from a
larger population of flattened, disk-like galaxies in clusters
compared to the field.

The fact that we see an excess population of disk-like
quiescent galaxies in clusters suggests that morphological
transformation and quenching in clusters does not operate in
the same way as in the field. In Section 4, we discuss this
further and explore possible implications together with other
quantities.

3.2.4. Properties of the Massive Quiescent Galaxies
in 10.8 < log(My/M) < 11.8

In Section 3.1 we showed that massive quiescent galaxies
log(Myx/M) > 11 in both clusters and the field are not only
rounder than their low-mass counterparts but they also have a
narrower ¢ distribution; i.e., there is a lack of low-q galaxies.
There is also evidence that the median g is offset to higher
values in clusters compared to the field. Here we explore the
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underlying reason by examining the fitting results of the
highest mass bin 10.8 < log(My/M.) < 11.8.%7

There is a stark difference between the best-fit models of the
highest mass bin and those of the three lower mass bins, as one
can see in Figure 5. To reconstruct the shape of the axis ratio
distribution of these massive galaxies, the best-fit case II (and
also case IIT) models have much lower f, values compared to
the three lower mass bins (~2.3 (1.7)c for the cluster (field)
sample). In fact, for both the cluster and the field sample, the
fo»s in the highest mass bin are statistically consistent with 0.
This suggests that the contribution of a possible second oblate
component is small. Indeed, the single-component triaxial
model (case I) can describe the axis ratio distribution of the
massive galaxies in both the cluster and field sample well.

In Section 3.2, we note that there is some weak indication
that clusters have higher median ¢ compared to the field. From
the best-fit parameters, the best-fit case I model of the cluster
has a trixiality of 7=0.36 and an ellipticity of E=0.48,
compared to the field value of 7=048 and E=0.53.
Nevertheless, they are within 1o uncertainty. The best-fit o7
and o are consistent with each other in clusters and the field.
Therefore, with our sample, there is no evidence of a difference
in the intrinsic shape distribution of massive galaxies in clusters
and in the field.

3.3. Caveats

Dust obscuration, in particular dust lanes or dust gradients
within the galaxy, can impact the axis ratio measurements and
thus potentially affect the axis ratio distributions. It is also
possible that the dust obscuration hides the disk structure of the
galaxies, making them appear rounder (van der Wel et al.
2014a). This has a larger effect on star-forming galaxies than
quiescent galaxies due to their higher dust content. Previous
studies have shown that the dust content of quiescent galaxies,
probed via the rest-frame V —J color, is low and does not
correlate strongly with their axis ratio (Chang et al. 2013b).
Here we check if this is also the case in clusters at this redshift
range.

Figure 7 shows the dust extinction Ay of star-forming and
quiescent galaxies in the cluster sample, derived via SED fitting
with FAST in steps of 0.2, as a function of g. We confirm that
the quiescent galaxies in our cluster sample have, in general, a
low dust content. There is no obvious correlation between the
axis ratio and the dust extinction. Meanwhile, the star-forming
population have a larger variation in Ay at a certain g. Galaxies
that have lower g show higher dust extinction values on
average, which is expected for an inclined / edge-on disk
population. A similar correlation can also be seen if the V —J
color is used instead. We have also checked that the field
sample shows similar correlations as the cluster sample. This
suggests that the difference between the cluster and field axis
ratios that we see in the quiescent population is unlikely to be
driven only by dust, but is due to the difference in their intrinsic
shapes.

In addition, one potential caveat is related to the fact that our
axis ratio measurements are measured from galaxy surface
brightness profiles. Luminosity-weighted structural measure-
ments are not always a reliable measure for the mass

27 We note that our mass bin starts from log(My/M) = 10.8. We have also
repeated the fits using a mass bin of 11.0 < log(My/M) < 11.8 (59 galaxies)
and found consistent results.
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Figure 7. The dust extinction Ay of the star-forming (top) and quiescent
(bottom) galaxies in the cluster sample as a function of g. Orange circles and
error bars correspond to the mean Ay and its standard error. The green shading
reflects the number of galaxies in a particular bin. The quiescent galaxies in our
sample have low dust content. Meanwhile, the dust extinction of the star-
forming galaxies shows a negative correlation with g.

distribution of a galaxy, due to radial variation in stellar
population properties such as age and metallicity. Suess et al.
(2019) derived mass-weighted structural parameters for
galaxies in the field at 1.0 <z<2.5 and found that most
galaxies, no matter star-forming or quiescent, show negative
color/mass-to-light ratio (M/L) gradients with a strong redshift
evolution, resulting in smaller mass-weighted sizes than the
luminosity weighted ones. Although their work did not focus
on axis ratios, they found that these gradients can account for
most of the evolution in the mass-size relation. Similar effects
have been observed in clusters at high redshift. Chan et al.
(2018) showed that there are strong negative color gradients in
quiescent galaxies in three clusters at z ~ 1.5 that are consistent
with being a combination of age and metallicity gradients.
These gradients are even stronger in evolved clusters compared
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to the field at a similar redshift. The existence of these negative
M/L gradients suggests that the older stellar population in the
bulge (which has a larger M/L) could be outshone by younger
and bright stars in disks, which can bias the luminosity-
weighted axis ratios to lower values.

Our HST data set does not have the necessary imaging bands
to derive mass-weighted structural parameters (see, e.g., Chan
et al. 2016; Suess et al. 2019, for a discussion of the
methodologies and their requirements), therefore we are unable
to examine the effects of stellar population gradients on the axis
ratio distributions. Instead, we can use the results in Chan et al.
(2018) as a reference. In addition to size, they compared both
the luminosity-weighted and mass-weighted axis ratio distribu-
tions between clusters and the field at z ~ 1.5.°® They found
that the mass-weighted axis ratios are on average smaller, with
a broader mass-weighted distribution extending to lower g than
the luminosity-weighted ¢ distribution (see Section 6.1.3 in
Chan et al. 2018, for more details). This implies that the low ¢
excess and flat g distributions that we see in these clusters are
likely to be from genuine oblate structures instead of hidden
bulges. Nevertheless, fully ruling out the possibility that the
difference we see is caused by stellar population gradients
would require a detailed analysis of the mass-weighted
properties and color gradients in both clusters and in the field.

Another potential caveat is that the axis ratio distribution
modeling relies heavily on the assumption that the galaxy
population is observed from random viewing angles. This
assumption breaks down when the galaxies are intrinsically
aligned with respect to a certain direction. There have been
reports that cluster galaxies may be aligned radially toward the
center of the cluster in low-redshift clusters (e.g., Huang et al.
2018; Georgiou et al. 2019). We therefore examined the radial
alignment signal in our sample and measured the alignment of
the galaxies with respect to the center of the cluster. The
procedure and result are discussed in Appendix E.

We find that the average radial and tangential alignments for
the cluster sample within 1R,y are consistent with zero.
Examining the alignment signal as a function of cluster-centric
radius, there is weak evidence that the average radial alignment
is positive in the region close to the cluster center (~1.4¢ for
R < 0.2R500). We conclude that the potential intrinsic align-
ments in the sample are unlikely to affect our results.

4. Discussion

The goal of this work is to examine the effect of environment
on galaxy structural properties. We find that the axis ratio
distributions of quiescent galaxies in clusters and the field are
distinct. By modeling the axis ratio distribution in different
mass bins, we find evidence that quiescent galaxies in clusters
have a higher fraction of flattened, oblate galaxies than the field
in the intermediate-mass range. The most massive cluster
galaxies, with 10.8 < log(My/M,) < 11.8, have a low fraction
of oblate galaxies, and those in clusters exhibit a lower
ellipticity than the field. Here we discuss the implications of
these results. We begin with the result of the massive galaxies
in Section 4.1. We then discuss the result of the intermediate-
mass range in Section 4.2 in the context of a simple toy
accretion model. In Section 4.3, we explore the implication of

28 Chan et al. (2018) also found evidence that the ¢ distribution in the evolved
clusters show an excess of low axis ratio (¢ < 0.4) compared to the field, albeit
with low number statistics.
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our results in the context of the ‘“early mass-quenching”
scenario, discussed in van der Burg et al. (2020). In
Section 4.4, we combine our results with the measured stellar
age of a subset of the population to explore the underlying
physical mechanism that drives environmental quenching.

4.1. Evolution of the Massive Quiescent Galaxies in Clusters

The fact that massive galaxies, in both clusters and the field,
have significantly different axis ratio distributions than their
low-mass counterparts has been observed in previous studies at
lower redshifts. For example, van der Wel et al. (2009) showed
that there is a lack of low-qg galaxies (¢ < 0.6) in the local
massive quiescent population at log(My/M) > 11.0. Holden
et al. (2012) reported a similar transition exists at z~ 0.7.
Similar effects has been found in clusters locally and at
intermediate redshifts (e.g., Vulcani et al. 2011). We show that
this is also true at 1.0 <z < 1.4.

These results are often interpreted as evidence that massive
quiescent galaxies experienced repeated major and minor
mergers, which make them appear rounder gradually. In
simulations, it is shown that the importance of mergers
increases as a function of mass (e.g., Wang & Kauffmann 2008;
De Lucia et al. 2010; Qu et al. 2017). This picture is also
largely supported by the observed kinematics of these low-z
massive quiescent galaxies (i.e., the slow rotators, e.g.,
Emsellem et al. 2011), their observed number density
evolution, and the merger rates (e.g., Man et al. 2016). The
offset to higher ¢ values in the cluster population may therefore
be a consequence of massive galaxies in clusters having
experienced more mergers than the field at the epoch of
observation.

This can either be due to a) merger rates in clusters are (or
were) elevated compared to the field, or b) they are in a more
advanced evolutionary stage compared to their field counter-
parts. Observations have shown that major mergers can play an
important role in mass assembly of the brightest cluster
galaxies at z ~ 1 (e.g., Lidman et al. 2013), although this is less
likely for satellite galaxies. Nevertheless, we note that the
massive cluster population that we see is likely to be composed
of galaxies that were central galaxies for most of their lifetime
(e.g., De Lucia et al. 2012), hence the merger could have
happened before or when the galaxy was being accreted.
Meanwhile, a recent stellar kinematics study of massive
galaxies (log(My/M.) > 11.0) at 0.6 <z< 1.0 found that
only those in the densest environments are primarily slow
rotators (Cole et al. 2020). They suggest that slow rotators are
being built in dense environments first through repeated minor
mergers and hence they are more kinematically evolved
compared to the field. We note that this relation, which is
known as the kinematic morphology-density relation (Cappel-
lari et al. 2011), has been studied extensively in dense
environments in the local Universe. Several studies showed
that the fraction of massive slow rotators increases with galaxy
number density, and the locations of the slow rotators are
strongly correlated with peak densities in groups and clusters
(e.g., D’Eugenio et al. 2013; Houghton et al. 2013; Graham
et al. 2019), although some studies suggesting that this relation
is driven by the stellar mass distribution with the environment
and not the environment itself (e.g Brough et al. 2017; Veale
et al. 2017). Although we are not able to distinguish the effects
of major and minor mergers, our result supports the picture that
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mergers are a crucial component in the evolution of the massive
galaxies in clusters at 1.0 <z < 1.4.

4.2. The Effect of Environmental Quenching on Galaxy
Structure

In this section, we aim to combine the results of the axis ratio
distribution modeling with the quenched fractions in our
samples to quantify the extent of morphological transformation.
It is essential to explore the relationship between environmental
quenching and morphological transformation at this redshift
because the dominant environmental mechanism(s) needs to be
able to explain the morphological mix or the morphological
signatures of the population. Here we consider a simple
accretion model and compute the expected axis ratio distribu-
tions under various assumptions. We then compare these
distributions with the observed ¢ distribution of the quiescent
galaxies in clusters.

We start by computing the quenched fraction fg, in the cluster
and field samples for the four mass bins, following the method
of van der Burg et al. (2020). Note that the field f, value here is
different from their work because the adopted field sample
comes from CANDELS/3D-HST as opposed to UltraVISTA
(Mugzzin et al. 2013b) in van der Burg et al. (2020). Over the
whole mass range that we considered in this work
(9.5 < log(My/M_)) < 11.8), the quenched fraction in clusters
is more than three times higher than in the field (fq ciys = 0.58
Vversus fo fiela = 0.16).

Assuming that mass quenching occurs in the same way in
clusters as in the field, we can compute the fraction of the
excess quenched galaxies (i.e., quenched via environmental
processes) in the cluster quiescent sample in each mass bin”’:
fEQ = (fQ,c]us _fQ,ﬁeld)/fQ,c]us' The quantity fEQ varies  in
different mass bins, with the lowest mass bins having the
largest value.

We first investigate the effect of having such an excess
population on the field quiescent axis ratio distributions in each
mass bin. To do this, we compute the expected axis ratio
distributions of a galaxy population with a fraction fgg of
“accreted galaxies”. Star-forming galaxies, which are randomly
drawn from the field star-forming ¢ distributions (Psg(q)) of the
corresponding mass bin, are added into the field quiescent g
distributions until the fraction of this accreted population
reaches fgg. Using the star-forming ¢ distributions from the
field population as the parent distribution mimics the effect of
having no morphological transformation, in the sense that the
accreted galaxies retain the same morphology (axis ratio) as
they would have had in the field.

The top row of Figure 8 shows the result of this accretion
model in different mass bins. The black line corresponds to the
distribution with fgq of star-forming population mixed in, while
the gray lines correspond to the 1o variation of the expected
distribution derived from bootstrapping, in which the boot-
strapped samples contain the same number of galaxies as the
cluster quiescent sample. Comparing with the observed ¢
distribution in the clusters, we find that the expected
distribution of the accretion model matches the overall shape
of the cluster distribution in the two intermediate-mass bins

29 Note that Jeq describes the fraction of environmentally quenched galaxies in
the quiescent galaxy population. This is different from the Quenched Fraction
Excess (QFE) in van der Burg et al. (2020), which describes the fraction of
galaxies that would have been star-forming in the field but are quenched by the
environment.
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Figure 8. The expected axis ratio distribution of the quenched galaxies in clusters from a simple accretion model. Top: Comparison of the observed axis ratio
distributions in clusters (red line) to the expected axis ratio distribution of the model with a fgq fraction of star-forming population (Psr(q)) (black line) in different
mass bins. Grey dotted—dashed lines correspond to the 1o variation of the expected distribution. Middle: The cumulative distribution function of the expected axis
ratio distribution of models with different accreted star-forming fractions. Bottom: The axis ratio distribution of the models with different accreted star-forming

fractions. See Section 4.2 for details.

10.1 < log(Myx/M;) < 10.5 and 10.5 < log(Myx/M) < 10.8,
with pgs values of >~ 0.56 and 0.39, respectively. However, the
model cannot match the shape of the highest and lowest mass
bins, with both bins having pks value of >~ 0.

The middle and bottom rows of Figure 8 illustrate the effect
of varying the accreted star-forming fraction to the axis ratio
distribution. In general, increasing the fraction of the accreted
population increases the abundance of the low ¢ galaxies,
resulting in a broader ¢ distribution. Varying this fraction can
also be regarded as changing the amount of morphological
transformation of the accreted galaxies. Since we have an
independent constraint on the fraction of the environmental
quenched population, if an accreted star-forming fraction that is
smaller than fr matches the data well, then it suggests that part
of the accreted population has transformed, such that their
distribution matches closer to the field quiescent population
than the star-forming ones.

Interestingly, we find that an accreted fraction that is
consistent with fgo best-fits the cluster data in the two
intermediate-mass bins, as seen from the cumulative distribu-
tions. For 10.1 < log(Mx/M;) < 10.5, the KS test indicates
that models with fgo £ 0.2 are also acceptable representations.
Hence, for the full 10.1 < log(My/M:) < 10.8 range, our
model suggests that the observed axis ratio distributions are
statistically consistent with a scenario where no morphological
transformation occurs after the galaxy was accreted and
quenched environmentally.

For the lowest and highest mass bins, it is intriguing to see
that none of the model distributions are a good representation
of the data. For the highest mass bin, since the cluster
distributions are shifted to higher g relative to the field, it is
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unsurprising that our model will not work. As we discussed in
Section 4.1, mergers are likely to be a crucial component in the
evolution of these massive galaxies which changes their axis
ratio distributions. However, although the lowest mass bin has
a high fgo, our model fails to reproduce the observed
distribution. The model may be too simplistic to reproduce
the characteristics of the observed distribution, particularly in
the low-g region (¢ < 0.3). It is also possible that our sample
size for the lowest-mass bin is simply too small.

We assumed that the accreted population has the same axis
ratio distribution as the star-forming population in the field at
the same epoch. However, this might not be true if the star-
forming population is accreted earlier. We repeat the analysis
using the axis ratio distribution of two higher redshift samples
of star-forming galaxies in the field at 1.5<z<2.0 and
2.0<z<2.5 (1.4 and 2.2 Gyr earlier). The two samples have
1189 and 995 galaxies, respectively. We find that the results
remain unchanged, primarily due to the fact that their axis ratio
distributions are consistent with the distribution at GOGREEN
redshifts (pxs =~ 0.3 and 0.2, respectively).

4.3. Morphological Transformation in Context of the Early
Mass-quenching Scenario

It has been demonstrated by van der Burg et al. (2020) that
the shape of the stellar mass function (SMF) in star-forming
and quiescent galaxies is indistinguishable between cluster and
field at 1.0 <z < 1.4. This leads to the attractive explanation
that galaxies in clusters quench through the same mass-
quenching process as those in the field, but at an earlier time
and at a higher rate. Under this ‘“early mass-quenching”
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Figure 9. The mass-weighted ages of the quiescent galaxies in clusters (in unit of cosmic time #,y;y, — fmw) as a function of n and ¢ for the four mass bins. Only
galaxies that have both reliable stellar age and structural parameter measurements are shown. There is no clear trend in age with n or g. Disk-like galaxies (e.g.,

n < 2.5 or g < 0.4) show a large variation in age.

scenario, they found that a difference in formation time of
21 Gyr can result in a quenched fraction difference that is
consistent with the data. This difference in formation time
would manifest itself in the age difference between the cluster
and field quiescent population (see the discussion in Webb
et al. 2020, for more details on the relationship between the two
quantities). Although cluster galaxies are on average older than
the field (Webb et al. 2020), the observed difference (0.31+33}
Gyr) is inconsistent with the required difference in formation
time, as van der Burg et al. (2020) also pointed out.

It is also unclear how to reconcile our finding of a higher
fraction of oblate galaxies in the cluster population with this
“early mass quenching” scenario. Observational studies suggest
that morphological transformation is a prerequisite for
quenching of star formation in central galaxies in the field,
presumably as a result of the compaction phase that the
galaxies underwent before quenching through internal feedback
processes (e.g., Tacchella et al. 2015; Zolotov et al. 2015;
Barro et al. 2017). The compaction, which originated from
mergers or disk instability, leads to the formation of a bulge
while the disk slowly fades due to the declining star formation.
The strong association between morphological properties and
quiescence (e.g., Lang et al. 2014; Whitaker et al. 2017) is,
therefore, a signature of this “mass-quenching” process. If the
same process is responsible for the cluster population, then we
would naively expect the cluster population to have fewer disk-
like oblate galaxies than in the field, given that the cluster
population had a head-start. This seems to go against our
findings, except for the highest mass bin. This suggests that at
least part of the environmentally quenched population
originated from a different process than mass-quenching.

We note that other quenching processes that have similar
effects to the morphologies are also unlikely to be directly
responsible for the “environmentally guenched” oblate popula-
tion. An example is major mergers’’, which are expected to
lead to the formation of spheroids and quench galaxies through
gas funnelling and triggering central starbursts (Hopkins et al.
2009, 2010). Hence, if the excess quenching is due to an
elevated merging rate in clusters, then we would also expect to
see fewer disk-like galaxies.

30 van der Burg et al. (2020) included a merger-quenching recipe as

implemented by Peng et al. (2010) in the early mass-quenching model. They
found that the inclusion of merger quenching has no significant effects on the
SMF or the quenched fractions.
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4.4. Age Variation in the Oblate Quiescent Population

Here we explore the age variation in the cluster quiescent
population by combining our results with the measured stellar
ages. We utilize the mass-weighted age measurements from
Webb et al. (2020), derived using SED fitting of the
GOGREEN spectroscopy and photometry. We consider the
mass-weighted age in units of cosmic time (funiv.z — fmw» 1.€-
the formation time, younger galaxies having a larger/later
formation time), taking into account the redshift difference
between the clusters in the sample. We refer the readers to
Webb et al. (2020) for the methodologies. Limited by the FOV
of the HST images, there are 175 quiescent cluster members in
the Webb et al. (2020) sample that have both structural
parameters and stellar age measurements.

Figure 9 shows the mass-weighted ages of the sample as a
function of n and ¢ in different mass bins. The ages are
correlated with mass, with the median formation time and its
standard error decreasing from the lowest mass bin
(1.94 +0.23 Gyr) to the highest mass bin (1.11 4+ 0.05 Gyr).
We find that the ages do not show a significant trend in ¢ alone.
While there are formation times that are as late as 2.7 Gyr at
low ¢, the median formation time and its standard error at low ¢
(g <0.4, 1.31 £0.10 Gyr) for the whole sample are consistent
with those at high ¢ (¢ > 0.4, 1.21 4+ 0.05 Gyr). Meanwhile, we
find tentative evidence that the median formation time is higher
for low n galaxies (n < 2.5, 1.45 £0.10) compared to high n
galaxies (n > 2.5, 1.15 £ 0.04) (~20 difference). We also find
similar results by excluding the galaxies in the highest
mass bin.

The lack of a strong trend in mass-weighted age with n or ¢
suggests that disk-like galaxies comprise objects with a mix of
ages that are not significantly different from the bulk of the
population. Even if we select a strictly “disky” sample with
both n<2.5 and ¢ < 0.4, the median formation time is
1.42 + 0.14 Gyr with a standard deviation of 0.44 Gyr, which
shows that it comprises both young and old galaxies. Hence,
not all of the disk-like galaxies in the cluster sample were
recently quenched. Instead, some of them are formed and
quenched early and remained a disk until the epoch of
observation.

The age variation that we see implies that the quenching
process that produces the disk excess has been occurring since
high redshift. One possibility is that the quenching may happen
when or even before the galaxy was accreted into the cluster.
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Fossati et al. (2017) studied the fraction of galaxies that were
quenched by environmental processes in the five CANDELS/
3D-HST fields and showed that satellite galaxies are efficiently
environmentally quenched in haloes of all masses at this
redshift. Groups in GOGREEN also show higher quenched
fraction relative to the field, mostly at the high-mass end
(Reeves et al. 2021). Since a cluster grows not only by
accreting field central galaxies but also by accreting smaller
haloes (McGee et al. 2009), part of the quiescent population in
the clusters will be galaxies that have gone through this “pre-
processing” stage. Fossati et al. (2017) reported that the
inferred quenching time of the satellites is consistent with them
being quenched by a gas exhaustion “starvation”-like mech-
anism, similar to the ‘“over-consumption” model that was
proposed by McGee et al. (2014).

In the “over-consumption” model, galaxies are quenched
because they essentially run out of fuel to sustain star
formation. Outflows from star formation are expected to
shorten the quenching time. This effect in turn depends on
the star formation rate. No study has yet examined the effect of
such a model on galaxy morphologies. However, because
galaxies are primarily quenched via gas exhaustion, they will
likely retain their disk-like structure and not undergo a drastic
morphological change. Simulation studies following the
evolution of disk galaxies in group environments also show
that their morphological evolution is dependent on the initial
inclination of the disk, and that central bulges are not produced
or enhanced from interactions with the group environment
alone (Villalobos et al. 2012).

Whether or not pre-processing can fully explain the excess
quenching that we see in clusters at this redshift range remains
to be seen. The effects of pre-processing have been established
in clusters at local and intermediate redshifts (e.g., Bianconi
et al. 2018; Olave-Rojas et al. 2018; van der Burg et al. 2018).
In addition, the observed halo mass dependence of the galaxy
ages favors a model with pre-processing at 1 <z < 1.5 (Reeves
et al. 2021). Nevertheless, the effect is expected to be weaker at
high redshift and is thought to be negligible in group-size halos
above z ~ 1.5 (Fossati et al. 2017).

4.5. Caveats—More Complex Morphological History?

We have treated morphological transformation as a one-way
process throughout this work, in the sense that galaxies only
transform from disks to spheroids. While this might be true on
a global level, the morphologies of individual galaxies can
often have more complex morphological histories that switch
back and forth between the two general types. Simulations have
shown that morphological transformation is a complex inter-
play between different processes, including mergers, disk
instabilities, and gas accretion (e.g., Brennan et al. 2015); and
specifically in the case of clusters, gravitational perturbations,
such as tidal shocking at pericenter passages (Joshi et al. 2020).

Given a significant accretion of gas or stars, it is possible for
a quiescent spheroid to regrow a disk and subsequently appear
as a quiescent disk. De Lucia et al. (2011) studied the rates of
disk regrowth in bulge-dominated galaxies in simulations and
found that disk regrowth is important for intermediate and low-
mass galaxies at high redshifts. Although such a population has
not been confirmed at this redshift, there is evidence that some
local galaxies have experienced disk regrowth at a certain
stage. For example, number density studies by Graham et al.
(2015) and de la Rosa et al. (2016) suggested that a population
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of the spheroids at high redshift may have regrown a disk and
have been hiding in plain sight as the bulges of local spirals and
SO galaxies.

We cannot exclude the possibility that the excess quiescent
disk population that we see in clusters is due to disk regrowth,
presumably from tidal interactions or minor mergers that
predominantly deposit materials in the outer part of the galaxy
(e.g., Rodriguez-Gomez et al. 2016). However, the implication
of this hypothesis is worth exploring, which requires morph-
ology and age data at different redshifts to track the changes in
morphology in both environments over time. One way is to
look into the internal gradients of the quiescent population
because one would expect the disk-regrown galaxies to show
an age difference between their inner structure and the regrown
disk. Another way is to study the morphologies of the quiescent
population as a function of their local environment (e.g., local
surface density or cluster-centric radius). For example, previous
studies have found evidence of a relationship between average
intrinsic ellipticity of the quiescent cluster population and
cluster-centric radius (e.g., D’Eugenio et al. 2015). This
analysis would help us to locate where the quiescent disks
preferentially reside in the cluster and their relationship with
the environment. Unfortunately, given the FOV of the HST
data set that we used in this work, we do not have a large
enough sample®’ to perform a similar analysis as a function of
cluster-centric radius.

5. Summary and Conclusions

In this work, we have presented the axis ratio distributions of
832 galaxies in 11 clusters at 1.0 <z < 1.4 from the Gemini
Observations of Galaxies in Rich Early ENvironments
(GOGREEN) Survey. We compare their distributions with a
sample of 6471 galaxies in the field, taken from the
CANDELS/3D-HST survey, to investigate the effect of the
environment on the structural properties of galaxies. Our results
can be summarized as follows:

1. Star-forming and quiescent galaxies in clusters show
different axis ratio distributions down to the mass limit of
log(M /M) = 9.5, similar to the field. The median g of
both star-forming galaxies and quiescent galaxies in
clusters and the field increases with mass.

2. Massive quiescent galaxies with log(M /M) > 11 in
both clusters and the field are on average rounder and
have a narrower ¢ distribution than their low-mass
counterparts.

3. Comparing the axis ratio distribution of star-forming
galaxies between cluster and field, we find that they are
consistent with each other in all mass bins.

4. The axis ratio distributions of quiescent galaxies in
clusters and the field are significantly distinct. For the
10.1 < log(M /M) < 10.5 mass bin, cluster galaxies
show a flatter axis ratio distribution with an apparent
excess at low g compared to the field.

5. We model the axis ratio distributions of the quiescent
population in clusters and the field under different
assumptions of their intrinsic shapes, following the
methodology of Chang et al. (2013b). We find some
evidence that a single-component (triaxial only) model is
unable to reproduce the observed axis ratio distribution of

3! In the GOGREEN cluster sample, only 27% (47%) of the quiescent (star-
forming) galaxies are located in regions with R 2 0.5R5q0.
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the cluster galaxies in some mass bins. The axis ratio
distribution is instead well-described by a two-component
(triaxial 4 oblate) model. We find tentative evidence
that the cluster distribution in the three lower mass bins
has a higher oblate fraction than the field, with the
10.1 < log(M/M;) < 10.5 mass bin showing the largest
difference (fob cluster = 0.88 £ 0.14 versus fop, fiela = 0.44 =
0.17).

6. Our modeling shows that both the cluster and field
distributions in the highest mass bin are well-described by
a single-component model. The contribution of a second
oblate component is small, resulting in their distinct
distribution shapes.

7. We confirm that two potential sources of bias, the
intrinsic shape alignment and dust extinction in cluster
galaxies, are unlikely to affect our results. The intrinsic
alignment signal in the cluster sample is consistent with
zero, and the quiescent galaxies have a low dust content
that does not exhibit an axis ratio dependence.

8. We combine the results of the axis ratio distributions, and
the quenched fractions of the cluster and the field
samples. Using a simple accretion model, we show that
the observed axis ratio distributions are statistically
consistent with a scenario where no morphological
transformation occurs for the environmentally quenched
population for the 10.1 < log(M /M) < 10.5 and 10.5 <
log(M /M) < 10.8 mass bins. However, the model fails
to reproduce the observed axis ratio distributions in the
lowest and highest mass bins.

Our results indicate that the environmental quenching
mechanism(s) likely produce(s) a population that has a
different morphological mix than those resulting from the
dominant quenching mechanism in the field. We find that there
is also no strong trend in the mass-weighted ages of the
quiescent population with g or n, which suggests that disk-like
quiescent galaxies comprise objects with a mix of ages that are
not significantly different from the bulk of the population. Our
result is consistent with a scenario where the intermediate-mass
galaxies are quenched by a starvation-like mechanism(s), such
as the “over-consumption” model, that are not expected to
drastically change the morphologies. The result of this work
suggests that morphology continues to provide important
constraints on the underlying physical mechanism that drives
environmental quenching at this redshift range.
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Appendix A
Completeness and Purity of the Cluster Member Selection

Here we expand on the discussion in Section 2.6 about how
we chose the selection criteria for the cluster members. The
left-hand panel of Figure 10 shows the completeness and purity
of the resultant cluster sample as a function of the width of the
photometric redshift selection (in units of Azynee/(1 + Zphot)
around the mean redshift of the clusters). For simplicity, cluster
members are defined as those with |Azgpec/(1 + Zspec)| < 0.015
and above the mass limit of log(M /M) > 9.5 in this test. Note
that the validity of this test is partially based on the fact that the
GOGREEN spectroscopic sample is a representative subset of
the photometrically selected galaxy population, for galaxies
with stellar mass log(M /M) > 10.3. The completeness and
purity are a strong function of the zpno selection width.
Increasing this box width results in higher sample completeness
at the expense of the sample purity because the sample contains
more galaxies that are photometrically selected as cluster
members but are interlopers. To optimize both the complete-
ness and purity, we define photometric cluster members as
those with |Azpner/(1 + Zpho)| < 0.06, which gives a complete-
ness of ~85% and a purity of ~80%.

As we mentioned in Section 2.7, the number of spectro-
scopically-confirmed GOGREEN field galaxies within the
FOV of the HST image is too small for a morphology
comparison. While, in theory, we can expand this sample with
Zphot like the cluster members, we find that there are no good
selection criteria to do so. The right-hand panel of Figure 10
shows the completeness and purity of the “field” sample as a
function of the photometric redshift selection width. The
genuine field galaxies that can be used for the cluster versus
field comparison are defined as those with [Azgec/(1+
Zspec)\ >0.015 and are within a redshift range of
1.0 < zgpeec < 1.4. In this case, the selection width refers to the
width of the redshift region around the mean redshift of the
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Figure 10. Completeness and purity of the sample as a function of the photometric redshift selection width in units of Azynoe/(1 + Zpnoo). Left-hand panel: cluster
member selection. Both completeness and purity are a strong function of the selection width. To optimize both the completeness and purity we define photometric
cluster members as those with |Azpne/(1 + Zphoo)| < 0.06 (gray-dashed line). Right-hand panel: photometric field galaxy selection using GOGREEN data. Since
GOGREEN targets massive overdensities, it is difficult to select a clean photometric sample because of contamination from cluster members. We would either end up
with a low completeness sample or a sample with low purity. Consequently, we instead choose to draw our field sample from CANDELS and 3D-HST.

cluster that was avoided while selecting field galaxies.
Increasing the width means that we select galaxies that are
further from the cluster redshift, resulting in a higher purity but
a less complete field sample. Hence, the trend in completeness
and purity are opposite to those shown in the left-hand panel.
Overall, the completeness (and therefore size of the resultant
sample) drops sharply with the selection width. Even when
imposing a wider photometric redshift cut (0.9 < zyne < 1.5),
we either end up with a low completeness sample (i.e., small
sample) or a sample with low purity. For example, using the
AZphot/(1 + Zphoy) < 0.06 cut as done for the cluster member
selection will result in a low completeness of ~50% and a
purity of ~60%. We therefore use galaxies in the CANDELS/
3D-HST survey as our field comparison sample.

Appendix B
Details of the Simulation and the Biases of the Axis Ratio
Measurements

In this section we describe the setup and the result of the
simulation we used to characterize the biases of our
measurements.

We use a similar method as described in Chan et al.
(2016, 2018). In this work, we generate a set of 20,000
simulated galaxies, which are uniformly distributed within a
magnitude range of 19.0 < F160W < 25.0. Each galaxy has its
surface brightness profiles described by a random Sérsic
profile. The input structural parameters used to generate these
profiles are taken from the parameter distribution of galaxies in
the field at a similar redshift range as the GOGREEN clusters
(van der Wel et al. 2014a) to mimic real galaxies. These
galaxies are then convolved with the appropriate PSF and
injected, 20 at a time, to random locations in the sky region of
the F160W image. To avoid direct overlap with existing
sources on the image, the segmentation maps from SEXTRAC-
TOR are used as a reference of the sky region. We then run
these 1000 images through our GALAPAGOS setup to recover
the structural parameters of the simulated galaxies. The
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simulations were run on the images of five different clusters
with a range of richness. We verified that the biases and
uncertainties we obtain do not depend on the cluster used.

The simulations are used to refine the GALAPAGOS
configuration parameters. Using the bias between the input
structural parameters of the simulated galaxies and the
recovered galaxies, we then modify the GALAPAGOS
configuration parameters and rerun the simulation. Through
iterating this process a few times, we optimize our configura-
tion setup by minimizing the biases in the recovered
parameters.

Using the simulated galaxies, we also characterize the
potential biases for the derived structural parameters. The
biases are derived as a function of input magnitudes, n, and
log(R,). We find that the biases are not only a strong function
of magnitude (i.e., S/N) but also depend on n and R, (albeit
more weakly). Galaxies with higher n at a given magnitude
show higher biases and larger uncertainties (see also Haussler
et al. 2007; van der Wel et al. 2012, for discussions of these
second-order effects). Overall, the biases are only significant at
faint magnitudes. For example, the Sérsic index n, the
parameter that is hardest to constrain shows an average bias
and dispersion of ~13% and ~24% at F160W =23 (AB),
which corresponds roughly to log(M /M) ~ 9.5. Meanwhile,
the effective radius R, shows an average bias and dispersion of
~6% and ~27% at the same magnitude. The axis ratio g shows
an average bias and dispersion of ~2% and ~12% at the same
magnitude. Figure 11 shows the fractional difference between
the recovered and input g as a function of F160W magnitude
and surface brightness of the simulated galaxies. Among the
three Sérsic structural parameters, the axis ratio g can typically
be measured with the highest accuracy. These bias relations can
be used to bias correct the structural parameter measurement
for individual galaxies. Nevertheless, since the biases for g is
almost negligible, we have not applied the bias corrections that
we derived from the simulated galaxies on the cluster sample.
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Figure 11. Fractional differences between recovered and input structural parameters as function of the input FI60W mag (left-hand panel) and surface brightness of
the simulated galaxies (right-hand panel). The blue line and the error bars correspond to the median and 1o dispersion in different bins (0.5 mag/mag arcsec > bin
width). Green-shaded 2D histogram shows the number density distribution of the simulated galaxies.

Appendix C
Axis Ratio Comparison between van der Wel et al. (2014a)
and this Work

The axis ratio measurements of the field sample used in this
work are taken from the structural parameter catalog of van der
Wel et al. (2014a). Although the van der Wel et al. (2014a)
measurements are derived with an overall consistent method
using GALAPAGOS, different setups and treatment of the
images may induce a bias in the cluster and field comparison.
To ensure that our measurements are compatible with van der
Wel et al. (2014a), we apply our methodology described in
Section 2.2 to galaxies in the redshift range of 0.9 <z < 1.5 in
the CANDELS imaging.

Figure 12 shows the result of the comparison as a function of
mass. Overall, our derived axis ratios are very consistent with
those measured by van der Wel et al. (2014a). There are a total
of 6225 galaxies that have a good structural fit in both our
measurements and those by van der Wel et al. (2014a) down to
log(My/M) ~ 9.5, the mass limit of this work. The entire
sample has a median ¢ ratio (ours / van der Wel et al. 2014a)
and 1o of 1.00 4 0.03 (0% bias and 3% scatter). We also split
the sample into UVJ star-forming and quiescent galaxies to
check if the ratio differences depend on galaxy types. The blue
and red histograms in Figure 12 show the distributions of the g
ratios. We find that both galaxy types show consistent ratio
distributions.

The bias between the axis ratios derived using our
methodologies and those by van der Wel et al. (2014a) is
small. It is even smaller than the average bias of ¢ in the cluster
sample compared to simulated galaxies. Therefore, this is not a
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Figure 12. Comparison of axis ratio derived using the method used in this
work with the van der Wel et al. (2014a) measurements as a function of mass.
Blue points correspond to star-forming galaxies and red points correspond to
the quiescent galaxies. The median ratio and 1o between our measurements and
van der Wel et al. (2014a) are 1.00 + 0.03 down to log(My/M) ~ 9.5. Both
galaxy types show similar ratio distributions, as shown in the histogram on the
right-hand side.

major source of uncertainty in our results. Meanwhile, we note
that the biases of n and R, between our measurements and
van der Wel et al. (2014a) are non-negligible. Since we have
not compared n and R, between the clusters and the field
in this work, we defer the discussion on these biases to an
upcoming paper on the mass-size relations of the two samples
(J. C. C. Chan et al. 2021 in preparation).
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Appendix D
Results of the Axis Ratio Distribution Modeling

Here we expand on Section 3.2 and give more details on the
fitting results. Figures 13 and 14 show the corner plots of the
model fitting of the bootstrapped sample for the Case II models,

Field (9.5 < logM < 10.1)

L= 0.58Best-fit)
ly=0842015

Chan et al.

where f, b, 0, are left as free parameters. The best-fit parameter
values, and the median and 1o values of the parameters derived
from the bootstrapped sample are provided in the histograms.
We can see that the b and o, parameters for the field sample in
the two lower mass bins are poorly constrained.
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Figure 13. Corner plots of the Case II model fitting of the bootstrapped cluster and field sample in the four mass bins. The color of the green shade in each panel
represents the distribution of the bootstrap results. The gray-dashed lines correspond to the best-fit parameter values derived from the original sample. The vertical
lines in the histogram correspond to the 16th, 50th, and the 84th percentile of the distribution.
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Figure 14. Corner plots of the Case II model fitting of the bootstrapped cluster and field sample in the four mass bins (cont’d).

For the case II models we have assumed the values of the
four parameters (E, og, T, or) to be the same as the best-fit
values in Chang et al. (2013b). However, we find that our
results are not very sensitive to these parameters. For example,
we tested that using the initial parameters for the 10.5 <
log(M /M) < 10.8 bin to fit the 10.1 < log(M /M) < 10.5
bin gives consistent results. The best-fit parameters for the
bootstrapped cluster sample are fi, = 0.88 £0.15, b =0.33 =
0.04, o, = 0.09 & 0.03, which is completely consistent with the
result using the “correct” initial parameters.
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Appendix E
Intrinsic Alignments in Cluster Galaxies

The axis ratio distribution modeling used in this work relies
on the assumption that the galaxy population is observed from
random viewing angles, which breaks down when the galaxies
are not randomly oriented (i.e., aligned with respect to a certain
direction). The alignment of, or between, galaxies within a halo
has been a subject of heated interest (See Joachimi et al. 2015,
for a review). There are numerous types of intra-halo galaxy
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alignment. In this section, we focus on the alignment of the
shape of the satellite galaxies, which is the only one that will
impact the observed axis ratio distribution.

In numerical simulations, it is established that major axes of
satellite galaxies are preferentially oriented toward the center of
mass of the halo or the central galaxy (e.g., Faltenbacher et al.
2008; Knebe et al. 2020; Tenneti et al. 2021). The strength of
this radial alignment is expected to be strongest at the cluster
core and to decrease with cluster-centric radius. Observation-
ally, whether this alignment exists is still a matter of debate.
Sifén et al. (2015) measured the alignments of galaxies in 90
clusters at 0.05 < z < 0.55 and detected no alignments out to
3R500. Meanwhile, more recent works by Huang et al. (2018)
and Georgiou et al. (2019) reported a radial alignment signal
that is stronger in satellites with smaller distance to the cluster/
group center, although the measured signal is a few times
smaller than predicted in the simulations. The alignment studies
are limited to low-redshift clusters. Here we would like to
examine the radial alignment signal in our sample.

We follow the procedure outlined in Sifén et al. (2015) to
measure the alignment of the galaxies with respect to the center
of the cluster. In this work, the center of each cluster is taken to
be the location of the BCG. To quantify the alignment signal,
we adopt the commonly-used ellipticity components €, and €,
which are defined as:

€ = €1¢0820 + €;sin 20,
€« = €18In260 — ¢, cos 20 (E1)
where €; and ¢, are the galaxy ellipticities in the Cartesian
frame and 6 is the azimuthal angle of the individual galaxy with
respect to the BCG of the cluster. The ellipticity €; measures
the ellipticity in the R.A. and decl. directions and ¢, in diagonal
directions. The two quantities are related to the axis ratio g
through the following:

€= i —4 cos2¢,
1—qg .
€= sin2¢ (E2)
q

where the angle ¢ is the position angle of the major axis of the
galaxy. The two Equations (E1) show that €, and €, are rotated
to the frame with one axis pointing toward the radial direction
from the cluster center. A positive (negative) €, therefore
indicates a radial (tangential) alignment of the galaxies toward
the center of the cluster. Meanwhile, €, measures the shape
alignment at +45° from the radial direction. This component is
commonly used as a check for systematic effects, as €, should
be consistent with zero due to symmetry.

Figure 15 shows the average alignment of our cluster sample
({e1) and (e)) as a function of cluster-centric radius. Given
the field of view of the HST images we can measure the
alignment only out to 1R,po. We find that the average radial/
tangential alignment for the entire cluster sample within 1R
is consistent with zero, with (e,)= —0.0011 + 0.0079. The
cross component is also consistent with zero, with
(ex) =0.0018 + 0.0077. Examining the alignment signal as a
function of radius, there is weak evidence that the average
radial alignment is positive in the region close to the cluster
center (~1.40 for R < 0.2R;q).
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Figure 15. Average alignments (¢, ) and (e,) of the galaxies in GOGREEN
clusters. The circles correspond to €., while squares correspond to €, . The
error bars correspond to the standard error of the mean. Both alignment signals
are consistent with zero.

Since the alignment is expected to be strongest in regions
close to the center, we repeat our axis ratio distribution analysis
excluding galaxies in the R < 0.2Rq region and find that it
does not affect our conclusion. The exclusion only results in an
increase in uncertainty due to lower number statistics. The
potential intrinsic alignments in the sample are therefore
unlikely to affect our results.
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