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ABSTRACT

Context. As galaxies evolve in dense cluster and protocluster environments, they interact and quench their star formation. This
gradually transforms the dominant galaxy population from star-forming galaxies to quiescent red galaxies. This transformation is
identifiable by observing the galaxy colors and can also be seen in the morphological transformation of late-type galaxies into early-
type galaxies, which creates the morphology-density relation observed when populations in clusters are compared to field galaxies at a
given epoch. However, high-z (z > 2) galaxy morphology studies are hindered by the high angular resolution necessary to characterize
the morphology.
Aims. We studied HST WFC3 F160W observations of protoclusters from the MAMMOTH survey (BOSS1244 and BOSS1542) at z
∼ 2.23 with populations of previously identified Hα emitters.
Methods. By measuring the Sérsic index of 151 Hα emitters, we searched for the early morphological transformation of high-z
star-forming galaxies in these well-studied large nonvirialized protoclusters, which we think are the precursors of present-day galaxy
clusters.
Results. The morphology of the populations of star-forming galaxies in protoclusters does not differ from that of their field coun-
terparts. However, we also identified a population of clumpy potentially merging galaxies, which might increase the population of
early-type galaxies within these structures. In BOSS1244, which has two previously identified massive quiescent galaxies including
a brightest cluster galaxy (BCG), we additionally found an abundance of early-type galaxies near the BCG and two coeval high-z
quasars.
Conclusions. Although the morphology of field and protocluster galaxies are very similar, the population of early-type star-forming
galaxies surrounding the spectroscopically confirmed quiescent BCG in BOSS1244, which is not observed in BOSS1542, might in-
dicate differences in the evolutionary state of these two coeval protoclusters. It might be a sign of an early forming cluster core in
BOSS1244.

Key words. galaxies: clusters: general – galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: high-redshift –
galaxies: spiral

1. Introduction

Galaxy clusters are gravitationally bound cosmic megacities that
host large populations of galaxies and provide a unique labo-
ratory for exploring galaxy evolution. These structures evolve
with galaxy populations that mature dramatically. At low red-
shift, clusters are characterized by populations of red early-
type elliptical galaxies and a densely clustered central region
(e.g., Miller et al. 2005; Rykoff et al. 2014). At z > 2, how-
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ever, most extended structures are better identified as proto-
clusters (the early stage in galaxy cluster formation), which
are characterized by an overdensity of galaxies that are pre-
dicted to gravitationally collapse into a cluster at z = 0
(e.g., Muldrew et al. 2015; Overzier 2016; Chiang et al. 2017;
Alberts & Noble 2022). These systems typically include large
populations of star-forming and dusty galaxies (e.g., Kurk et al.
2004; Casey et al. 2015; Hill et al. 2020; Edward et al. 2024),
which distinguishes them from their local counterparts. Unlike
low-z clusters, which are more commonly dynamically relaxed,
protoclusters are not virialized, extend well beyond the typical
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megaparsec-size scale of low-z clusters (e.g., Cucciati et al.
2014; Forrest et al. 2023; Staab et al. 2024; Shah et al. 2024),
and can include clumpier substructures with multiple density
peaks (e.g., Cucciati et al. 2014; Hatch et al. 2017).

While large samples of statistically robust clusters exist
out to z ∼ 1.5 with well-studied galaxy populations (e.g.,
Gladders & Yee 2000; Miller et al. 2005; Lemaux et al. 2012;
Wing & Blanton 2011; Rykoff et al. 2014; Gonzalez et al.
2019; Golden-Marx et al. 2019; Balogh et al. 2021) and well-
constrained properties that link star formation quenching and
the buildup of red sequence populations to denser cluster
environments (e.g., Lemaux et al. 2019; Tomczak et al. 2019;
Werner et al. 2022), the effect of the protocluster environment on
galaxy populations is less well defined. In simulations at 2 < z <
5, protoclusters account for ∼20% of the cosmic star formation
rate density (Chiang et al. 2017) and the buildup of stellar mass
differs from the field due to the top-heavy population of massive
galaxies (e.g., Muldrew et al. 2018). Furthermore, simulations
found that protocluster galaxies at z < 3 quench and increase
their stellar mass faster than their field counterparts, particularly
among infalling satellite galaxies (e.g., Muldrew et al. 2015;
Contini et al. 2016). Observationally, protoclusters include large
populations of star-forming galaxies (e.g., Edward et al. 2024),
although at cosmic noon, star-forming galaxies also appear to be
the dominant population in the field (Muzzin et al. 2013), par-
ticularly among massive galaxies (e.g., Marchesini et al. 2014;
Vulcani et al. 2016).

Importantly, the demographics of these protocluster galax-
ies and any identified properties are highly dependent on the
choice of tracer (Overzier 2016; Alberts & Noble 2022). Pro-
toclusters have been detected via searches for overdensities
of line-emitting galaxies (including Lyman-α emitters [LAEs]
and Hα emitters [HAEs; Kurk et al. 2004; Cai et al. 2017;
Umehata et al. 2019; Zheng et al. 2021; Naufal et al. 2023]),
by examining the environments of radio-loud active galac-
tic nuclei (AGNs; Hatch et al. 2011; Wylezalek et al. 2013;
Shimakawa et al. 2018b; Shen et al. 2021), and by searching for
overdensities of dusty star-forming galaxies (e.g., Casey et al.
2015; Hill et al. 2020). Additionally, robust photometric and
spectroscopic redshift surveys can be used to probe well-
studied survey fields to identify protocluster populations (e.g.,
Cucciati et al. 2014; Lemaux et al. 2022; Forrest et al. 2023,
2024; Staab et al. 2024; Shah et al. 2024). Although most galax-
ies identified via these methods are forming stars, recent James
Webb Space Telescope (JWST) observations have found addi-
tional populations of high-z quiescent galaxies in protoclus-
ter environments at 2.0 < z < 6.0 (e.g., McConachie et al.
2022; Naufal et al. 2024; Tanaka et al. 2024; Jin et al. 2024;
Kiyota et al. 2025; McConachie et al. 2025).

Fundamental to protocluster and cluster science is under-
standing the evolution of galaxy populations. At z < 1.5,
galaxy populations are typically quantified by color-magnitude
diagrams, color-color diagrams, and measurements of the star for-
mation rate (SFR) to estimate the quiescent fraction as a function
of environment (e.g., Rudnick et al. 2012; Marchesini et al. 2014;
Cooke et al. 2015, 2016; Cerulo et al. 2016; Nantais et al. 2016;
Tomczak et al. 2019; Lemaux et al. 2019; Golden-Marx et al.
2019; Werner et al. 2022; Euclid Collaboration: Cleland et al.
2025). However, star formation quenching in cluster galaxies is
not the only evolutionary transformation between cosmic noon
(2 < z < 4) and the present day. The morphologies of galaxies
at cosmic noon are primarily late-type, clumpy, and/or irregular
(e.g., Mortlock et al. 2013; Shibuya et al. 2016; Chen et al.
2022; Kartaltepe et al. 2023; Treu et al. 2023; Ferreira et al.

2023; Jacobs et al. 2023; Shen et al. 2024; Smethurst et al.
2025), while low-z galaxies, particularly those in clusters,
are populated by bulge-dominated early-type galaxies. This
is fundamentally defined in the morphology-density relation,
where denser structures host larger populations of early-type
elliptical, S0, and lenticular galaxies (e.g., Dressler 1980;
Postman et al. 2005; Vulcani et al. 2011a,b; Cappellari 2016;
Vulcani et al. 2023; Euclid Collaboration: Cleland et al. 2025;
Euclid Collaboration: Quilley et al. 2026). Although star forma-
tion quenching and morphological transformations are linked
to the buildup of present-day cluster populations, these two
processes act in different ways.

Crucially, the populations of irregular and late-type galax-
ies seen at cosmic noon must quench and morphologically
transform into their low-z early-type counterparts by z ∼ 1.0
(e.g., Dressler 1980; Gladders & Yee 2000; Postman et al. 2005;
Rudnick et al. 2012; Cooke et al. 2016; Cerulo et al. 2016,
2017; Nantais et al. 2017; Lemaux et al. 2019; Tomczak et al.
2019). It is therefore important to understand the conditions
under which galaxies in dense environments begin to quench
and/or transform their morphology. Particularly, we need to
determine whether quenching occurs before or after the mor-
phological transformation begins. Interestingly, the timescales
of these processes appear to differ. In clusters, quenching
primarily occurs among lower-mass galaxies between 1.0 <
z < 1.5, as seen in the similarity in the quenched populations
and the persistence of the color- and SFR-density relations
(e.g., Rudnick et al. 2012; Lee-Brown et al. 2017; Lemaux et al.
2019; Tomczak et al. 2019). This implies that massive cluster
galaxies quench first. Quenching occurs through a combination
of processes that include strangulation, ram pressure stripping,
harassment, and starvation, each of which acts on different
timescales (e.g., Gunn et al. 1972; Larson et al. 1980;
Balogh et al. 2000; Quilis et al. 2000). Thus, the quenching
timescale evolves with the cluster dynamical timescale (1 – 3
Gyr; Foltz et al. 2018; Roberts et al. 2019), although it may
be better traced by the longer cluster infall timescale (e.g.,
Werner et al. 2022; Kim et al. 2023).

The morphological transformation of cluster galaxies is not
directly tied to the same processes, although they are linked
(Correa et al. 2019). At low redshift, Sampaio et al. (2024)
reported that the quenching timescale for low-mass galax-
ies is approximately twice the morphological transformation
timescale (2.5 Gyr vs. 1.2 Gyr), which implies that they trans-
form first. Because the low-z cluster environment is dominant,
however, this may not hold among massive protocluster galax-
ies. At cosmic noon, the morphological transformation may be
tied to compaction, where mergers or other instabilities bring
existing stars and gas toward the galaxy center. This results
in dense star-forming spheroidal galaxies (quenched by AGNs;
e.g., Barro et al. 2013, 2017). Morphologically, this would result
in early-type galaxies that are highly star-forming. In simula-
tions, compaction begins at cosmic noon, with timescales of
0.5–1 Gyr, while quenching can occur over multiple Gigayears
(Zolotov et al. 2015). Because galaxy mergers are important
in compaction (e.g., Barro et al. 2013; Zolotov et al. 2015;
Barro et al. 2017) and in the formation of massive quenched
early-type galaxies (e.g., Toomre et al. 1977; Naab et al. 2006;
De Lucia et al. 2011; Cappellari 2016; Rodriguez-Gomez et al.
2017), the merger timescale might be a better tracer. However,
the merger rates depend on the protocluster mass, and these
timescales are therefore variable (e.g., Liu et al. 2025). The dif-
ferences in the timescales for quenching and morphological
transformation allow for quenching to occur both before and/or
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after early morphological transformations. This indicates that
it is important to characterize galaxy morphology in the early
Universe.

The characterization of galaxy morphology requires high-
resolution imaging. At high redshift, this can be done with
space-based telescopes including the JWST, the Hubble Space
Telescope (HST), or Euclid, and ground-based telescopes with
adaptive optics. Regardless of the redshift, morphology stud-
ies can be done by modeling the light profile of galaxies using
parametric models, including the Sérsic model (Sérsic 1963),
which is a generalized version of the de Vaucouleurs profile
(de Vaucouleurs 1948), where the Sérsic index, n, = 1 describes
a classical spiral galaxy, and n = 4 describes a classical elliptical
galaxy. Alternatively, nonparametric models of galaxy morphol-
ogy measurements have been used to describe the galaxy light
profiles in terms of concentration, asymmetry, and clumpiness
(e.g., Lotz et al. 2004, 2006; Sazonova et al. 2020; Naufal et al.
2023).

The differences between cluster and protocluster populations
make galaxy morphology a powerful tool for studying the evo-
lution of these cosmic structures. However, the required high
angular resolution for characterizing galaxy morphology limits
the number of these studies at high redshift. Therefore, no con-
sensus exists at the moment for the morphology-density rela-
tion in protoclusters and high-z clusters (z > 1.0). Chan et al.
(2021) used the sample of 11 GOGREEN clusters (Balogh et al.
2021) with masses from 8 × 1012 M� < M200 < 8 × 1014 M�
at 1.0 < z < 1.4 to study 832 galaxies and found little differ-
ence between the morphology of star-forming cluster and field
galaxies, but they detected an excess of oblate flattened quies-
cent cluster galaxies. Sazonova et al. (2020) analyzed four mas-
sive clusters (2 × 1014 M� < M200 < 11 × 1014 M�) at 1.2 < z
< 1.8 and found that two clusters show strong evidence of richer
environments hosting more bulge-dominated galaxies. Similarly,
Strazzullo et al. (2023) used five massive (M200 > 4 × 1014 M�)
Sunyaev-Zel’dovich clusters at 1.4 < z < 1.7 and found that the
majority of their quiescent galaxies were bulge dominated and
lay in the densest environments (and similarly, that the major-
ity of their star-forming galaxies were disky). Strazzullo et al.
(2023) also found that the morphological parameters that charac-
terize field and cluster quiescent galaxies are remarkably similar,
which implied that the causes of quenching and the morpholog-
ical transformation, at least among massive quiescent galaxies,
might be similar for the protocluster environment and the field,
but just more pervasive in protoclusters. Noordeh et al. (2021)
used a well-studied z ∼ 2.0 cluster (M500 ∼ 6.3 ± 1.5 × 1013 M�;
Mantz et al. 2018; Willis et al. 2020) and found a strong divi-
sion based on galaxy color and morphology among cluster
galaxies. Additionally, Strazzullo et al. (2013) found a dense
proto-red sequence core of bulge-dominated galaxies in a z ∼
2.0 cluster (M200 ∼ 5.3 × 1013 M�). Furthermore, Mei et al.
(2023) and Afanasiev et al. (2023), who both used the same
spectroscopically confirmed clusters/protoclusters (1013.5 M� <
Mhalo < 1014.5 M�) from the Clusters Around Radio Loud AGN
(CARLA) Survey, found an abundance of bulge galaxies in all
of their systems, including a z ∼ 2.8 protocluster (Mei et al.
2023), and an abundance of small protocluster galaxies rela-
tive to the field (Afanasiev et al. 2023). In contrast, Peter et al.
(2007) found no evidence of any trends between morphology
and environment in their study of a protocluster at z ∼ 2.3 with
the HST. In total, these studies include ∼40 spectroscopically-
confirmed galaxy clusters/protoclusters, which makes any result
subject to cosmic variance. Importantly, only two of these sys-
tems lie at z > 2.1 (e.g., Peter et al. 2007; Mei et al. 2023), and

except for Peter et al. (2007), each probed galaxy populations
that included potentially quenched galaxies. Therefore, the trans-
formation of the cluster galaxy morphology cannot be decoupled
from quenching. Importantly, the majority of systems are mas-
sive, so it is impossible to determine the role of the cluster mass
in the evolution of the morphology-density relation without a
larger sample.

When galaxy evolution is characterized based on morphol-
ogy, particularly at high redshift, it is important to account
for galaxy mergers, which may affect the buildup of the
morphology-density relation in high-z protoclusters because
galaxy mergers are important in the formation of massive early-
type galaxies. Although no consensus exists on the merger
rates within protoclusters (Delahaye et al. 2017; Coogan et al.
2018; Watson et al. 2019; Monson et al. 2021; Liu et al. 2023,
2025; Giddings et al. 2026), the high density of galaxies in pro-
toclusters allows for the possibility of mergers. Because the
velocity dispersion of protocluster galaxies was measured as
∼300 km/s in simulations (Cucciati et al. 2014) and <500 km/s
in observations (e.g., Toshikawa et al. 2020; Liu et al. 2025),
these properties further enhance the likelihood of galaxy inter-
actions and indicate that mergers play a key role in protoclus-
ter galaxy evolution. Observationally, it is important to note
that protoclusters not only foster galaxy mergers, but also host
clumpy galaxies, the abundance of which peaks at cosmic noon
(e.g., Shibuya et al. 2016; Umehata et al. 2025). As shown by
Ribeiro et al. (2017), these clumpy galaxies can also result from
major mergers. Because it is difficult to differentiate clumpy
galaxies that are not merging from merging systems without
accurate spatially resolved spectroscopy, some fraction of visu-
ally identified mergers might instead be nonmerging clumpy
galaxies. While different, both populations can result in eventual
galaxy transformations, and accounting for both these popula-
tions is an important question in tracing the evolution of these
cluster galaxies.

Because the timescales and processes associated with
quenching and the morphological transformation of protocluster
galaxies differ, it is vital to determine whether star-forming pro-
tocluster galaxies experience early processing that would begin
to transform their morphology before quenching. While the
JWST has proven invaluable for galaxy evolution and morphol-
ogy studies, in particular, at z > 2 (e.g., Kartaltepe et al. 2023;
Treu et al. 2023; Shen et al. 2024; Jin et al. 2024; Lee et al.
2024; van der Wel et al. 2024; Kawinwanichakij et al. 2025;
Gozaliasl et al. 2025) and regarding galaxy evolution in proto-
clusters (e.g., COSMOS-Web; Shuntov et al. 2025a,b; Toni et al.
2025a,b), results regarding the morphology of protocluster
galaxies are still forthcoming.

To determine the role of the protocluster environment on
the transformation of galaxy morphology and if this trans-
formation occurs before or after quenching, we present new
results from the MApping the Most Massive Overdensities
through Hydrogen (MAMMOTH) survey (e.g., Cai et al. 2016,
2017). Specifically, we used HST observations of two pro-
toclusters at z ∼ 2.23 (P.I. Zheng Cai). Although we only
included two protoclusters, we traced star-forming galaxies in
protoclusters, which allowed us to examine a very narrow but
important window into the evolution of protocluster galax-
ies. By examining the morphology of massive star-forming
galaxies, we can better determine whether the morphological
transformation of star-forming galaxies is affected by the pro-
tocluster environment and if this transformation occurs prior to
quenching, or if the protocluster and coeval field galaxies instead
appear to be morphologically similar at cosmic noon. This would
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indicate that the morphological transformation of protocluster
galaxies occurs after quenching has begun.

The remainder of this paper is structured as follows. We
introduce the MAMMOTH survey in Sect. 2.1 and our analysis
methods in Sect. 2.2. We present and contextualize our results
in Sects. 3 and 4. We adopt a flat ΛCDM cosmology, using H0
= 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ=0.7. Unless otherwise
noted, all distances are given as proper distances, and all magni-
tudes are given as AB magnitudes.

2. Data

2.1. MAMMOTH protoclusters

To study the impact of the protocluster environment on galaxy
morphology, we need a statistically robust sample of protoclus-
ter galaxies at z > 2.0. To this end, we used well-studied pro-
toclusters from the MAMMOTH survey (e.g., Cai et al. 2016,
2017; Zheng et al. 2021; Shi et al. 2021; Zhang et al. 2022;
Wang et al. 2022; Liu et al. 2023; Shi et al. 2024; Liu et al.
2025; Zhou et al. 2025). MAMMOTH systems were identified
via strong Lyman-α absorption features in SDSS BOSS spec-
troscopy (e.g., Cai et al. 2016, 2017), indicating the existence
of large-scale cool gas, which suggests that these structures are
dynamically young (see BOSS1244 and BOSS1542 in Fig. 1 for
the HST Wide Field Camera 3 [WFC3] F160W coverage of these
protoclusters). Each MAMMOTH system discussed here has
been shown to be a massive protocluster structure hosting large
populations of high-z HAEs (e.g., Zheng et al. 2021; Shi et al.
2021).

Because our MAMMOTH protocluster populations are
selected via HAEs, it is important to understand any biases
among this population. While robust spectroscopic surveys
allow for a more uniform identification of protocluster popu-
lations down to lower masses, these surveys can be observa-
tionally expensive, particularly given the large angular extent of
protoclusters, and are currently limited to well-studied survey
fields (e.g., Morishita et al. 2023; Staab et al. 2024; Forrest et al.
2024; Shah et al. 2024; Forrest et al. 2025; Watson et al. 2025b).
HAEs therefore offer a unique alternative to expensive spec-
troscopy, particularly given that photometric redshift estimates
based on narrow-band selected emitting galaxies are accurate
(e.g., Shi et al. 2021) and these observations require far less tele-
scope time. In comparing samples of HAEs at z ∼ 2 to coeval
star-forming galaxies, Oteo et al. (2015) found that the distri-
bution of stellar masses and SFRs of HAEs resembled typical
star-forming galaxies. Although the median HAE stellar mass
and SFR is slightly above normal star-forming galaxies, HAEs
only excluded the bluest and least massive typical star-forming
galaxies. Additionally, Oteo et al. (2015) found that HAE esti-
mated SFRs agreed within 0.3 dex of dust-corrected UV SFRs
and that these galaxies lay on the star formation main sequence
down to M∗ ∼ 109.5 M�. HAEs therefore appear to be a strong
proxy for the total protocluster population, allowing us to trace
a representative population of these structures.

The first protocluster in our sample is BOSS1244. Originally
reported in Zheng et al. (2021), BOSS1244 is characterized by a
rich population of HAEs corresponding to an overdensity of 5.6
± 0.3σ over a 54 × 32 × 32 cMpc3 region and includes 244
HAEs (Zheng et al. 2021). Each HAE was detected via deep Ks
broadband and H2S1 narrowband imaging taken with the wide-
field infrared camera on the Canada-France-Hawaii Telescope
(see Zheng et al. 2021 for a full description of the image reduc-
tion and HAE detection in these protoclusters). To be classified

as an HAE, Zheng et al. (2021) required a minimum Hα equiv-
alent width of 45 Å, which corresponds to ∼5.1 M�/yr at z ∼
2.24, and should allow for the inclusion of the fainter end of the
luminosity function for HAEs as seen in Lee et al. (2012). How-
ever, Fig. 4 shows that the majority of the SFRs for the HAEs in
both protoclusters are above 20 M�/yr. We note that this bias in
our sample limits our analysis of the morphology of protocluster
galaxies to primarily bright, star-forming galaxies.

BOSS1244 was spectroscopically confirmed and shown to
consist of two substructures at z = 2.230 and z = 2.246
(Shi et al. 2021; despite the separate redshift peaks, we treat
BOSS1244 as one structure in this analysis). Shi et al. (2021)
used the Multiple Mirror Telescope/Magellan Infrared Spectro-
graph (MMT/MIRS) to observe 46 target HAEs and the Large
Binocular Telescope/LUCI (LBT/LUCI) near-infrared spectro-
graph to observe an additional 15 HAEs (as well as 3 overlapping
targets). In total, 46 HAEs were confirmed to be at the target red-
shift, including 5 HAEs that are quasars (see Fig. 1 for the dis-
tribution of spectroscopically confirmed galaxies; see Shi et al.
2021 for a complete description of the spectroscopic sample of
HAEs in BOSS1244). From these spectroscopic observations,
Shi et al. (2021) measured a line-of-sight velocity dispersion of
∼400 km s−1 in each component and cluster masses of M200 =
2.8 ± 2.2 × 1013 M� and M200 = 3.0 ± 2.0 × 1013 M�.

Furthermore, additional protocluster member galaxies were
identified as part of the analysis in Shi et al. (2024), which
used HST WFC3 grism slitless spectroscopy to identify two
spectroscopically-confirmed quiescent galaxies, including a
BCG. Beyond the two spectroscopically-confirmed quiescent
galaxies, Shi et al. (2024) reported 14 additional spectroscopic
members, which were not previously identified narrow-band
selected HAEs (for a complete description of these HST
grism observations, see Shi et al. 2024 and Wang et al. 2022).
Although we focus on the sample of HAEs, we do include an
additional discussion of the spectroscopic sample in Sect. 4.3.

Based on the detection of these HAEs, Zheng et al. (2021)
constructed overdensity contours to trace the distribution of
emitters. As reported by Zheng et al. (2021) and Shi et al.
(2021), BOSS1244 shows two large density peaks, which were
confirmed via the velocity distributions measured in Shi et al.
(2021). Each of these density peaks shows a more concen-
trated distribution of galaxies, akin to the distribution of galaxies
expected in a low-z relaxed galaxy cluster. Based on the velocity
distribution of these HAEs and their estimated masses, Shi et al.
(2021) predicted that these two components will collapse into a
single cluster structure by z = 0.

For this morphology analysis, MAMMOTH also undertook
a large HST campaign (P.I. Zheng Cai, Proposal ID = 15266)
using the WFC3 camera in the F160W band (λo = 1536.9 nm,
∆λ = 268.3 nm) to characterize the galaxy populations in
BOSS1244, BOSS1542, and BOSS1441 (see Appendix A for
our analysis of BOSS1441). At z ∼ 2.23, the WFC3 F160W fil-
ter is ideal for characterizing the morphology of galaxies as the
majority of the optical stellar emission will be redshifted into
the IR. Additionally, the full-width-half-maximum (FWHM) of
the PSF in the F160W band is ∼0′′.151 (∼1.25 kpc at z = 2.23),
which allows us to characterize the morphology of high-z galax-
ies. The final science images were produced using ASTRO-
DRIZZLE with a scale of 0′′.06/pixel. The limiting magnitude
of these HST WFC3 F160W observations is ∼24.97 magnitudes
for both fields. Because protocluster structures are much larger
than the field-of-view (FOV) of HST WFC3 (2.1 × 2.3 arcmin2),
the observations were designed to observe the densest regions
of each protocluster, allowing us to cover the most possible
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Fig. 1. Coverage by the HST pointings of the MAMMOTH protoclusters, BOSS1244 (left) and BOSS1542 (right). In each panel we present
our HST WFC3 F160W images. The overlaid circular red regions denote the HAEs. The overlaid circular cyan regions denote HAEs that were
spectroscopically confirmed by Shi et al. (2021) and fall within the larger HST footprint (a few lie beyond the coverage region). In the left panel,
the galaxies that were spectroscopically confirmed via HST grism observations are overlaid as magenta squares. Similarly, the quiescent galaxies
identified by Shi et al. (2024) are shown as blue squares. In BOSS1244 and BOSS1542, the SDSS-identified coeval quasars in each field are shown
as purple squares. Some of these quasars were previously identified as HAEs. In BOSS1244 and BOSS1542, the densest regions are found in the
lower right quadrant with HST coverage. The total area shown for BOSS1244 and BOSS1542 is ∼12′ × 17′.

HAEs (see the left panel of Fig. 1). For BOSS1244, this results
in 8 WFC3 F160W pointings each with an exposure time of
2614.684 s covering 91 HAEs (see Table 1 for the breakdown
of the number of emitters in each protocluster and how many are
observed with HST).

The second protocluster is BOSS1542, which was spectro-
scopically confirmed at z = 2.241(Shi et al. 2021). BOSS1542
has an overdensity of 4.9 ± 0.3σ over the same area as
BOSS1244 and includes 223 HAEs that were identified in
the same manner as those in BOSS1244 (Zheng et al. 2021).
BOSS1542 was similarly spectroscopically confirmed using
MMT/MIRS spectroscopy to observe 23 HAEs and LBT/LUCI
was used to confirm an additional 36 galaxies (Shi et al. 2021).
In total, 35 galaxies were found at the target redshift, includ-
ing three quasars previously identified as HAEs. From these
observations, Shi et al. (2021) estimated a velocity dispersion of
∼250 km s−1 and a mass of M200 = 0.79 ± 0.31 × 1013 M�. Sim-
ilar to BOSS1244, only the densest regions of the protocluster
were observed with HST WFC3 F160W (see the right panel of
Fig. 1), resulting in the 8 HST pointings each with an exposure
time of 2614.684 s covering 92 HAEs.

As discussed by Zheng et al. (2021) and Shi et al. (2021) and
explicitly seen in Fig. 1 of Shi et al. (2021), despite having sim-
ilar observations and populations of HAEs, the distribution of
HAEs in BOSS1542 is more elongated and filamentary, espe-
cially when compared to that of BOSS1244. Despite similar total

masses, this difference in the overall protocluster morphology
may hint at differences in the dynamical state of BOSS1244
and BOSS1542. That these protoclusters may be coeval, but
observed at different points in their evolution could add addi-
tional uncertainty to our measurement of the morphology of pro-
tocluster galaxies as a function of environment as we are only
probing two systems.

2.2. Estimating the morphology of protocluster galaxies

We estimated the morphology of protocluster galaxies using a
Sérsic model (Sérsic 1963) to characterize the light profile of
each galaxy. Given that the MAMMOTH protoclusters are at z
∼ 2.23, where the classical model of a spiral galaxy (n = 1) and
elliptical galaxy (n = 4) does not necessarily characterize the
majority of galaxies (e.g., Ferreira et al. 2023), we classified our
galaxies as either early-type (n ≥ 2), or late-type (n < 2) follow-
ing a similar criteria presented in literature (e.g., Strazzullo et al.
2013; Noordeh et al. 2021). We also include an additional sub-
set of early-type galaxies, which we refer to as strongly bulge-
dominated early-type galaxies (n ≥ 3) to account for the most
early-type looking galaxies.

To measure the morphology of each protocluster galaxy, we
used Galfit (Peng et al. 2002, 2010a), a 2D data analysis tool
that directly fits a galaxy’s light profile and measures its mor-
phology. Galfit works by creating a model for each galaxy,
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Table 1. Selection statistics for the protocluster sample.

BOSS1244 BOSS1542

Total number of emitters 244 223
Number of emitters observed with HST 91 92
Number of emitters with successful Galapagos fittings (reduced-χ2 < 2) 80 71
Number of n ≥ 2 galaxies 25 24

subtracting the model from the original image, and creating a
residual to estimate the goodness of the fit. For this analysis,
we used a PSF made from stacking nonsaturated stars observed
in the regions surrounding BOSS1244 and then used a science-
image cutout and a sigma image to create a model of a single-
component Sérsic galaxy, chosen so as to not overfit the data,
and characterized each galaxy in terms of its radius (r), Sérsic
index, axis ratio, ellipticity, and magnitude. Beyond any initial
conditions regarding values of Sérsic index and radius, Galfit
simultaneously fits all components of a given galaxy, taking into
account the detected object and the sky background (Peng et al.
2002, 2010a), as well as convolving all modeled profiles based
on the provided PSF to simulate telescope optics.

To increase the computational efficiency of our analysis,
we used Galapagos-2/MEGAMORPH (Barden et al. 2012;
Häußler et al. 2013), an IDL-based Galfit wrapper that com-
bines Galfit with Source Extractor (Bertin & Arnouts
1996). Instead of providing a single postage stamp image of
each target galaxy, Galapagos samples the entire mosaic and
does two runs of Source Extractor in a hot and cold detec-
tion mode to create multiple detection maps to separate and
identify all galaxies in a given field, which is particularly use-
ful in dense protocluster fields. From these detections, we used
Galapagos to create image cutouts and fit all of the parame-
ters via Galfit. When running Galapagos, we followed the
same input parameters as specified in van der Wel et al. (2012)
and Afanasiev et al. (2023, e.g., 0.2 ≤ n ≤ 8, 0′′.3 ≤ r, and used
a tophat_9.0_9x9 filter for the cold Source Extractor run
and a gauss_4.0_7x7 filter for the hot Source Extractor
run), each of which analyzed the morphology of high-z (z ∼ 2)
galaxies observed with HST. Importantly, given the necessary
precision for high-z morphology measurements, we limited our
analysis to galaxies brighter than mF160W < 24.5 magnitudes, fol-
lowing van der Wel et al. (2012), which is approximately half a
magnitude above our detection limit and includes ∼97% of our
HAEs. Although the limiting magnitudes differed between this
sample and the CANDELS coeval field sample (see Sect. 2.4),
the 24.5 magnitude analysis limit was brighter than both detec-
tion limits, which allowed us to compare our analysis to results
from van der Wel et al. (2012). Although the Sérsic index mea-
surements for galaxies fainter than this limit had similar error
bars to their brighter counterparts, we found that for a small sam-
ple of these faint galaxies, the radii tended to be overestimated,
possibly due to confusion with the background, which impacts
the goodness of the overall fit.

After running Galapagos, we visually inspected each tar-
get, model, and residual to ensure correct identification and
check for any galaxies where the fit residual was particularly
poor. We found that Galapagos failed for ∼5% of our targets
(e.g., no resulting fit is given, despite a galaxy being included as
a target). Typically, these galaxies are the brightest, unresolved
galaxies in our sample, some of which are among the sample of
HAEs that were identified as quasars in Shi et al. (2021), where

the size of the galaxy is consistent with that of our observed PSF.
Additionally, we further inspected the sample and removed any
galaxy where the reduced-χ2 of the fit was greater than 2, to
only keep the best fit galaxies in our sample (see Appendix B
and Fig. B.1 for examples of the residuals of our Sérsic index
fits). This left us with 80 galaxies in BOSS1244 and 71 galax-
ies in BOSS1542 (see Fig. 2 for examples of HAEs). Addition-
ally, while Galapagos identified the target galaxy nearest to our
emitting galaxy input coordinates, because the angular resolu-
tion of the Ks-band images is much worse than our HST images
(the seeing was ∼0′′.65–0′′.8 for the Ks-band images), we had
multiple examples of previously blended systems. For our anal-
ysis, if we had two distinct galaxies in HST, we chose the galaxy
closest to the coordinates of the HAE (which is typically the
brighter galaxy). For five pairs, the two galaxies are truly blended
in the Ks band, with the central coordinate of the HAEs falling
squarely between the two galaxies in the HST imaging. In those
instances, we included both galaxies.

Given the proclivity of mergers in high-z protoclusters
(e.g., Watson et al. 2019; Liu et al. 2023, 2025; Giddings et al.
2026), as well as clumpy galaxies (e.g., Shibuya et al. 2016;
Umehata et al. 2025; Kalita et al. 2025), it is possible that some
of these galaxies are merging or clumpy systems. As shown
by Liu et al. (2023), BOSS1244 and BOSS1542 host a num-
ber of potentially merging galaxy pairs. Specifically, Liu et al.
(2023) performed an analysis of potential close pairs, galax-
ies that are near each other in physical space, but do not show
obvious signs of mergers (e.g., Kartaltepe et al. 2007; Lotz et al.
2011; Snyder et al. 2017; Giddings et al. 2026). Here, we adopt
a more cautious approach for identifying merging systems. For
the close pairs identified in Liu et al. (2023), we only reported
on the pair members that are HAEs (we did identify one close
pair of HAEs in BOSS1244 and two close pairs of HAEs in
BOSS1542). However, potentially merging galaxies are not lim-
ited to close pairs in protoclusters or in the field. Following
our initial visual inspection of the Galapagos postage stamp
and the model residual image, we inspected any merger candi-
dates using Kartaltepe et al. (2015) as a guide to classify poten-
tially isolated, merging (or clumpy), and interacting galaxies
(see Fig. 3). Using this approach, we looked for the existence
of tidal tails/elongated galaxy structures between nearby galax-
ies or the appearance of merging systems. Although we identi-
fied potentially interacting systems, our interpretations are lim-
ited by our lack of spectroscopy for many of these interact-
ing systems. We therefore focused on “multi-peak” galaxies,
potential mergers that we visually identified as a single galaxy
(based on Galapagos and Source Extractor detections),
but seen visually as multiple bright peaks in the same galaxy
(see Fig. 3 for examples of multi-peak systems; see Sect. 3.2
for further discussion of these systems). Although some of these
may be edge-on spiral galaxies or clumpy star-forming galaxies,
we find some show additional signs of mergers (e.g., diffuse tidal
tails).
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Fig. 2. Image cutouts of HST WFC3 F160W detected HAEs in BOSS1244 (top row) and BOSS1542 (bottom row). A selection of early-type
galaxies are shown in the left two columns and a selection of late-type galaxies are shown in the right two columns. The Sérsic index of each
galaxy is included at the top of each cutout. Each cutout is 2′′.88 × 2′′.88. The size of the FWHM of the HST WFC3 F160W PSF is shown as the
black circle in the bottom of each cutout.
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Fig. 3. Image cutouts of a selection of HST WFC3 F160W detected multi-peak galaxies identified in BOSS1244 (top row) and BOSS1542 (bottom
row). Each cutout is 2′′.88 × 2′′.88. The size of the FWHM of the HST WFC3 F160W PSF is shown as the black circle in the bottom of each cutout.
These galaxies were detected as a singular galaxy with Source Extractor/Galapagos, but show multiple bright peaks, potentially indicative
of a merging and/or clumpy galaxy.

2.3. Measuring the local density

Since the HST coverage of our protocluster candidates did not
cover the entire structure, we could not create a robust measure-
ment of the protocluster density relative to the co-spatial field
at all points in the protocluster. Instead, we focused on mea-
suring the local density of every HAE. Although all galaxies

in our sample are emitters, we only characterized the morphol-
ogy of HST detected galaxies brighter than mF160W < 24.5 mag
(van der Wel et al. 2012). While there is not a one-to-one rela-
tion between the Ks band magnitude and the HST WFC3 F160W
magnitude, given that 97% of our galaxies were above the detec-
tion threshold, we could estimate the density without adding
additional sources of error. For our analysis, we characterized
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the local density by measuring the number of emitting galaxies
within 300 kpc1 of each HAE.

As our density measurements trace a population of star-
forming and relatively massive HAEs, it is important to note that
there may be some biases regarding how HAEs map to the den-
sity of the entire protocluster population. Specifically, if either
protocluster contains a large population of fainter star-forming
or quiescent galaxies that are not co-spatial to the denser regions
of the HAEs, then some of our lower density regions may actu-
ally have higher densities than our HAE estimate. In fact, in sim-
ulations, Baxter et al. (2025) traced the location of the highest
density peak in protoclusters at 1 < z < 5 and found that the
location of the highest density peak in protoclusters at z > 2 does
depend on the stellar mass or SFR cuts, suggesting a degree of
variability among density measurements. Using our coeval back-
ground field (see Sect. 2.4), we tested our density measurements
with different stellar mass and star formation rate cuts. Doing
so, we found the most scatter among the lowest density regions.
However, these lower-density measurements are generally below
the lower-density bins in the protocluster sample. This suggests
that the majority of the density measurements in the protoclus-
ter sample should not be impacted greatly by changes in our
selection criteria. Although these density fluctuations are likely
a smaller effect in the densest regions, some degree of error in
our morphology-density measurements (see Sect. 3) may be due
to the density measurements.

2.4. The comparison field samples

To determine whether the morphology of protocluster galax-
ies is influenced by the protocluster environment, we need
a coeval field sample. For comparison, we used the well-
analyzed CANDELS (e.g., Grogin et al. 2011; Koekemoer et al.
2011; Kodra et al. 2023) survey fields because van der Wel et al.
(2012) previously characterized the morphology of CANDELS
galaxies and measured the Sérsic index of the galaxies using the
HST WFC3 F160W band. Since our HST imaging was done in
the same F160W band and the protocluster sample and a coeval
field sample have limiting magnitude depths fainter than the 24.5
magnitude analysis threshold and used identical Galapagos
analysis tools, we could compare our observations to these val-
ues to constrain the impact of the protocluster environment on
galaxy morphology. Because the redshift range of the HAEs
we studied is very narrow, however, based on our narrow-band
emission (2.246 ± 0.02, in agreement with the measurements
from Shi et al. 2021), we statistically created our coeval field
galaxy sample. We first treated all galaxies with mF160W ≤

24.5 magnitudes (the magnitude limit of our morphology anal-
ysis) in the CANDELS fields as potential high-z galaxies. Using
robustly measured photometric redshifts (Kodra et al. 2023), we
accounted for the likelihood that each galaxy lies at the redshift
of our HAEs. To do this, we did a first-order estimate of the red-
shift probability distribution function for each galaxy assuming
that each galaxy’s photometric redshift followed a Gaussian dis-
tribution centered on the reported value with the width estimated
from the error in the photometric redshift. We then integrated
the area under the curve corresponding to our narrow redshift
window (2.246 ± 0.02). Because the median photometric red-

1 Although we used 300 kpc in this work, we measured the difference
in environment using regions between 200 kpc and 800 kpc and ulti-
mately chose 300 kpc because of the clearest measurement of HAEs in
low and high-density regions that allowed for two similarly-sized den-
sity bins.
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Fig. 4. Star formation rate as a function of stellar mass for our sam-
ples of HAEs from BOSS1244 and BOSS1542 overplotted on the
coeval sample of field galaxies with SFRs and stellar masses from
Osborne & Salim (2024) in the CANDELS fields. The color of the
coeval field sample galaxy represents the likelihood that a given galaxy
is at z = 2.246 ± 0.02 based on the photometric redshifts from
Kodra et al. (2023). We overplotted an estimate of the star formation
main sequence at z = 2.23 based on the analysis in Popesso et al. (2023)
in green. Because the star formation main sequence is calibrated using a
Kroupa IMF, we converted the star formation rates and stellar masses to
reflect the Chabrier IMF used in Osborne & Salim (2024). Although we
measured the likelihood that all galaxies, regardless of the median red-
shift estimate are at z = 2.246, in the above plot, we only included those
galaxies with a median photometric redshift (or spectroscopic redshift)
of 2 < z < 3. The vertical line represents the 90% stellar mass com-
pleteness limit for BOSS1244 and BOSS1542 (1010.3 M�) based on the
analysis in Liu et al. (2023). The horizontal line shows our estimate of
the SFR completeness limit (20 M�/yr).

shift uncertainty for CANDELS high-z galaxies is ∆z ∼ 0.2, the
statistical likelihood that these galaxies fall within our redshift
range is low, typically ∼40% at most. Thus, to capture the sta-
tistical coeval field sample, we summed the total weight of the
likelihood of each galaxy being in our redshift range assuming
Gaussian error. To measure the density of the galaxies, we used
the same 300 kpc (at z ∼ 2.23) region as our target fields (note
that we excluded galaxies near the edges of the CANDELS fields
to avoid undersampling the density) and measured the weighted
likelihood that all of the galaxies in the 2D projection are at our
target redshift. As a result, we can estimate the density and mor-
phology of typical galaxies that are not in protoclusters at cosmic
noon.

Although less common, some fraction of the high-z galax-
ies from the CANDELS catalogs from Kodra et al. (2023) are
quiescent galaxies (e.g., Merlin et al. 2019). As our sample of
protocluster HAEs did not include quiescent galaxies2, we cre-
ated an additional coeval field consisting only of those galax-
ies in CANDELS with measured SFRs and stellar masses from
Osborne & Salim (2024). Osborne & Salim (2024) estimated
their SFRs using UV, optical, and mid-IR photometry for 63 266
galaxies at 0.7 < z < 2.3 in the GOODS-S, UDS, COSMOS,
and EGS fields. With these additional parameters, we created
an additional coeval field sample. This CANDELS coeval field
subsample (labeled CANDELS M∗ & SFR lim in Figs. 5 and 6)

2 Although not included in the initial sample, as mentioned in
Sect. 2, there are two spectroscopically-confirmed quiescent galaxies
in BOSS1244. We included these galaxies in our analysis in Sect. 4.3.
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consists of all galaxies with mF160W < 24.5 with a stellar mass
greater than 1010.3M� and a SFR > 20 M�/yr. The stellar mass
limit and the stellar masses of the galaxy sample in BOSS1244
and BOSS1542 are presented in Liu et al. (2023). Although
the detection limit for identifying an HAE in our sample was
reported to yield a SFR of 5.1 M�/yr in Zheng et al. (2021),
as shown in Fig. 4, the minimum dust-corrected HAE star-
formation rate, calculated following the description for HAEs
in Zheng et al. (2021), is well above this. For a better statisti-
cal sample, we therefore used a limiting SFR of 20 M�/yr. For
the coeval field subsample, we again measured the density of
galaxies following the same prescription as we did for the CAN-
DELS field sample, where we weighted the likelihood that each
galaxy is within our narrow redshift range (as seen based on the
color of the coeval field galaxies in Fig. 4) and then measured
the weighted number of galaxies within 300 kpc of each targeted
galaxy (see Table 2 for the weighted number of galaxies in each
sample).

We acknowledge that although we apply similar stellar mass
and SFR cuts between our two samples, the protocluster pop-
ulation is entirely HAEs, while the background sample is star-
forming galaxies. As highlighted in Oteo et al. (2015) and as
seen in Fig. 4, HAEs should probe a similar parameter space to
typical star-forming galaxies at z ∼ 2.0 and only differ among the
least massive systems. Since our magnitude limit is ∼90% com-
plete down to masses of 1010.3 M�, we did not probe low-mass
galaxies. The parameters of these galaxies therefore strongly
agree in terms of SFR and stellar mass (see Appendix C and
Fig. C.1 for a comparison of the distribution of Sérsic index,
stellar mass, and SFR between the protocluster and coeval field
samples). Additionally, we found that all of our HAEs, as well
as the coeval field sample fall within 1 dex of the star formation
main sequence at z = 2.23 from Popesso et al. (2023, see our
Fig. 4).

3. Results

3.1. The morphology-density relation

After measuring the morphology of each HAE with Galapagos
and the density of the surrounding galaxies, we plotted the mor-
phology as a function of local density for the star-forming HAEs
in BOSS1244 and BOSS1542 (see Fig. 5; for the analysis of
BOSS1441, see Appendix A and Fig. A.2). To search for envi-
ronmental trends, we separated our galaxies into a low- and high-
density sample, aiming for two approximately equal size density
bins. To quantify the error in these measurements, we used a
bootstrap technique where we run our analysis 1000 times, treat-
ing the initial error in the Sérsic index from Galapagos as
Gaussian. We estimated what fraction of galaxies are early-type
in each bin and the error in this measurement, which accounts for
galaxies that are just below/very near our Sérsic index division
and are borderline cases. We then added our error in quadrature
with the error estimated from the binomial confidence intervals
to get the final error bars shown in Figs. 5 and 6. For the density
measurements, we estimated the error by taking the total number
of emitters within the Ks-band FOV and randomly placing them
in the field and then measuring the number of galaxies within
300 kpc of each galaxy. We similarly bootstrapped this density
and estimated the median number of nearby neighbors as the
error in the density.

The top panel of Fig. 5 highlights that both protocluster sys-
tems show an increase in the number of early-type galaxies in the
denser bin. Because these values differ by less than 1σ, however,
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Fig. 5. Morphology-density relation in two MAMMOTH protoclusters,
BOSS1244 (in red) and BOSS1542 (in black). The weighted CAN-
DELS field is shown in blue and the CANDELS stellar mass and
SFR sample (CANDELS M∗ & SFR lim) is shown in magenta. Top:
All detected galaxies brighter than our magnitude threshold (mF160W ≤

24.5). Bottom: All detected galaxies brighter than m*+1, where m* is
the modeled magnitude of an L∗ galaxy at z = 2.246 estimated using
EzGal (i.e., mF160W ≤ 23.36 magnitudes; Mancone & Gonzalez 2012).
In each plot, the density measurement is for the entire sample. The value
of the fraction of galaxies with n ≥ 2 for each sample is measured by
bootstrapping over the measured errors in Sérsic index over 1000 iter-
ations. We found evidence for an internal morphology-density trend in
both protoclusters among all galaxies, but no evidence for an enhance-
ment of the early-type fraction relative to the field. The brighter galax-
ies in each protocluster differed, however, with the denser regions of
BOSS1542 having fewer early-type massive galaxies.

we cannot statistically confirm the morphology-density relation
in these two protoclusters. Since we did not have HST coverage
of the entire field and only observed the denser regions of each
protocluster, we could not probe the outskirts of the protoclus-
ters, which limited our ability to look at the buildup of this rela-
tion from the outskirts of the protocluster, where the early-type
fraction should be closer to the field, to the densest regions. Rela-
tive to the coeval field samples we constructed from CANDELS,
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Table 2. Coeval field samples.

CANDELS CANDELS M∗ & SFR lim

Total Weighted Number of Galaxies 138.04 39.57
Weighted Number of Bright Galaxies 21.22 16.33

however, we did not find a statistical enhancement in the frac-
tion of early-type galaxies. In fact, we found that the early-type
fraction in the low-density bin is below field levels in BOSS1244
and that all of the values in the higher density bins are within 1σ
of the field values.

To further quantify any differences among the field and pro-
tocluster populations, we performed a KS test to compare the
distribution of Sérsic indices among the statistically similar stel-
lar mass and SFR limited coeval field sample to the two pro-
toclusters (see Fig. C.1). We found no evidence that they are
drawn from different populations (P1244−Field = 0.83, P1542−Field
= 0.98). Ultimately, we found little evidence that the morphol-
ogy of these protocluster HAEs differs greatly from their field
counterparts. Because our sample only includes primarily mas-
sive and relatively high star-forming HAEs, however, it is possi-
ble that any morphological transformations due to the protoclus-
ter environment occur among populations of galaxies with either
lower SFRs that we are not sensitive to or lower masses that we
are not probing, which would be similar to the dominance of
mass quenching among bright cluster galaxies seen out to z ∼
1.5 (e.g., Peng et al. 2010b; Hewitt et al. 2025, see our Sect. 4
for further discussions on the morphological transformation of
protocluster galaxies). Additionally, as seen in Fig. 3, we iden-
tified a number of multi-peak galaxies, which may not be well
characterized by a Sérsic index and could impact our lack of evi-
dence of a strong morphological difference between protocluster
and field galaxies (see Sect. 3.2).

As discussed in Shi et al. (2024), BOSS1244 contains
a population of massive and bright protocluster galax-
ies. Because high-z massive cluster galaxies have been
shown to be more quenched than their lower-mass counter-
parts (e.g., Rudnick et al. 2012; Kawinwanichakij et al. 2017;
Lee-Brown et al. 2017) and in simulations, protocluster popu-
lations are found to be older than their field counterparts (e.g.,
Hatch et al. 2014; Overzier 2016), we compared the fraction of
massive, bright early-type galaxies in our protoclusters to their
field counterparts in the bottom panel of Fig. 5 (we used mF160W
< 23.36, 1 magnitude fainter than the magnitude of an L* galaxy
at z = 2.246 as estimated in the HST WFC3 F160W band using
EzGal; Mancone & Gonzalez 2012). While the overall results
for BOSS1244 and the two coeval field samples remain relatively
unchanged, we saw a stark difference between the internal dis-
tributions of early-type galaxies in BOSS1244 and BOSS1542,
with BOSS1542 hosting more massive early-type galaxies in the
low-density region than the high-density region, though the dif-
ference is not statistically robust.

Within the full sample, we found a number of mas-
sive, strongly bulge-dominated early-type galaxies, with Sérsic
indices ≥3, similar to what was seen in Shi et al. (2024). To
determine if this population existed beyond the smaller spec-
troscopic sample in Shi et al. (2024) and in the population of
emitters as a whole, we looked at the fraction of strongly bulge-
dominated early-type galaxies (n ≥ 3) in each protocluster sys-
tem (see Fig. 6; we note the density measurements in this figure
represent the density of all galaxies and are the same as in Fig. 5).

As clearly shown, the trends between coeval field samples and
distributions in BOSS1244 are not changed in any statistically
significant way. Interestingly, for the entire sample and the sam-
ple of only bright n ≥ 3 early-type galaxies, the distribution
in BOSS1542 is again inverted. Given that BOSS1244 shows
a stronger local morphology-density trend among bright galax-
ies than BOSS1542, though neither trend is statistically robust,
this may represent additional evidence, along with the previously
reported quiescent galaxies in BOSS1244 and the difference in
protocluster morphology, that these protoclusters are at different
evolutionary states.

3.2. Galaxy mergers and clumpy galaxies

To further probe galaxy evolution within MAMMOTH proto-
clusters, we revisited the population of merging/clumpy galax-
ies. As highlighted in Liu et al. (2023) and Liu et al. (2025),
BOSS1244 and BOSS1542 include large populations of close
pair galaxies that are merger candidates. Such mergers could be
key to determining the differences between Figs. 5 and 6 and
the previously discussed stronger morphology-density relations
found at 1 < z < 2 (e.g., Sazonova et al. 2020; Noordeh et al.
2021; Mei et al. 2023) that include quiescent galaxies. Beyond
the population of close pairs and mergers identified in Liu et al.
(2023), the similarity of the morphology of protocluster galaxies
relative to the coeval field may be caused by the clumpy, multi-
peak galaxies that populate our protoclusters. Using the same
density measurements as in Fig. 5, we plotted the fraction of
multi-peak merging galaxy candidates among the total number
of emitting galaxies as a function of density (see the top panel of
Fig. 7).

As seen in the top panel of Fig. 7, the majority of our multi-
peak merging galaxies are found in the least dense protoclus-
ter environments. This is intriguing because in BOSS1244, the
close-pair galaxies from Liu et al. (2023) are in the densest pro-
tocluster environment, while BOSS1542 has a closer to uniform
fraction of close-pair galaxies in our density bins. Despite the
differences in the location of the merging galaxies, if some frac-
tion of the ∼20% of HAEs that are multi-peak galaxies are true
mergers, this will increase the overall number of merging galax-
ies in these systems from the previously measured values 22±5
(BOSS1244) and 33±6 % (BOSS1542; Liu et al. 2023) and indi-
cates an overall elevated level of merging galaxies across the
entire protocluster. This elevated merger fraction would be closer
to the fraction of close kinematic pairs (∼49+7.4

−7.8%) in the Hyper-
ion proto-supercluster (z = 2.5; Giddings et al. 2026), as well as
similar merger fractions (20%–48%) in protoclusters and field
galaxies at 2 < z < 3 (e.g., Hine et al. 2016; Monson et al. 2021;
Shibuya et al. 2025).

More important to the evolution of star-forming protoclus-
ter galaxies into their eventual quiescent, early-type counter-
parts is the morphology of these clumpy galaxies. We found
that all multi-peak protocluster galaxies have n < 1.5 when fit
with a single Sérsic function using Galapagos, with ∼88% of
these systems having n < 1 (see the lower panel of Fig. 7). It
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Fig. 6. Morphology-density relation in BOSS1244 and BOSS1542 for
strongly bulge-dominated galaxies (n ≥ 3). The same legend is used
as in Fig. 5. Top: All detected galaxies brighter than our magnitude
limit (mF160W < 24.5). Bottom: All detected galaxies brighter than an
m∗+1 galaxy at z = 2.246. In each plot, the density measurement is
for the entire sample. As in Fig. 5, the value of the fraction of galax-
ies with n ≥ 3 for each sample is measured by bootstrapping over the
measured errors in Sérsic index over 1000 iterations. Here, we see a
local morphology-density relation in BOSS1244, but no such relation
in BOSS1542, pointing to differences in the evolutionary states of these
protoclusters.

is important for our characterization of the similarities between
the fraction of early-type galaxies in the protocluster and the
field, however, that these galaxies do not appear to be classical
late-type galaxies. Specifically, despite these multi-peak galax-
ies having Galapagos fits with reduced-χ2 < 2, if these sources
are not true late-type galaxies, then our fractions of early-type
galaxies may be lower limits on the number of early-type galax-
ies as these sources have ambiguous morphologies. If the mul-
tiple bright peaks are indicative of a recent merger, however,
then these multi-peak galaxies may be an important sign for the
buildup of the future morphology-density relation as they could
indicate that the morphology of these systems is in flux and will
soon transform, increasing the population of early-type galax-
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Fig. 7. Top: Merger-density relation for the multi-peak galaxies in two
MAMMOTH protoclusters. Bottom: Histogram of the Sérsic indices of
multi-peak galaxies. As previously noted, BOSS1244 is shown in red
and BOSS1542 is shown in black. The density measurements are iden-
tical to those found in Figs. 5 and 6.

ies in these systems (e.g., Toomre et al. 1977; Naab et al. 2006;
Rodriguez-Gomez et al. 2017).

4. Discussion

As discussed in Sect. 3, using HST WFC3 F160W imaging of
two MAMMOTH protoclusters at z ∼ 2.23, we probed the mor-
phology of HAEs as a function of density for these star-forming
protocluster galaxies. Although we saw a slight increase in the
fraction of early-type galaxies in denser regions in BOSS1244, it
is not at a statistically significant level relative to the coeval field
and we found general agreement between the fraction of early-
type galaxies in the field and protoclusters. As we examined
exclusively star-forming protocluster galaxies, understanding
how the morphology of these star-forming protocluster galax-
ies compares to similar protocluster studies, particularly those
including quiescent galaxies, may help to illuminate the morpho-
logical transformation and evolution of protocluster galaxies.
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4.1. A comparison with other protocluster studies

Given that we only have two protoclusters, we contextual-
ize our findings among the broader protocluster/high-z clus-
ter results found in the literature to understand the transfor-
mation of late-type galaxies in high-z protoclusters into early-
type galaxies in low-z clusters. Importantly, the MAMMOTH
sample is unique compared to many other high-z morphology
studies because we are exclusively examining HAEs. One simi-
lar sample exists in Naufal et al. (2023), however, who studied
a sample of four protoclusters populated by HAEs, including
the Spiderweb protocluster (z = 2.16; Miley et al. 2006), one
of the most well-studied high-z systems. While the evolution-
ary states of our MAMMOTH protoclusters and the Spiderweb
protocluster differ (Spiderweb hosts a virialized core, a lower
merger fraction, and a detected proto-ICM; Di Mascolo et al.
2023), the other protoclusters (2.16 < z < 2.53) appear to have
similar to slightly smaller populations of HAEs compared to
the MAMMOTH protoclusters (e.g., Shimakawa et al. 2018a;
Darvish et al. 2020; Koyama et al. 2021; Naufal et al. 2023),
making this an ideal comparison sample. Because Naufal et al.
(2023) used HST Advanced Camera Survey (ACS) F814W data,
we cannot directly compare the morphology measurements of
their sample of 122 protocluster HAEs to our sample, but we can
compare their environmental trends. Specifically, Naufal et al.
(2023) found a median Sérsic index of 0.76+0.03

−0.05 for protoclus-
ter galaxies and 0.80+0.22

−0.04 for their coeval field sample, which
points to similar morphologies between protocluster and field
galaxies, in agreement with our findings. In doing a nonparamet-
ric morphology study, Naufal et al. (2023) further affirmed the
similarities between the protocluster and field galaxies, finding
similar values for the concentration, asymmetry, Gini, and M20
parameters. Although they do not explicitly plot a morphology-
density relation, Naufal et al. (2023) performed a stacking anal-
ysis and found a difference between the Sérsic index of proto-
cluster galaxies (n = 1.55+0.33

−0.29) and field galaxies (n = 1.02+0.09
−0.08),

which would imply a slight environmental impact not seen in
MAMMOTH protoclusters, although both populations are still
dominated by late-type galaxies. Beyond galaxy morphology,
Naufal et al. (2023) also found an abundance of protocluster
HAEs with disturbed and clumpy morphologies relative to their
field sample. Although this classification is not identical to our
population of multi-peak galaxies, both attempted to identify
similarly unique galaxies, and both point to the protocluster envi-
ronment enhancing the fraction of these clumpy and/or merging
star-forming HAEs relative to the field.

Pérez-Martínez et al. (2023) continued the study of HAEs
in the Spiderweb protocluster, finding that most of their spec-
troscopically confirmed HAEs have surface brightness profiles
typical of high-z late-type galaxies. Given that a separate pop-
ulation of quiescent galaxies was recently identified in Spider-
web (Naufal et al. 2024), the similarity in surface brightness and
morphology, as well as the results of Naufal et al. (2023), may
indicate that regardless of the overall protocluster evolutionary
state, HAEs have not undergone a large degree of morphological
pre-processing in these coeval protoclusters. Thus, because we
only use HAEs and lack a large population of separately identi-
fied quiescent galaxies, this may lead to a potential bias in our
estimate of the overall morphology of protocluster populations
in BOSS1244 and BOSS1542.

Using similar HST ACS F814W observations to Naufal et al.
(2023), Peter et al. (2007) studied a protocluster at z = 2.3 and
also compared the morphology of their protocluster galaxies to
a coeval field sample. Similar to our results and the results from

Naufal et al. (2023), they found no evidence of an environmental
influence. As this sample consists entirely of UV-selected star-
forming galaxies, this adds further credence to lack of environ-
mental impact on the morphology of star-forming galaxies in
protoclusters.

To compare our results to a larger sample, we examined
the CARLA clusters at 1.4 < z < 2.8 studied in Mei et al.
(2023) and Afanasiev et al. (2023). Despite the MAMMOTH
protoclusters being within the redshift range of the CARLA
sample and Mei et al. (2023) using similar HST imaging to
probe the morphology-density relation, we did not find strong
agreement. This is likely the result of the difference in galaxy
populations and morphology measurements. While Mei et al.
(2023) found a strong abundance of bulge-dominated galax-
ies in all CARLA protoclusters, the CARLA protoclusters,
though spectroscopically-confirmed, use color-cut criteria to
identify member galaxies, which allowed for populations of star-
forming and quiescent galaxies to be identified (Mei et al. 2023;
Afanasiev et al. 2023). Furthermore, Mei et al. (2023) posited
that the low-frequency of color-color selected star-forming
galaxies and the high passive galaxy fraction in their clusters
were because these systems have already undergone starburst
star formation, which would further separate our populations of
protoclusters hosting large populations of HAEs. Given that all
but one CARLA cluster is at z < 2.1, this may also indicate
that the CARLA clusters are more dynamically evolved sys-
tems and that the MAMMOTH systems are progenitors. We also
note, however, that Mei et al. (2023) used visual classification
to characterize the morphology of galaxies in the CARLA sam-
ple. Although Afanasiev et al. (2023) found general agreement
between their Galapagos morphology measurements and the
visual classification done in Mei et al. (2023), the difference in
the strength of the morphology-density relation may be due to
inherent differences between a visual classification scheme and
our Galapagos measurements.

In comparing the highest redshift studies of galaxy morphol-
ogy at cosmic noon (2.1 < z < 3), most reported little environ-
mental trends. From the Naufal et al. (2023), Mei et al. (2023),
Peter et al. (2007) studies, and our own work, only Mei et al.
(2023) showed strong evidence of a morphology-density rela-
tion in protoclusters. In fact, the highest redshift source, which
is in Mei et al. (2023), is at z ∼ 2.8 and has a bulge-dominated
fractions that is only slightly above their estimate of the coeval
field level and below the level of the rest of their sample.
As Mei et al. (2023) reported a strong population of early-type
galaxies and their sample selection allows for the inclusion of
quiescent galaxies, this points to quenching playing a more
prominent role in the buildup of the morphology-density rela-
tion and may be evidence that these systems are found at dif-
ferent evolutionary states. This may suggest that the dynami-
cal evolution of clusters/protoclusters is key to enhancing the
rapid buildup of the morphology-density relation and further
highlights the large degree of protocluster variation that hinders
these evolutionary studies. To fully address the role of protoclus-
ter evolution, galaxy quenching, and mergers in the buildup of
the morphology-density relation, there is a clear need for a large
statistical study to map protocluster populations across cosmic
time.

Ultimately, because we only probed star-forming HAEs, our
sample was biased against large populations of low-SFR galax-
ies, and/or low-mass galaxies. Although BOSS1244 has two
spectroscopically confirmed quiescent galaxies (Shi et al. 2024;
see Sect. 4.3 for our further analysis of the spectroscopic sam-
ple), which may indicate that more quenched galaxies exist in
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these protocluster systems, we cannot exclude the inherent bias
in our sample as a reason why we did not see an environmen-
tal impact on galaxy morphology. Regardless of any missing
populations within our protoclusters, however, it is important
to contextualize the morphology of these star-forming galaxies
and how it might evolve. Specifically, Barro et al. (2017) noted
that the morphological transformation of star-forming galaxies at
cosmic noon likely occurs via compaction, which would increase
star formation before AGN driven quenching can occur. As com-
paction occurs over 0.5 - 1.0 Gyr timescales, while quenching
occurs on gigayear timescales (Barro et al. 2017), the absence
of a surplus of early-type star-forming galaxies in MAMMOTH
systems relative to the CARLA systems is likely due to the evo-
lutionary timescales. By z ∼ 2, if these HAEs undergo com-
paction, they could increase the population of early-type galax-
ies and be in the process of quenching. Within our protocluster
sample, we found that, on average, early-type HAEs in these
protoclusters are slightly smaller than their late-type counter-
parts, which could be evidence of compaction in these galax-
ies. Although it is possible that the early-type galaxies in both
the protocluster and the field transform via compaction, how-
ever, a robust study of protocluster and coeval field galaxy size
in conjunction with morphology is necessary to better constrain
whether compaction is driving any morphological transforma-
tions in MAMMOTH protoclusters.

Furthermore, the most actively star-forming and potentially
most compacted galaxies in these systems may be missed in our
analysis because Zhang et al. (2022) found evidence of submil-
limeter galaxies on the outskirts of each protocluster. Addition-
ally, recent JWST observations comparing the morphology of
massive star-forming galaxies at cosmic noon identified a popu-
lation of optically disk-dominated galaxies that are characterized
as bulge dominated in the infrared (Benton et al. 2024), which
may indicate that some of the late-type star-forming galaxies
we have characterized have indeed begun their morphological
transformation. Thus, despite the lack of environmental trends
regarding the morphological transformation of HAEs in MAM-
MOTH protoclusters, there are still multiple avenues to explore
to continue probing the evolution of these protocluster HAEs.

4.2. Populations of bright and merging protocluster galaxies

Despite the lack of true quiescent galaxies in our sample of
HAEs, we did identify bright, early-type protocluster galaxies
in each system, although they are more of a dominant popu-
lation in BOSS1244 (see the lower panels in Figs. 5 and 6).
While many of these bright galaxies have M∗ > 1011 M�, we
saw no enhancement in the fraction of bright early-type galax-
ies relative to the field. Although the majority of newly iden-
tified high-z quiescent galaxies are massive (e.g., Carnall et al.
2024; Nanayakkara et al. 2025; de Graaff et al. 2025), the lack
of an abundance of massive early-type galaxies among our pop-
ulation of HAEs may further indicate that the environment is not
the driving factor for the morphological transformation of these
massive galaxies. While we have already discussed that quench-
ing and morphological transformation are not the same process,
our results do agree with prior results studying the evolution of
quenched galaxies, which found that the passive galaxy fraction
is independent of environment at 1 < z < 3 in the COSMOS field
and that the quiescent fraction only depends on stellar mass at
z ∼ 3.0 (Darvish et al. 2015, 2016). If the morphological trans-
formation of protocluster galaxies is similarly driven by stellar
mass and not the environment, then the similar populations of
early-type galaxies among the field and protoclusters, as seen in

this work, could be further evidence that the timescale for the
morphological transformation of galaxies at cosmic noon does
not depend on environment.

Another potential formation mechanism for early-type
galaxies seen in protoclusters are galaxy mergers (e.g.,
Hine et al. 2016; Watson et al. 2019; Monson et al. 2021;
Giddings et al. 2026; Shibuya et al. 2025). Importantly, the high
merger fraction in BOSS1244 and BOSS1542 (measured in
Liu et al. 2023 as 22±5 % and 33±6 % in each protocluster rela-
tive to the merger fraction of 12±2 % in their CANDELS coeval
background field), and in particular, the abundance of visually
identified multi-peak galaxies (see Fig. 7), may also explain why
we did not identify a strong morphology-density relation rel-
ative to the coeval field. Liu et al. (2023) estimated a merger
timescale for massive galaxies in BOSS1244 and BOSS1542 of
0.63 ± 0.05 Gyr. If we assume that some fraction of our multi-
peak galaxies are post-merger systems, this would mean that
new early-type and potentially quenched galaxies would appear
in these protoclusters by z ∼ 2. Moreover, the close-pairs from
Liu et al. (2023) will also increase the population of early-type
galaxies by z ∼ 2. When our multi-peak population and the close-
pair population are combined with the existing fraction of n ≥ 3
galaxies (∼25%; see Fig. 6), the early-type fraction increases to
the 50–60% seen in Mei et al. (2023).

4.3. A closer look at BOSS1244

Although the goal of this paper is to present an analysis of the
impact of the protocluster environment on the morphology of
HAEs in two MAMMOTH protoclusters, here we focus only
on BOSS1244, which contains two spectroscopically-confirmed
quiescent galaxies (Shi et al. 2024), 46 other spectroscopically-
confirmed HAEs (Shi et al. 2021), and an additional 14
star-forming galaxies identified via HST grism observations
(although four HAEs with spectroscopic redshifts fall out-
side of our redshift range, each is at 2.09 < z < 2.22, so
they remain potential protocluster members and we included
them in this analysis; Shi et al. 2021). For this reason, along
with the additional HST WFC3 F125W photometry that only
exists for BOSS1244, we probed the color and distribution of
the protocluster galaxies relative to the known quiescent BCG
in BOSS1244. As with the previously discussed HAEs, we
used Galapagos to measure the morphology of all additional
spectroscopically-confirmed galaxies in an identical manner to
the HAEs. Although not shown, despite the presence of two qui-
escent massive galaxies, we found no statistical difference in
the morphology-density relation for BOSS1244 when account-
ing for the new spectroscopic members.

The transformation of protocluster galaxies into their low-
z counterparts requires a morphological transformation and
quenching. Thus, despite studying a sample of nearly all
HAEs, and given the abundance of recently identified popula-
tions of quiescent galaxies in high-z clusters and protoclusters
(e.g., Willis et al. 2020; Noordeh et al. 2021; McConachie et al.
2022; Jin et al. 2024; McConachie et al. 2025), we present a
color-magnitude diagram of all detected galaxies above our
magnitude-limit (mF160W = 24.5 magnitudes and mF125W =
24.95 magnitudes) to determine whether any indication of early
signs of quenching exists in BOSS1244. In Fig. 8, the color of
each point is determined by the Sérsic index. Although our fit-
ting allows for Sérsic indices ranging from 0.2 to 8.0, we include
a color bar ranging from 0 to 4, where late-type galaxies are col-
ored black and early-type galaxies are colored orange. By using
the F160W and F125W bands, we straddle the 4000 Å break at
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Fig. 8. Color-magnitude diagram for BOSS1244. The HAEs are shown
in circles. The spectroscopically-confirmed HAEs have a diamond sur-
rounding them. The multi-peak galaxies have a hexagon surrounding
them. The additional spectroscopic star-forming galaxies from HST
grism are shown by a plus sign. The quiescent galaxies are shown in
squares. The horizontal dashed line shows the color of a modeled red
sequence galaxy based on EzGal models (Mancone & Gonzalez 2012)
for a galaxy at z = 2.246. The pink dot-dashed line shows the mag-
nitude limit for our analysis. The color of each point is based on the
Sérsic index; late-type galaxies are darker and early-type galaxies are
more orange.

z = 2.246, meaning that we should be able to select red sequence
galaxies if any are present. Also, we note that all spectroscopic
galaxies and HAEs are not shown in Fig. 8 as some do not have
dual-band imaging and some are not detected at the magnitude
limit in both bands (see Appendix D and Fig. D.1).

Unlike the strong bulge-dominated red sequence found in
XLSSC 122 at z ∼ 2.0 (Noordeh et al. 2021), we found no evi-
dence for an early forming red sequence, even when includ-
ing the spectroscopic members. We also found no correlation
between the color and morphology for the total sample. This
is also true among the HST grism spectroscopic sample, which
spans a similar range in color and morphology to the HAEs. Fur-
thermore, of the multi-peak galaxies shown, some have colors
similar to the quiescent galaxies, while others are much bluer.
Given the small number of spectroscopic galaxies and the spread
in the color and morphology of the emitters as a whole, we
cannot claim any strong degree of quenching among this star-
forming population, or among our population of HAEs.

Interestingly, despite the differences between BOSS1244 and
XLSSC 122 in terms of early-type red sequence populations,
Noordeh et al. (2021) found that ∼33+18

−11% of their star-forming
galaxies have a bulge-dominated morphology, which agrees with
our results. As Noordeh et al. (2021) posited that the environ-
ment does not play a role in the transformation of galaxy mor-
phology at these redshifts, this similarity may further indicate
that we are observing structures at different evolutionary points
in their lifetimes and that further studies will be necessary to
disentangle quenching and morphological transformations.

Similar to the morphology-density relation, low-z clusters
are commonly characterized by a dense core of red sequence
elliptical galaxies (centered on a BCG) and increasing pop-
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Fig. 9. Fraction of strongly bulge-dominated early-type galaxies (n ≥ 3)
as a function of the distance from the BCG (top) and the distance from
two quasars (one quasar at z = 2.236, and the other at z = 2.229; bottom).
The quiescent BCG and the two quasars are ∼1 Mpc apart. In both cases,
we found a peak in the distribution of n ≥ 3 bulge dominated galaxies
near the target galaxy, with the BCG showing a less steep distribution.

ulations of spiral galaxies on the cluster outskirts. Although
BOSS1244 is not virialized, we measured the fraction of early-
type galaxies as a function of the distance from the quies-
cent BCG in the upper panel of Fig. 9. When we isolated the
strongest bulge-dominated early-type galaxies (n ≥ 3), we found
a peaked distribution with a higher fraction of these galaxies
near the BCG. This finding supports the results of Shi et al.
(2024) that the most strongly-bulge dominated spectroscopic
galaxies are within 2′ of the BCG (∼1 Mpc) and that the Hα
equivalent width of their spectroscopic sample increases with
distance from the BCG, implying that there is some degree of
star formation quenching due to the protocluster environment.
Moreover, Shi et al. (2024) posited that this local overdensity
of early-type galaxies may be indicative of an early-forming
red sequence core, similar to the results of Strazzullo et al.
(2013) in their z ∼ 2.0 cluster. Although Strazzullo et al. (2013)
only found strong evidence of environmental morphological
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quenching within 200 kpc and our early-type galaxy peak is a
factor of 5 times larger, we could be observing BOSS1244 in the
early stages of this transformation as the cluster virializes.

Quiescent BCGs are not the only signpost galaxies that can
identify galaxy clusters at high-z. Radio-loud AGNs, and quasars
specifically, are excellent tracers for high-z structures (e.g.,
Miley et al. 2006; Galametz et al. 2012; Wylezalek et al. 2013;
Paterno-Mahler et al. 2017; Shen et al. 2017; Golden-Marx et al.
2019; Shen et al. 2019; Moravec et al. 2019, 2020; Shen et al.
2020, 2021; Golden-Marx et al. 2021, 2023; Watson et al.
2025a). While there are multiple SDSS-identified spectroscopic
quasars as well as HAEs identified as quasars in Shi et al. (2021)
in BOSS1244 (see the left panel of Fig. 1 for the locations of the
quasars), only two (z = 2.23362 and z = 2.229) fall within our
HST coverage (and are thus in the denser part of the protoclus-
ter). Given how close these two quasars are, we characterized
their environment jointly. We saw a much sharper peak in the
distribution of n ≥ 3 bulge-dominated early-type galaxies sur-
rounding the quasars (see the lower panel of Fig. 9). Because
the BCG and these quasar are ∼1 Mpc apart and thus the inner
regions showing the higher fraction of early-type galaxies con-
tained many overlapping galaxies, however, this might indicate
a second potential proto-BCG candidate, similar to the multiple
BCG candidates found in Shen et al. (2021), or be additional evi-
dence of the peaked early forming cluster core. Since we found
a stronger difference in the fraction of early-type galaxies as a
function of the distance from the BCG as compared to the frac-
tion of early-type galaxies as a function of local environment
in BOSS1244 (see Fig. 5), this may be evidence that the global
environment, as estimated by the distance from the BCG, domi-
nates over the local environment when impacting galaxy evolu-
tion and the morphological transformation of protocluster galax-
ies. It is important to note, however, that the two quasars are a
confounding factor to this argument as not all protoclusters host
central quasars and it may be a confluence of these two character-
istics, and not the BCG alone, that yields the peaked distribution
of early-type galaxies.

To determine the potential role quasars play in tracing
overdensities of bulge-dominated galaxies in high-z protoclus-
ters, we similarly looked at the quasars in BOSS1542. Unlike
BOSS1244, in BOSS1542 (see the right panel of Fig. 1 for the
locations of the quasars) none of the quasars showed a peaked
distribution of n ≥ 3 early-type galaxies. Therefore, the lack of
a central core of early-type galaxies in BOSS1542 and the lack
of known quiescent galaxies are further evidence of a difference
in the evolutionary state of these two protoclusters despite them
being coeval. More importantly, this highlights the challenge in
comparing high-z protoclusters; despite similar observed red-
shifts, we cannot observationally constrain formation redshift
to adequately determine evolutionary differences between pro-
tocluster systems.

5. Conclusion

Understanding the evolution of galaxy populations within dense
environments is key to determining the role of the clus-
ter/protocluster environment in the transformation of high-z star-
forming galaxies into their more ubiquitous low-z quiescent
early-type red counterparts. Using high-resolution HST WFC3
F160W imaging of BOSS1244 and BOSS1542, we character-
ized the morphology of a large population of HAEs at z ∼ 2.23.
Using Galapagos, we measured the Sérsic index of 80 HAEs
in BOSS1244 and 71 HAEs in BOSS1542. We summarize our
results below.

– In comparing the morphology of our samples of protoclus-
ter star-forming HAEs with their coeval field counterparts,
we found that the morphologies of these galaxies agree very
well, without evidence that they are drawn from separate
populations. This indicates that the protocluster environment
affects the galaxy morphology very little.

– BOSS1244 showed a slight internal morphology-density
trend, with denser regions hosting more early-type galaxies,
regardless of our Sérsic index threshold or magnitude cut. In
all cases, however, the difference in the population of early-
type galaxies is smaller than 1σ and agrees with the field val-
ues. Conversely, this positive trend is lacking in some sam-
ples for BOSS1542.

– We identified a large population of multi-peak galaxies that
might be mergers and/or clumpy galaxies. All of these galax-
ies have n < 1.5. We therefore hypothesize that when com-
bined with the large fraction of close-pair galaxies identified
in these protoclusters by Liu et al. (2023), this is the buildup
of the future population of early-type galaxies.

– In BOSS1244, we examined the color and distribution of
protocluster galaxies, including the spectroscopic sample
from Shi et al. (2021) and Shi et al. (2024). While we found
no evidence of a large quenched population in the entire
system, we found that the strongest bulge-dominated early-
type galaxies (n ≥ 3) are clustered close to the quiescent
BCG, as well as to two nearby coeval quasars. This core of
early-type galaxies might be evidence that the global envi-
ronment dominates the local environment when the mor-
phological transformation of the protocluster galaxies is
affected. The appearance of this clustered early-forming
core, along with the previously reported differences in the
overall protocluster morphology between BOSS1244 and
BOSS1542 (e.g., Zheng et al. 2021; Shi et al. 2021), indi-
cates that BOSS1244 is a more highly evolved protocluster
system than BOSS1542.

We successfully measured the fraction of early-type HAEs as
a function of density within these two MAMMOTH protoclus-
ters and found little evidence for a local morphology-density
relation among the HAEs in the protocluster. To fully trace
the morphology-density relation and the buildup of early-type
galaxies and to determine the role of virialization and galaxy
mergers in this evolution, we require a more complete sampling
of the galaxy population. Although the additional spectroscop-
ically confirmed galaxies (including the two quiescent galaxies
in BOSS1244) did not change our results, we must account for
all protocluster galaxies in the entire structure and not just within
the denser regions to accurately trace the impact of the protoclus-
ter environment on galaxy morphology, as well as for the lower-
mass galaxy populations. More robust observations of MAM-
MOTH protoclusters are not enough. To determine the impor-
tance of dynamical evolution and mergers in the buildup of the
morphology-density relation, a larger statistical sample of clus-
ters/protoclusters at 1.5 < z < 4.5 at a range of cluster masses
is needed. The success of recent observations from CARLA for
a small subset of their high-z structures (e.g., Mei et al. 2023;
Afanasiev et al. 2023), the plethora of newly identified high-z (z
< 2.0) structures from MaDCoWS-2 (Thongkham et al. 2024),
new high-z protostructures (2 < z < 5) from the Charting Clus-
ter Cosmology with ORELSE (C3VO) survey (e.g., Forrest et al.
2023; Shah et al. 2024; Staab et al. 2024; Hung et al. 2025), and
soon-to-be-studied high-z clusters and protoclusters observed
as part of COSMOS-Web with JWST (e.g., Gozaliasl et al.
2025; Toni et al. 2025a) and observed with Euclid show that a
true statistical study of the buildup of the morphology-density
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relation might be possible in the near future. Furthermore, with
the higher angular resolution available with JWST observations,
as well as with future telescopes including the Extremely Large
Telescope, it will be possible to determine the true effect of
merging and/or clumpy galaxies on the transformation of pro-
tocluster populations.
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Appendix A: BOSS1441

Although this paper focused on our analysis of the morphol-
ogy of HAEs in BOSS1244 and BOSS1542, we have additional
HST imaging of BOSS1441, another MAMMOTH protocluster
at z ∼ 2.32 (Cai et al. 2017). Unlike BOSS1244 and BOSS1542,
which are characterized by overdensities of HAEs, BOSS1441
was identified via an overdensity of LAEs (10.8±1.0 LAEs in
a 15 Mpc3 region Cai et al. 2017). These LAEs were identified
using deep narrowband imaging in the NB403 filter taken with
the MOSAIC1.1 Camera on the 4 m Mayall Telescope at Kitt
Peak. Cai et al. (2017) reported 99 LAEs in the BOSS1441 pro-
tocluster structure. Similar to our pointings for BOSS1244 and
BOSS1542, we only observed the densest regions of the proto-
cluster, which yields our 9 HST pointings, including 28 LAEs
(see Fig. A.1 for the HST coverage of our LAEs).
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Fig. A.1. Coverage by the HST pointings of BOSS1441. As in Fig. 1,
we present our HST WFC3 F160W images and the overlaid red cir-
cular regions denote the LAEs (BOSS1441). The total area shown for
BOSS1441 is ∼ 13′.5 × 17′.

We ultimately focused on BOSS1244 and BOSS1542 in
this analysis and not BOSS1441 because of the larger sample
of HAEs in the other two protoclusters as well as the repre-
sentative nature of HAEs as typical star-forming galaxies. As
mentioned previously, at z > 2, star-forming galaxies are the
dominant population (e.g., Muzzin et al. 2013; Marchesini et al.
2014; Edward et al. 2024) and HAEs span a similar phase
space in terms of their stellar mass, SFR, and color to typi-
cal star-forming galaxies (Oteo et al. 2015). Unlike the ubiqui-
tous results for HAEs, Oteo et al. (2015) found that only 4.5%
of HAEs are LAEs and that LAEs probed a bluer lower stellar
mass subset of star-forming galaxies. Additionally, Cassata et al.
(2015) found that only ∼ 10% of the star-forming galaxies in
the VIMOS Ultra Deep Survey are strong LAEs at z ∼ 2.3, fur-
ther emphasizing their bias. Thus, although a sample of LAEs

can obviously be used to identify an overdensity (e.g., Cai et al.
2017; Umehata et al. 2019), it is a biased population, making it
difficult to characterize the evolution of protocluster galaxies as
a whole. While we included our analysis of the morphology of
LAEs as a function of the environment in BOSS1441 here, we
did not include it in the main paper because we cannot place rig-
orous constraints on the morphology of the protocluster galaxies
relative to the field.
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Fig. A.2. Morphology-density relation in all three MAMMOTH pro-
toclusters. BOSS1244 is shown in red. BOSS1542 is shown in black.
BOSS1441 is shown in green. With the exception of the additional point
for BOSS1441, the figure is identical to Fig. 5. As in Fig. 5, the values
of the fractions of galaxies with n ≥ 2 for each sample is measured by
bootstrapping over the measured errors in Sérsic index over 1000 itera-
tions.

Unlike the populations of HAEs in BOSS1244 and
BOSS1542, we did not have a large population of LAEs. Rather,
only 28 LAEs were covered by our HST coverage and we only
had successful Galapagosmeasurements for 18 of these galax-
ies. Thus, we did not have a large enough sample to estimate
galaxy density in multiple bins. However, we found an abun-
dance of galaxies with n ≥ 2 (see Fig. A.2). This places the
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overall fraction of early-type galaxies above the lower density bins for BOSS1244 and BOSS1542 and also approximately 1σ above
the field (and ∼ 1σ above the higher density bins in BOSS1244 and BOSS1542). Interestingly, this seems to be primarily among
the fainter galaxies given the similarities to the values in BOSS1441 and the lower density bins in the brighter sample (although the
error bars are quite large). This may also reflect the biases discussed in Oteo et al. (2015) regarding LAEs probing fainter galaxies
at z ∼ 2.3. If the abundance of early-type galaxies is real, this could indicate that BOSS1441 is a more evolved protocluster system,
at least in regards to its galaxy population. Interestingly, this result is echoed in the analysis of the spatial distribution of protocluster
galaxies in Shi et al. (2021), who noted that of all three MAMMOTH protoclusters mentioned in this paper, BOSS1441 shows the
least substructure and includes only a singular, relatively symmetric distribution of galaxies. Because LAEs are not ubiquitous and
we only have a small sample with large error bars, it is difficult to make any strong conclusions. Additionally, it is interesting to
note that while we identified multiple potential interacting galaxies, only one is a multi-peak system, which could suggest that this
system is farther along its evolutionary path.

Appendix B: Galapagos fittings

As part of the measurements of the Sérsic index, Galfit and Galapagos create models of single-component Sérsic galaxies, which
are then subtracted from the source image. We included examples of the resulting residuals to show the goodness of these fits (see
Fig. B.1). For the overwhelming majority of these sources, we find little evidence of substructure among the residuals, pointing to
the effectiveness of fitting these galaxies using a single-component Sérsic index with Galapagos, even for the multi-peak galaxies.

Reduced- 2 = 1.44 Reduced- 2 = 1.23 Reduced- 2 = 1.11 Reduced- 2 = 1.26

Reduced- 2 = 1.16 Reduced- 2 = 1.20 Reduced- 2 = 1.23 Reduced- 2 = 1.27

Reduced- 2 = 1.11 Reduced- 2 = 1.52 Reduced- 2 = 1.53 Reduced- 2 = 1.16

Reduced- 2 = 1.28 Reduced- 2 = 1.82 Reduced- 2 = 1.17 Reduced- 2 = 1.30

Fig. B.1. Residuals output from Galapagos. Each figure shows an ∼ 2′′.88 × 2′′.88 FOV (the same FOV as in Figs. 2 and 3) of the Galfit residuals
output using Galapagos. The reduced-χ2 of these fits are included in each image. The top two rows show the eight galaxies shown in Fig. 2,
while the bottom two rows show the eight multi-peak galaxies shown in Fig. 3. Each residual is scaled identically to the initial image.
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Appendix C: The statistical coeval field sample
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Fig. C.1. Comparisons of the statistical coeval field sample to each
protocluster. In each plot, we examine the normalized distribution of
various galaxy properties — the Sérsic index (top), SFR (middle), and
Log(Stellar Mass) (bottom) — in comparison to the distribution in each
protocluster. Because each coeval field galaxy has a weighted likelihood
of being in our redshift range (2.246 ± 0.02), the points for the coeval
field sample represent the weighted likelihood of each galaxy with a
given Sérsic index, stellar mass, and SFR being in a given bin.

As discussed in Sect. 2.4, we constructed a coeval back-
ground field consisting of galaxies in CANDELS with Sérsic
indices measured in van der Wel et al. (2012). To statistically
show that the coeval field sample is similar to our protoclus-
ter samples in terms of stellar mass and SFR (see Fig. C.1), we
did a KS-test to compare the Sérsic indices, stellar masses, and
SFRs between the coeval field sample and each protocluster. For
the coeval field sample, we created a statistical distribution that

weighted the likelihood that each galaxy (with a given Sérsic
index, stellar mass, and SFR) is at the target redshift (2.246 ±
0.02). It is the weighted distribution of the background that we
compared to the protoclusters in Fig. C.1. As seen in each case,
we find strong agreement between the coeval field and the proto-
cluster samples, implying that the field is not biasing our results.
For the Sérsic index, we find (P1244−Field = 0.83, P1542−Field =
0.98). For the SFR, we find (P1244−Field = 0.80, P1542−Field =
0.79). For the stellar mass, we find (P1244−Field = 1.0, P1542−Field =
0.99). All of the KS P values indicated that there is no evidence
that these sources are drawn from separate samples.

Appendix D: Examining faint galaxies in the
BOSS1244 color-magnitude diagram

As mentioned in Sect. 4.3, we examined the population of galax-
ies in BOSS1244 observed with HST WFC3 F160W and F125W
to explore the existence of a red sequence population. While
we found no evidence for a potential red sequence population
among the HAEs, we did note a number of sources that are
brighter than the magnitude limit in F160W, but below our anal-
ysis criterion in F125W. We included detections as the upward
pointing triangles in Fig. D.1. These galaxies may represent a
sample of extremely dusty HAEs. Their faint detection makes it
difficult to fully characterize them at this time, however, and will
require additional observations.
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Fig. D.1. Color-magnitude diagram for BOSS1244 including the lower
limit detections. The legend is identical to Fig. 8, except we included a
subset of galaxies detected in F160W, but not detected above our magni-
tude limit in F125W. We have included an estimate of their color shown
in upward pointing triangles. As in Fig. 8, the pink dot-dashed line
marks our detection limit relative to the galaxies below our detection
limit in F125W.
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