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JWST’s first glimpse of a z > 2 forming cluster reveals a top-heavy stellar mass function

HANWEN SUN,"? Tao WanG,»? Ki Xu,"? EMANUELE DaADDI,®> QING GU,* %% TapaYukl KopaMa,” ANITA ZANELLA,®
Davip ELBAz,® IcHI TANAKA,” RAPHAEL GOBAT,'® Q1 Guo,*® 6 Jiaxin Han,'' 213 Sprvine Lu,b%3 AND
LUWENJIA ZHou'?

LSchool of Astronomy and Space Science, Nangjing University, Nanjing 210093, China
2Key Laboratory of Modern Astronomy and Astrophysics, Nanjing University, Ministry of Education, Nanjing 210093, China
3AIM, CEA, CNRS, Université Paris-Saclay, Université Paris Diderot, Sorbonne Paris Cité, F-91191 Gif-sur-Yvette, France

4Key Laboratory for Computational Astrophysics, National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100101,
China

5 Institute for Frontiers in Astronomy and Astrophysics, Beijing Normal University, Beijing 102206, China
6 School of Astronomy and Space Science, University of Chinese Academy of Sciences, Beijing 100049, China
7 Astronomical Institute, Tohoku University, Aramaki, Aoba-ku, Sendai 980-8578, Japan
8 Istituto Nazionale di Astrofisica (INAF), Vicolo dell’Osservatorio 5, I-35122 Padova, Ttaly

9 Subaru Telescope, National Astronomical Observatory of Japan, National Institutes of Natural Sciences, 650 North A’ohoku Place, Hilo,
HI 96720, USA

10 Instituto de Fisica, Pontificia Universidad Catdlica de Valparaiso, Casilla 4059, Valparaiso, Chile
1 Department of Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
12 Key Laboratory for Particle Astrophysics and Cosmology (MOE), Shanghai 200240, China
13 Shanghai Key Laboratory for Particle Physics and Cosmology, Shanghai 200240, China

ABSTRACT

Clusters and their progenitors (protoclusters) at z ~ 2—4, the peak epoch of star formation, are ideal
laboratories to study the formation process of both the clusters themselves and their member galaxies.
However, a complete census of their member galaxies has been challenging due to observational diffi-
culties. Here we present new JWST/NIRCam observations targeting the distant cluster CLJ1001 at
z = 2.51 from the COSMOS-Web program, which, in combination with previous narrowband imaging
targeting Ho emitters and deep millimeter surveys of CO emitters, provide a complete view of massive
galaxy assembly in CLJ1001. In particular, JWST reveals a population of massive, extremely red
cluster members in the long-wavelength bands that were invisible in previous Hubble Space Telescope
(HST)/F160W imaging (HST-dark members). Based on this highly complete spectroscopic sample of
member galaxies, we show that the spatial distribution of galaxies in CLJ1001 exhibits a strong central
concentration, with the central galaxy density already resembling that of low-z clusters. Moreover, we
reveal a “top-heavy” stellar mass function for the star-forming galaxies (SFGs), with an overabundance
of massive SFGs piled up in the cluster core. These features strongly suggest that CLJ1001 is caught
in a rapid transition, with many of its massive SFGs likely soon becoming quiescent. In the context
of cluster formation, these findings suggest that the earliest clusters form from the inside out and top
to bottom, with the massive galaxies in the core assembling first, followed by the less massive ones in
the outskirts.

Keywords: Galaxies(573); Protoclusters(1297); High-redshift galaxy clusters(2007)

1. INTRODUCTION One of the most prominent features of local galaxy
clusters is a high concentration of massive quiescent
galaxies (QGs) in their cores (Dressler 1980). The
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their formation and evolution remains unclear. Galac-
tic archeology suggests that most of their stars were
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formed at z ~ 2 — 4 (e.g. Thomas et al. 2010), which
makes (proto)clusters at these redshifts ideal laborato-
ries to investigate their formation process. During the
last decade, a number of spectroscopically confirmed
(proto)clusters have been found at these redshifts (e.g.
Pentericci et al. 2000; Kajisawa et al. 2006; Gobat et al.
2011; Hayashi et al. 2012; Overzier 2016; Wang et al.
2016; Noirot et al. 2018; Oteo et al. 2018; Zhou et al.
2020, 2024). Studies of these early formed structures
and their member galaxies have provided important in-
sights into the formation process of both clusters and
cluster galaxies (e.g. Strazzullo et al. 2016; Afanasiev
et al. 2023; Mei et al. 2023; Pérez-Martinez et al. 2023).
However, it is still an open question how these early
formed (proto)clusters evolve into low-redshift, more
mature clusters and how the dense environments impact
the formation and quenching of their member galaxies.

The major difficulty in studying galaxy formation in
these high-z (proto)clusters is obtaining an unbiased
census of their member galaxies. In most cases, only
a small fraction of member galaxies at any given mass
are spectroscopically confirmed. Without a represen-
tative and unbiased sample of cluster members, it is
challenging to gauge the actual relevance of any envi-
ronmental dependence. So far, various efforts have been
made to obtain an unbiased census of member galaxies
in a few structures at z 2 2, which are based on deep
near-infrared (NIR) spectroscopy (e.g. Gobat et al. 2013;
Balogh et al. 2021), deep CO spectroscopy (Wang et al.
2018; Jin et al. 2021), or narrowband imaging (Hayashi
et al. 2016; Shimakawa et al. 2018a,b; Zheng et al. 2021).
However, the prevalence of dusty starbursts and crowded
distribution of galaxies in these structures often require
combining several methods in order to fully and unbias-
edly cover the member galaxy population.

In this Letter, we combine the deep- and high-
resolution images from JWST/NIRCam, narrowband
imaging from Subaru/MOIRCS, and CO spectroscopy
from the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA)/NOEMA /Very Large Array (VLA) to pro-
vide a complete census of member galaxies in the zspec =
2.51 cluster CLJ1001 (hereafter, J1001; Wang et al.
2016). Previous studies of J1001 have found that it has
enhanced star formation rate (SFR), short gas depletion
time and strong evidence that the properties of member
galaxies are affected by the extreme environment (Wang
et al. 2016, 2018; Gémez-Guijarro et al. 2019; Xiao et al.
2022; Xu et al. 2023). Here we further show a population
of Hubble Space Telescope (HST)- undetected red mem-
ber galaxies with bluer companions, which shows that
even at z ~ 2.5, the high-resolution NIR-to-mid-infrared
images from JWST are necessary to uncover the com-

plete massive galaxy population of (proto)clusters. In
addition, we find that J1001 has a highly concentrated
density profile and a top-heavy stellar mass function
(SMF), which support an inside-out and top-to-bottom
evolutionary path.

The Letter is organized as follows: Section 2 presents
the data set used for this work; Section 3 shows the
methods used to select member galaxies and obtain
their physical properties; Section 4 presents the main re-
sults, including a population of HST-dark cluster mem-
bers, the density profile, and stellar mass function.
In this work, we assume the cosmological model with
Hy=70km -s~! - Mpc™!, Qn = 0.3 and Q4 = 0.7. The
AB system (Oke & Gunn 1983) is used for the magni-
tudes throughout the Letter, and a Kroupa (2001) ini-
tial mass function is adopted for the estimation of stellar
mass.

2. DATA
2.1. JWST/NIRcam images

Cluster J1001 has been observed by JWST/NIRCam
with four filters (F115W, F150W, F277W, and F444W)
as part of the COSMOS-Web survey (Casey et al. 2023)
in December 2023. We reduce the raw JWST/NIRCam
images from the Mikulski Archive for Space Telescopes
(MAST)! with the JWST Calibration Pipeline v1.12.5
(Bushouse et al. 2023). We run both stages 1 and 2 of
the pipeline with default parameters. Then, we perform
additional subtraction of the stripe-like 1/f noises (e.g.
Bagley et al. 2023), background structure, and some re-
maining cosmic rays (e.g. Rieke et al. 2023) for each
“cal” file output by stage 2. During stage 3, we use
a reference catalog based on previous HST/Wide Field
Camera 3 (WFC3) F160W image (Xu et al. 2023) for
astrometry calibration.

2.2. Other multiwavelength data

The deep HST/WFC3 F125W and F160W images of
J1001 have been obtained during Project 14750 (PI: T.
Wang) with details shown in Xu et al. (2023). These mo-
saics from HST have been resampled to match the pixel
size of JWST /NIRCam images with Montage (Berriman
et al. 2003; Good & Berriman 2019). In addition, to
identify Ha emitters (HAEs) within J1001, narrowband
imaging with the NB2300? filter on Subaru/MOIRCS
has been conducted (PI: T. Kodama). The upper panel
of Figure 1 shows the transmission curve of the NB2300

1 The raw images are available at 10.17909/1r9y-dv80.

21t is originally named as the “CO” filter; we use the name
“NB2300” in this Letter to avoid confusion with the CO line
data from ALMA.
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filter. According to the FWHM of this narrowband fil-
ter, it can be used to identify HAEs at 2.483 < z < 2.519
combined with the deep K imaging from UltraVista.
The membership selection of J1001 with this high ac-
curacy is essential due to the presence of a number of
protoclusters at similar redshifts as J1001 in the same
field (Casey et al. 2015; Cucciati et al. 2018; Huang et al.
2022). Based on this narrowband observation, the sur-
vey area of this work is taken as the maximum square
area (3.48' x 3.48' or 1684kpc x 1684kpc) with narrow-
band coverage, which is shown as the blue square in
Figure 2 (left).

CO spectroscopy in the millimeter toward J1001 has
been conducted through a few programs with ALMA,
NOEMA, and VLA. Most of them have been reported
in previous studies (Wang et al. 2016, 2018; Champagne
et al. 2021; Xiao et al. 2022). New CO observations in-
clude a high-resolution CO(1-0) observation with VLA
and new CO(3-2) observations with ALMA toward a
larger area than that reported in Xiao et al. (2022).
Details of these observations will be described in a forth-
coming paper (Xu et al., in preparation). Here we only
use the redshift information as derived from the CO
spectroscopy, totaling 23 CO(3-2) emitters including 11
CO(1-0) emitters, to select member galaxies.

Additionally, because J1001 is located in the COS-
MOS field with abundant multiwavelength data, we fur-
ther retrieve archival multiband images from U to IRAC
channel 4 of the cluster area and perform source photom-
etry on them. Detailed information on these images is
given in Appendix A.

3. MEMBER GALAXY SELECTION AND
PHYSICAL PROPERTIES

3.1. Catalog construction

Based on the multiband images described in Sec-
tion 2, we build a multiwavelength photometric cata-
log for CLLJ1001. We first convolve the F814W, F115W,
F150W, and F277W images to match the point spread
function (PSF) of F444W for color fidelity. Next, we
perform source detection by running Source-Extractor
v2.25.0 (Bertin & Arnouts 1996, 2010) on the convolved
F277W image, which is the deepest JWST/NIRCam
image of J1001, and most sensitive to galaxies at z ~
2.5. Then, we measure the total flux for each F277W-
detected source in each band with Source-Extractor and
T-PHOT v2.0 (Merlin et al. 2015, 2016); details of the
photometric methods are described in Appendix B.

3.2. Sample selection

Based on the photometric catalog, we have consistent
color measurements for every F277W-detected source in
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Figure 1. Upper panel: the relative transmission curve of
the NB2300 filter. The redshift range of HAEs is given by
the FWHM range of this filter. Lower panel: the color-
magnitude diagram used to select HAEs. The red stars,
blue circles, and gray points are HAESs, spectroscopically con-
firmed members and interlopers, respectively. The magenta
solid line shows the limitation given by Equation 1 with X
= 2. The magenta dashed line corresponds to the color cut
given by Equation 2.

the broad K and narrow NB2300 band, which are used
to search for HAEs in J1001. The K and NB2300 fluxes
are both measured by T-PHOT with the same configu-
ration of the code. Following Shimakawa et al. (2018a),
the selection criteria of HAEs are

2 2
Y\/0%s + 0oip

K, —NB > —2.5log(1 — )+0.1 (1)

INB
and
K, — NB > 0.35, (2)

where fxp is the flux density in the NB2300 narrowband,
oks and ong are the 1o limiting flux density at the
broadband K and narrowband NB2300, respectively;
> is the confidence level in o, the color cut 0.35 (Shi-
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makawa et al. 2018a) corresponds to a rest-frame equiv-
alent width (EW) limit of 45 A for the Ho line; and the
color term 0.1% is applied since narrowband NB2300 is
at the red end of the broadband K, which may lead to
an overestimation of the Ha line flux for red sources. In
addition, we also require that the signal-to-noise ratio
(SNR) of fxp should be larger than 2 (SNRyp > 2) for
all HAE candidates. To reject emitters of other emission
lines (e.g. [OIII] emitters at z ~ 3.6), we fit the photo-
metric redshift (zpnot) of each source using code EAZY
(Brammer et al. 2008; the minimum x? redshifts are
used) with agn_blue sfhz_13* templates and apply 5%
systematic error floor. To calculate the uncertainty on
the photometric redshifts, we compare the spectroscopic
and photometric redshifts using the 28 spectroscopic
members. We find two outliers with |2phot — Zspec| > 0.5
(both are heavily blended), and the standard deviation
of the other members is 0.043. Then, we only keep those
line emitters with 2.374 < zpnot < 2.638, i.e., within the
3o standard deviation of |zphot — Zspec| as HAEs. These
HAESs can all be considered to have 2.483 < z < 2.519
according to the FWHM range of the NB2300 filter.

Figure 1 shows the color-magnitude diagram used to
select HAEs. Here, 64 HAEs are selected by the criteria
with 3 > 2, 24 of which are spectroscopically confirmed
members with either Ha detections by VLT/KMOS
(Wang et al. 2016) or the CO spectroscopy mentioned
in section 2.2. In addition to the 64 HAEs, we fur-
ther include four non-HAE spectroscopic members. All
of these 68 narrowband or spectroscopic members can
be selected as SFGs with their rest-frame UVJ color
(Williams et al. 2009; Carnall et al. 2018). The com-
pleteness of this sample of SFGs reaches ~ 80%(50%)
at log(M./Mg) = 9.5(9.1) (see Appendix D). Lastly, we
also include six UVJ-selected quiescent members with
2.374 < Zeasy < 2.638 (three out of six quiescent mem-
bers are close neighbors of confirmed members). This
yields a total number of 74 cluster members.

To derive stellar masses of these 74 member galaxies,
we use the code BAGPIPES (Carnall et al. 2018) within
a narrow redshift range [2.481,2.531] centered at z =
2.506, with stellar population synthesis model in 2016
version of Bruzual & Charlot (2003) (agee [0.1,10] Gyr
and metallicity log Z/Zs € [0,2.5]), a delayed star for-
mation history (timescale 7 € [0.3,10] Gyr), the dust
attenuation law from Calzetti et al. (2000) for young
and old populations separately (divided by 0.01 Gyr,

3 This is a conservative value used by Hayashi et al. (2016) and is

only used as a threshold for sample selection.

4 https://github.com/gbrammer/eazy-
photoz/blob/master/templates/sthz/README.md

Ay € [0,5]), and nebular emission (Byler et al. 2017)
(ionization parameter logU € [—5,—2]). For members
of J1001, the typical uncertainty of stellar mass is 0.06
dex, which includes the uncertainty of all other param-
eters and the photometric uncertainty. This has been
significantly suppressed by the deep JWST/NIRCam
F150W, F277W, and F444W images since they directly
trace the stellar masses at z ~ 2.5. Two examples of the
best-fit SED are shown in Appendix C.

4. RESULTS

4.1. A population of red, massive, and HST-dark
cluster members

The spatial distribution of our selected members is
shown in Figure 2 (left), with all member galaxies
marked as open circles. Among these member galaxies,
we find four massive red members, ~ 16% of the pop-
ulation at M, > 10'%1°Mg, which have been missed
by previous blind source detections on the HST/WFC3
F160W image. The right panels of Figure 2 show the
cutouts of these four HST-dark members. All of them
have been spectroscopically confirmed via CO(3-2) emis-
sion by ALMA (Xu et al. in preparation). Consid-
ering the fluxes within a small aperture (d = 0.32”),
these HST-dark members have maggi50w,aper ~ 27 and
MAagR150W,aper — MACF444W aper ~ 3. However, their total
fluxes at H band can be much higher (magpi50w total ~
24), which means that these HST-dark members are ex-
tremely extended at short wavelengths. In this case,
since they are often associated with one or more brighter
(and bluer) companions, blind source detection on the
F160W image cannot identify them and might recog-
nize them as extended structures (e.g. tails) of their
brighter companions. This suggests that the merger rate
of galaxies and stellar mass function in J1001-like form-
ing (proto)clusters can be underestimated without the
JWST observation.

4.2. A highly concentrated galary density profile

We quantify the spatial distribution of member galax-
ies in J1001 via their projected density profile (Fig-
ure 3). To make a fair comparison with the results at
z ~ 1 (van der Burg et al. 2014) and z ~ 0.15 (van
der Burg et al. 2015), we also only use galaxies with
M, > 10°M, to derive the density profile and adopt
a similar IMF. Figure 3 shows that the central density
of J1001 can be even higher than clusters at lower red-
shifts, while its density in the outer region is much lower
than mature clusters. According to the result from the
Millennium Simulations (Chiang et al. 2013), a cluster
with MQOO’]lool = 1013'9i0'2M® at z ~ 2.5 will have
Magp = 6.0755 x 10 Mg, at z ~ 1. In this case, J1001
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Figure 2. Left: the red, green, and blue composite color image of J1001. The R, G, and B channels of the image correspond
respectively to the NIRCam/F444W, F277W, and F115W bands. The large blue square indicates the region covered by Sub-
aru/MOIRCS narrowband imaging targeting HAEs. All member galaxies are marked with open circles, with massive HAEs, less
massive HAEs, non-HAE SF members, and quiescent members denoted in yellow, cyan, green, and red, respectively. Right:
JWST/NIRCam RGB and HST/F160W images of the four HST-dark red members (circles) and their companions (crosses).

can be considered to be the predecessor of those z ~ 1
clusters (van der Burg et al. 2014) within the uncer-
tainties. This, combined with the results in Figure 3
supports an inside-out formation scenario (van der Burg
et al. 2015) up to z ~ 2.5, which means the massive cen-
tral galaxies in clusters are formed ahead of the smaller
galaxies in the outskirts.

We then fit the data points in Figure 3 with the
projected Navarro-Frenk-White (NFW) profile (Navarro
et al. 1995; Bartelmann 1996) using the “curve_fit” al-
gorithm from Scipy v1.8.1 (Gommers et al. 2022). Data
points outside the virial radius R200:369fg§kpc (Wang
et al. 2016) are not considered since they can be affected

by subhalo structures. According to this NFW fitting,
the concentration of J1001 is ¢mass(= Rooo/7s) = 935;8
for stellar mass density profile and cpumber = 371’;‘; for
the number density profile, where +oo represents a sin-
gle power law.

Figure 3 (right) compares the chymper of J1001 with
that of other clusters at lower redshifts (Budzynski et al.
2012; Strazzullo et al. 2013; Annunziatella et al. 2014;
van der Burg et al. 2014, 2015), as well as massive dark
matter halos (M1, = 1014 M) from numerical simula-
tions (Duffy et al. 2008). Previous studies of low-redshift
clusters show that the concentration of member galaxy
distribution decreases with time below z ~ 1.5 (van der
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(filled circles) and of the density profile of massive (M = 10'*Mg) dark matter halos (dotted line) based on simulations from

Duffy et al. (2008).

Burg et al. 2015; Ahad et al. 2021), and we further push
this increasing trend of concentration with redshift for
cluster galaxies to z ~ 2.5. These observed concentra-
tions of galaxies can be much higher than dark matter
halos because the massive galaxies (or subhalos) tend
to be concentrated in the center due to dynamical fric-
tion, which makes the distribution of galaxies deviate
from the host halo (e.g. Han et al. 2016). We note that
the surveys shown here have different fitting ranges and
virial radii, which may also affect the concentration, and
we do not compare cpass Since it is too sensitive to the
presence of massive central galaxies.

4.3. A “Top-heavy” stellar mass function of
star-forming member galazies

The combination of deep JWST/NIRCam imag-
ing, Subaru/MOIRCS narrowband imaging, and
ALMA/NOEMA/VLA CO line surveys yields a com-
plete census of star-forming (SF) members at M, 2
1095 My, (see Appendix D) in J1001. Based on this
sample, we determine the SMF of SF members in J1001
(Figure 4). Instead of using the data points in Figure 4,
we perform the maximum-likelihood fitting to avoid the
arbitrary binning procedure. We fit the SMF with both
the single Schechter function
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Figure 4. SMF of cluster J1001 compared with results

in other protoclusters at z ~ 2. The blue and red solid
lines show the SMF of SFGs and QGs in cluster J1001 at
z = 2.506. The blue dashed line is the SMF of HAEs
in J1001, which provides fair comparisons with Shimakawa
et al. (2018a,b). The purple dashed line is the stacked SMF
of SFGs in 14 (proto)clusters between z = 2.0 — 2.5 in the
COSMOS field (Edward et al. 2023), the green dotted line
is the SMF of HAEs in cluster USS 1558 at z = 2.5 (Shi-
makawa et al. 2018a), the brown dashed-dotted line is the
SMF of HAEs in cluster PKS 1138 at z = 2.2 (Shimakawa
et al. 2018b). All the three SMFs of other (proto)clusters
have been renormalized to match the normalization of J1001.
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the SF and quiescent SMF of cluster galaxies at z ~ 1.2, respectively.

which is a single gamma distribution of the term
10'0g M—log M™ " and also the double Schechter function

®d(log M) =1In(10) x exp(—10'e M -los M7
X [<I>’{(1ologM—logM*)a1+1 (4)
+ (I);(lOIOg M —log ]\/I*)a2+1]d(10g M),

which is the mixture of two single Schechter functions
and is similar to the mixtures of gammas discussed by
Young et al. (2019). Then, we determine which model
is better with the Bayesian Information Criterion (BIC)
and find A(BIC) = BICsingle — BICdouble = 11.02. This
is above the typical threshold for a valid comparison
A(BIC) > 8 ~ 10 (Kass & Raftery 1995), which means
that the SMF of SFGs significantly requires a second
Schechter component. Meanwhile, we also plot the SMF
of QGs in J1001, which can be well fitted by a single
Schechter function with a negative A(BIC) = —2.21.
Details of the fitting method and best-fit parameters
are shown in Appendix E.

Compared with the SMF shape of other protoclus-
ters (Shimakawa et al. 2018a,b; Edward et al. 2023),
the SMF of SFGs within J1001 shows a clear top-heavy
feature around M, ~ 10'0->=11-077.  This means that
J1001 has an excess of massive SFGs, most of which
are concentrated in the cluster core (Figure 2). This is
consistent with the high concentration of J1001 shown
in Figure 3. Low-redshift clusters only exhibit a top-
heavy structure when both the QGs and SF members

are combined (e.g. van der Burg et al. 2013, 2018, 2020;
Annunziatella et al. 2014). A direct indication is that
the massive SF members in J1001, at the time of the
observation, likely include a large population of progen-
itors of massive QGs. Another possibility is that many
of these massive SFGs may merge into a single brightest
cluster galaxy (BCG), considering that many of them
are located within a small volume.

We illustrate these two scenarios on the possible evo-
lutionary path of the SMF in J1001 in Figure 5. Firstly,
consider that most of the massive SFGs in J1001 in the
central area might soon be merged into a BCG, which
is currently still missing for J1001. Specifically, we as-
sume all galaxies within 50 kpc of the cluster center will
be merged into a quiescent BCG, which can then be ex-
cluded from the SMF of SFGs. In this case, as shown
in the left panel of Figure 5, the top-heavy feature will
be obviously suppressed with A(BIC) decreasing from
11.02 to 1.01.

Secondly, we consider the effect of quenching on the
evolution of the SMF of both SFGs and QGs. We collect
the gas depletion time tgep = Mgas/SFR for members
with CO spectroscopy (see section 2.2) and assume that
the SFGs with tgep < 0.5Gyr will soon become QGs.
After this transformation, we derive the yielding SMF
of SFGs and QGs in J1001, as shown in the right panel
of Figure 5. We find that the top-heavy feature in the
original SMF of SFGs in J1001 is strongly suppressed



8

with A(BIC) decreasing to 0.96. Meanwhile, a rapid
rise for the SMF of QGs in J1001 is observed, which
surpasses that of SFGs at the massive end and matches
QGs in low-redshift clusters.

The above analysis shows that both mergers and
quenching can help eliminate the “top-heavy” feature
in the SMF of SFGs in J1001. In practice, both pro-
cesses might take place simultaneously. Moreover, by
comparison with the SMF in z ~ 1.2 clusters from the
GOGREEN program (van der Burg et al. 2020), we show
that the massive end of J1001 is already as abundant as
the clusters at z ~ 1.2, while the number of low-mass
members with log M, = 9—10 is much smaller. We have
briefly discussed that J1001 can be approximately con-
sidered as the predecessor of clusters observed at z ~ 1
(section 4.2). In addition, the dearth of small mem-
bers in J1001 is unlikely to be an observational effect
since our sample should be complete at log M, > 9.5
(Appendix D), and all the expected incompleteness has
already been corrected. This means that the massive
cluster galaxies are already in place at z ~ 2.5, sug-
gesting a top-to-bottom growth of these early formed
clusters.

5. DISCUSSION AND CONCLUSIONS

Based on the deep multiwavelength observations in-
cluding JWST /NIRCam and narrowband imaging with
Subaru/MOIRCS, we have performed a complete cen-
sus of the member galaxies in cluster J1001 down to
M, 2 109Mg at z = 2.51. In this Letter, we focus on
the global properties of this sample of member galaxies,
including their density profile and stellar mass function,
alming to constrain the evolutionary state of J1001 in
the context of cluster formation at high redshifts. Our
main findings are listed as follows:

1. JWST/NIRCam observations reveal a popula-
tion of red and massive cluster members, which have
been missed from previous deep HST/F160W imaging
(HST-dark). In addition to their faintness, most of
them have a close, bluer HST companion. This in-
hibits blind detections of the red sources in HST images,
which only become detectable at longer wavelength by
JWST/NIRCam with better sensitivity and resolution.
The prevalence of the massive, HST-dark cluster mem-
bers suggests that JWST is necessary to obtain a com-
plete census of member galaxies, even at z ~ 2.5. Con-
sequently, previous estimates based on HST or ground-
based observations on the massive end of the mass func-
tion, as well as the merger rate of member galaxies,
might be underestimated.

2. We find that the spatial distribution of member
galaxies in J1001 is highly concentrated. By performing

NFW profiling fitting of the stellar mass and number
density profiles, we extend previous measurements on
the concentration of cluster member galaxy distribution
to z ~ 2.5. In contrast to the cosmic evolution of dark
matter halos, we find that cluster galaxy distribution
at higher redshifts exhibits a higher concentration. The
central stellar density of J1001 is already comparable to
or even higher than more massive low-redshift clusters,
while the outskirts lie below that of low-redshift clusters.
This strongly suggests an inside-out formation scenario,
at least for these early formed clusters.

3. Based on the mass-complete sample of star-forming
members, we show that the stellar mass function of
J1001 shows a prominent “top-heavy” feature, with
overabundant massive SF members compared to a single
Schechter function. The total number and stellar den-
sity of these massive SFG members are comparable to
that of massive SFG and QGs combined in clusters at
lower redshifts. Together with the low quiescent frac-
tion in J1001, these findings suggest a minimal role of
preprocessing, and most of the QGs should be quenched
only after they were accreted onto the cluster.

These findings provide novel insights into the forma-
tion processes of clusters and their member galaxies at
z ~ 2.5. Based on a complete census of member galax-
ies, we show that the galaxy density profile and stellar
mass functions are powerful tools to characterize the
evolutionary state of galaxy (proto)clusters. The cen-
trally concentrated galaxy density profile and the “top-
heavy” stellar mass function of the SF members in J1001
indicate that these early formed clusters and their mem-
ber galaxies grow in an inside-out and top-bottom fash-
ion: most of the massive galaxies in the core are assem-
bled first, and less massive galaxies in the outskirts are
formed later. Future studies with much larger samples
of (proto)clusters at z ~ 2 — 4 will provide a more com-
prehensive understanding of clusters and their member
galaxy formation at their peak formation epoch (Zhou
et al. 2024).
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APPENDIX

A. ARCHIVAL IMAGES

In this work, the archival multiband images from
U to IRAC channel 4 of the COSMOS field are
used, including the U band from The COSMOS-
WIRCam Near-Infrared Imaging Survey taken with the
Canada—France-Hawaii Telescope (CFHT) (McCracken
et al. 2010); B and IB427 from the COSMOS-20 sur-
vey taken with Subaru/Suprime-Cam (Taniguchi et al.
2015); g, 7, i, and z from the third public data re-
lease (PDR3) of the Hyper Suprime-Cam Subaru Strate-
gic Program (Subaru/HSC-SSP) (Aihara et al. 2022);
the F814W band from the Cosmic Evolution Survey
taken with the Advanced Camera for Surveys on HST
(HST/ACS; Scoville et al. 2007); Y, J, H, and K band
from the fourth data release of the UltraVISTA near-
infrared imaging survey (McCracken et al. 2012); an
archival HST/WFC3 F110W image from Negrello et al.
(2014); and the Spitzer/IRAC channel 1, 3, and 4 im-
ages from the Spitzer Large Area Survey with Hyper-
Suprime-Cam (SPLASH) (Steinhardt et al. 2014).

B. THE METHODS OF PHOTOMETRY

During the construction of our multiwavelength pho-
tometric catalog, we combine different methods of pho-
tometry for different bands since our data cover a wide
resolution range. Firstly, for the high-resolution images
from HST/ACS and JWST, we run Source-Extractor
v2.25.0 (Bertin & Arnouts 1996, 2010) in the dual
image mode to obtain the Kron aperture photometry
(Kron 1980; FLUX_AUTO from Source-Extractor), dur-
ing which the fluxes are measured on the convolved im-
ages with the resolution of the JWST/NIRCam F444W
image. For the HST/WFC3 images whose resolutions
are slightly larger than the F444W image, we get Kron
aperture photometry without performing a PSF match
on them. Instead, we further convolve the F150W im-
age to match the PSF size of HST/WFC3 images and
take the ratio of the F150W fluxes after and before
this convolution f150,F444W resolution/ f150,WFC3 resolution
as the correction factor for WFC3 fluxes. We note
that these direct results given by Kron aperture pho-
tometry can miss some fluxes in the outskirts of each
source, especially since a nonnegligible fraction (~ 10%)
of light can be scattered to large radii by the PSF of
JWST/NIRCam. In this case, to obtain the accurate
total flux, we estimate the ratio of missed light by per-
forming Kron aperture photometry on the PSF and cor-
rect the Kron fluxes based on this ratio.

For other images with poorer resolution than HST
and JWST, we use T-PHOT v2.0 (Merlin et al. 2015,
2016) to obtain prior-based deblended photometry based
on the source positions and morphologies detected in
the JWST/NIRCam images. T-PHOT is a deconfu-
sion photometry software that convolves the cutouts of
each source from a high-resolution image to produce
low-resolution priors and then fits the flux of the same
source in a low-resolution image with these priors. For
images from ground-based telescopes and Spitzer, we
perform T-PHOT photometry using the image of the
closest JWST /NIRCam band as high resolution prior to
obtaining deblended total flux for each F277W-detected
source.

When combining the results measured by different
methods, Merlin et al. (2021) have shown that the re-
sults of T-PHOT photometry do not have systematic
bias compared with Kron aperture photometry. In ad-
dition, we also perform a similar test with our data:
We directly perform source detection and Kron aperture
photometry on the Ks-band image from UltraVISTA
(McCracken et al. 2012) and cross-match our F277W-
detected catalog with this blind Ks-band catalog. Fig-
ure B1 shows the comparison of the K fluxes measured
by T-PHOT and Kron apertures. We find that the
two fluxes are consistent for the unblended sources with
a median deviation —0.9%. Meanwhile, the T-PHOT
fluxes of blended sources can be much smaller and more
reliable since the Kron results can be contaminated by
nearby sources.

C. EXAMPLES OF THE BEST-FIT SED

Two examples of the best-fit SED given by Bagpipes
are shown in Figure C2. The first one is representative of
massive members that dominate the top-heavy feature,
while the second one is representative of small members
around the limiting depth of this work.

D. SAMPLE COMPLETENESS

We present the derivation of selection completeness
with Monte Carlo simulation in this appendix. Firstly,
following Shimakawa et al. (2018b), selection complete-
ness is considered as a function of narrowband magni-
tude. At each given narrowband magnitude, we embed
500 point sources into the real narrowband and Kg-band
image. The K fluxes of these sources are determined
by their narrowband magnitude according to the best-fit
power-law relation shown in the lower panel of Figure D3
with a random 0.12 dex scatter. This tight relation be-
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Figure B1. The comparison of the Ks-band fluxes mea-

sured with T-PHOT and the Kron method. The blue and
red points show the unblended and blended sources, respec-
tively.

tween the flux excess and narrowband magnitude is fit-
ted with the 64 real HAEs from observation. Next, we
perform T-PHOT photometry on the simulated narrow-
band and Ks-band images, during which the simulated
point sources are also embedded into the F277TW im-
age to provide the high-resolution priors. We then test
the recovery rate of the membership selection procedure
described in Section 3.2, and fit the resulting selection
completeness with a complementary error function. The
best-fit result is

C(NB) = 0.488 x Erfc[1.372 x (NB — 23.565)] (D1)

This best-fit error function used for completeness cor-
rection is shown in Figure D3 (upper).

Next, we also test the selection completeness as a func-
tion of stellar mass. To determine the K band fluxes
for sources at a given mass, we collect the galaxies at
2.4 < z < 2.6 within the ultradeep stripes of the Ultra-
VISTA survey (McCracken et al. 2012) from the COS-
MOS2020 catalog (Weaver et al. 2022), and fit the stellar
mass- K flux relation at each given mass with a Gaus-
sian distribution. Then, the K -band fluxes of simulated
sources can be randomly generated using this best-fit
Gaussian distribution. As for narrowband fluxes, we
firstly generate the SFR for each source based on its
stellar mass by taking the SF main sequence at z = 2.5
(Popesso et al. 2023) with a 0.3 dex scatter. This SFR
can be converted to a Ha flux based on the Equation
2 of Kennicutt (1998) with a reduction of 0.24 dex for
IMF calibration. Since the redshift of J1001 is close to
the edge given by the NB2300 filter (Figure 1), we ran-
domly give the redshift of each simulated source using

a Gaussian distribution given by fitting the distribution
of available zgpe.. We then calculate the wavelength of
the Ha line at this redshift and multiply the Ha flux
with the relative transmission of the NB2300 filter at
this wavelength. Next, in order to obtain the narrow-
band flux of each simulated source, we adopt the dust
attenuation-stellar mass relation (Garn & Best 2010;
Shapley et al. 2022) with a 0.4 dex scatter, the con-
tamination from [Nyr] (Shimakawa et al. 2018b), and a
color-term variation 0.1. Once the Ks-band and narrow-
band fluxes of every simulated source are assigned, we
can follow the steps from the last paragraph to test and
fit the recovery rate at each stellar mass. The best-fit
result is also shown in Figure D3 (upper) and can be
written as

C(mass) = 0.473 x Erfc[1.519 x (9.079 — log(mass))].
(D2)
As a robustness test, the SMFs of SFGs with two
different incompleteness-correction procedures are com-
pared in Figure D4. We find the top-heavy shape of
SMF is robust under different incompleteness-correction
procedures. These two SMFs are almost identical at the
high-mass end (M, > 10'°M) and only show a small
difference around the limiting depth (M. ~ 10°Mg)
without affecting the top-heavy shape. Since the best-
fit parameters in Equation D2 might be influenced by
the uncertainty (e.g. environmental dependence and the
bias from observation) of the stellar mass-K; flux rela-
tion, SF main sequence, and dust attenuation, we use
Equation D1 for the incompleteness correction in Sec-
tion 4. We caution that the completeness discussed here
is targeted at the sample of HAEs. This tends to slightly
underestimate the completeness of the full SF sample
since we also include four additional non-HAE spectro-
scopic members (mostly at M, = 100-0-10-5 7).

E. THE SCHECHTER FITTING OF SMFS

In order to avoid the uncertainty caused by the ar-
bitrary binning procedure, the SMFs are fitted with
maximum-likelihood estimation (MLE). We perform the
MLE fitting by minimizing the negative log likelihood
(e.g. Marshall et al. 1983; Hill et al. 2022), which can be
written as

M max
—InL = / (M

M*,min

Zln@ ..i)/C(NB)
(E3)

where M, min = 109'2M@ and My max = 1012'0M@ are
the lower and upper limits of the fitting range, respec-
tively, and C'(NB) is the incompleteness-correction fac-
tor given by Equation D1 in Appendix D. During the
fitting, since the double Schechter function can be con-
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Figure C2. Left panels: examples of the best-fit SED of two member galaxies from Bagpipes. Right panels: the probability
density distribution functions of the photometric redshift from EAZY and stellar mass from Bagpipes.

sidered as the mixture of two single Schechter functions,
which is similar to the mixture of gamma distributions
(Young et al. 2019), we use the Expectation Maximiza-
tion algorithm (Dempster et al. 1977) to determine the
contribution of each member to each Schechter compo-
nent. In addition, when we are fitting the SMF of SFGs,
the power-law slope of the double Schechter function is
fixed at ay = —1.5 (e.g. Shimakawa et al. 2018a,b) be-
cause it cannot be well constrained by our limited mass

range and sample size. To obtain the uncertainty of the
best-fit parameters, we randomly determine the stellar
mass of each galaxy according to the mass uncertainty
given by Bagpipes, as well as its weight considering the
Poisson error. We repeat this procedure to perform the
MLE for 100 times and then take the standard deviation
of the 100 best-fit values as the uncertainty. All of the
best-fit parameters and their uncertainties are listed in
Table E1.

REFERENCES

Afanasiev, A. V., Mei, S., Fu, H., et al. 2023, A&A, 670,
A95, doi: 10.1051/0004-6361/202244634

Ahad, S. L., Bahé, Y. M., Hoekstra, H., van der Burg, R.
F. J., & Muzzin, A. 2021, MNRAS, 504, 1999,
doi: 10.1093/mnras/stab1036


http://doi.org/10.1051/0004-6361/202244634
http://doi.org/10.1093/mnras/stab1036

12

Table E1. Best-fit parameters of the stellar mass functions.

log(M™) (o} a1 D, Q2 A(BIC)®
(Mo)  (dex)) (dex!)
SFGs 10.52 £0.14 4.00 £ 0.58 [—1.5]b 31.7+3.4 0.79+0.58 11.02
SFGs (HAEs only) 10.42 +£0.12 4.79 £ 0.53 [-1.5] 204+3.1 1.38+0.55 10.03
SFGs (merged) 10.44 £ 0.11 [4.00] [-1.5] 246+1.6 0.40=+0.34 1.01
SFGs (after quenching) 10.41 £ 0.10 [4.00] [-1.5] 214+13 0.54+0.37 0.96
QGs 10.28+£0.20 4.3+1.0 1.61 +£0.89 -2.21
QGs (after quenching) 10.58+0.16 21.1+1.7 0.78+0.36 -0.91

NOTE. — (a) A(BIC) = BICqingle — BICdouble, A(BIC) > 0 means that the double Schechter function can describe the sample
better than the single Schechter function, and the typical threshold for a valid comparison is A(BIC) > 8 ~ 10 (Kass &
Raftery 1995). (b) Fixed parameters are enclosed in square brackets.

log(Mx)[M o1
10 11 12

©

=
o
T
1

o
o

o
o

Selection Completeness
o
N

=

N
o[
N
=

fug — fks [u)y]

22 23 24
NB [mag]

Figure D3. Upper panel: the selection completeness.
Blue and red points are the simulated selection completeness
as a function of narrowband magnitude and stellar mass, re-
spectively. And the blue and red lines are the completeness
function fitted by the complementary error function. Lower
panel: the narrowband exceeds fluxes as a function of nar-
rowband magnitude. The red solid line is the result of linear
fitting, while the dotted lines show the scatter of 0.12 dex.

Aihara, H., AlSayyad, Y., Ando, M., et al. 2022, PASJ, 74,
247, doi: 10.1093/pasj/psab122
Annunziatella, M., Biviano, A., Mercurio, A., et al. 2014,
A&A, 571, A80, doi: 10.1051/0004-6361/201424102
Bagley, M. B., Finkelstein, S. L., Koekemoer, A. M., et al.
2023, ApJL, 946, L12, doi: 10.3847/2041-8213/acbb08
Balogh, M. L., van der Burg, R. F. J., Muzzin, A., et al.
2021, MNRAS, 500, 358, doi: 10.1093 /mnras/staa3008
Bartelmann, M. 1996, A&A, 313, 697,
doi: 10.48550/arXiv.astro-ph/9602053

100 E

¢ [N dex~1]

—— Corrected by C(CO)
-=== Corrected by C(mass)

0.1 1 1
9 10 11 12

log(M«)[M o]

Figure D4. Comparison of the SMF under two different
incompleteness-correction procedures. The blue solid line is
the SMF corrected by Equation D1 (identical with the blue
line in Figure 4). The red dashed line is the SMF corrected
by Equation D2.

Berriman, G. B., Good, J. C., Curkendall, D. W., et al.
2003, in ASP Conf. Ser. 295, Astronomical Data Analysis
Software and Systems XII, ed. H. E. Payne, R. L.
Jedrzejewski, & R. N. Hook, 343

Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393,
doi: 10.1051/aas:1996164

—. 2010, SExtractor: Source Extractor, Astrophysics
Source Code Library, record ascl:1010.064

Brammer, G. B., van Dokkum, P. G., & Coppi, P. 2008,
ApJ, 686, 1503, doi: 10.1086/591786

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000,
doi: 10.1046/j.1365-8711.2003.06897.x

Budzynski, J. M., Koposov, S. E., McCarthy, 1. G., McGee,
S. L., & Belokurov, V. 2012, MNRAS, 423, 104,
doi: 10.1111/j.1365-2966.2012.20663.x


http://doi.org/10.1093/pasj/psab122
http://doi.org/10.1051/0004-6361/201424102
http://doi.org/10.3847/2041-8213/acbb08
http://doi.org/10.1093/mnras/staa3008
http://doi.org/10.48550/arXiv.astro-ph/9602053
http://doi.org/10.1051/aas:1996164
http://doi.org/10.1086/591786
http://doi.org/10.1046/j.1365-8711.2003.06897.x
http://doi.org/10.1111/j.1365-2966.2012.20663.x

Bushouse, H., Eisenhamer, J., Dencheva, N., et al. 2023,
JWST Calibration Pipeline, 1.12.5, Zenodo,
doi: 10.5281/zenodo.10022973

Byler, N., Dalcanton, J. J., Conroy, C., & Johnson, B. D.
2017, ApJ, 840, 44, doi: 10.3847/1538-4357 /aa6c66

Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ,
533, 682, doi: 10.1086,/308692

Carnall, A. C., McLure, R. J., Dunlop, J. S., & Davé, R.
2018, MNRAS, 480, 4379, doi: 10.1093 /mnras/sty2169

Casey, C. M., Cooray, A., Capak, P.; et al. 2015, ApJL,
808, L33, doi: 10.1088/2041-8205,/808/2/1.33

Casey, C. M., Kartaltepe, J. S., Drakos, N. E.; et al. 2023,
ApJ, 954, 31, doi: 10.3847/1538-4357 /acc2bce

Champagne, J. B., Casey, C. M., Zavala, J. A., et al. 2021,
ApJ, 913, 110, doi: 10.3847/1538-4357/abfde6

Chiang, Y.-K., Overzier, R., & Gebhardt, K. 2013, ApJ,
779, 127, doi: 10.1088/0004-637X/779/2/127

Cucciati, O., Lemaux, B. C., Zamorani, G., et al. 2018,
A&A, 619, A49, doi: 10.1051/0004-6361/201833655

Dempster, A. P., Laird, N. M., & Rubin, D. B. 1977,
Journal of the Royal Statistical Society: Series B
(Methodological), 39, 1,
doi: https://doi.org/10.1111/j.2517-6161.1977.tb01600.x

Dressler, A. 1980, ApJ, 236, 351, doi: 10.1086/157753

Duffty, A. R., Schaye, J., Kay, S. T., & Dalla Vecchia, C.
2008, MNRAS, 390, L64,
doi: 10.1111/j.1745-3933.2008.00537.x

Edward, A. H., Balogh, M. L., Bahé, Y. M., et al. 2023,
MNRAS, 527, 8598, doi: 10.1093/mnras/stad3751

Garn, T., & Best, P. N. 2010, MNRAS, 409, 421,
doi: 10.1111/j.1365-2966.2010.17321.x

Gobat, R., Daddi, E., Onodera, M., et al. 2011, A&A, 526,
A133, doi: 10.1051/0004-6361/201016084

Gobat, R., Strazzullo, V., Daddi, E., et al. 2013, ApJ, 776,
9, doi: 10.1088/0004-637X/776/1/9

Gémez-Guijarro, C., Riechers, D. A., Pavesi, R., et al.
2019, ApJ, 872, 117, doi: 10.3847/1538-4357 /ab002a

Gommers, R., Virtanen, P., Burovski, E., et al. 2022,
scipy /scipy: SciPy 1.8.1, v1.8.1, Zenodo, Zenodo,
doi: 10.5281/zenodo.6560517

Good, J., & Berriman, G. B. 2019, in ASP Conf. Ser. 523,
Astronomical Data Analysis Software and Systems
XXVII, ed. P. J. Teuben, M. W. Pound, B. A. Thomas,
& E. M. Warner, 685, doi: 10.48550/arXiv.1908.09753

Han, J., Cole, S., Frenk, C. S., & Jing, Y. 2016, MNRAS,
457, 1208, doi: 10.1093/mnras/stv2900

Hayashi, M., Kodama, T., Tadaki, K.-i., Koyama, Y., &
Tanaka, I. 2012, ApJ, 757, 15,
doi: 10.1088,/0004-637X/757/1/15

13

Hayashi, M., Kodama, T., Tanaka, 1., et al. 2016, ApJL,
826, 1.28, doi: 10.3847/2041-8205/826/2/1.28

Hill, R., Chapman, S., Phadke, K. A., et al. 2022, MNRAS,
512, 4352, doi: 10.1093/mnras/stab3539

Huang, Y., Lee, K.-S.; Cucciati, O., et al. 2022, ApJ, 941,
134, doi: 10.3847/1538-4357 /ac9ead

Jin, S., Dannerbauer, H., Emonts, B., et al. 2021, A&A,
652, Al11, doi: 10.1051,/0004-6361,/202040232

Kajisawa, M., Kodama, T., Tanaka, I., Yamada, T., &
Bower, R. 2006, MNRAS, 371, 577,
doi: 10.1111/j.1365-2966.2006.10704.x

Kass, R. E., & Raftery, A. E. 1995, Journal of the
American Statistical Association, 90, 773.
http://www.jstor.org/stable/2291091

Kennicutt, Robert C., J. 1998, ARA&A, 36, 189,
doi: 10.1146/annurev.astro.36.1.189

Kron, R. G. 1980, ApJS, 43, 305, doi: 10.1086,/190669

Kroupa, P. 2001, MNRAS, 322, 231,
doi: 10.1046/5.1365-8711.2001.04022.x

Marshall, H. L., Tananbaum, H., Avni, Y., & Zamorani, G.
1983, ApJ, 269, 35, doi: 10.1086/161016

McCracken, H. J., Capak, P., Salvato, M., et al. 2010, ApJ,
708, 202, doi: 10.1088/0004-637X/708/1/202

McCracken, H. J., Milvang-Jensen, B., Dunlop, J., et al.
2012, A&A, 544, A156,
doi: 10.1051/0004-6361/201219507

Mei, S., Hatch, N. A.; Amodeo, S., et al. 2023, A&A, 670,
A58, doi: 10.1051/0004-6361/202243551

Merlin, E., Fontana, A., Ferguson, H. C., et al. 2015, A&A,
582, A15, doi: 10.1051,/0004-6361,/201526471

Merlin, E., Bourne, N., Castellano, M., et al. 2016, A&A,
595, A97, doi: 10.1051,/0004-6361 /201628751

Merlin, E.; Castellano, M., Santini, P., et al. 2021, A&A,
649, A22, doi: 10.1051,/0004-6361,/202140310

Navarro, J. F., Frenk, C. S., & White, S. D. M. 1995,
MNRAS, 275, 720, doi: 10.1093/mnras/275.3.720

Negrello, M., Hopwood, R., Dye, S., et al. 2014, MNRAS,
440, 1999, doi: 10.1093 /mnras/stu413

Noirot, G., Stern, D., Mei, S., et al. 2018, ApJ, 859, 38,
doi: 10.3847/1538-4357 /aabadb

Oke, J. B., & Gunn, J. E. 1983, AplJ, 266, 713,
doi: 10.1086,/160817

Oteo, L., Ivison, R. J., Dunne, L., et al. 2018, ApJ, 856, 72,
doi: 10.3847/1538-4357 /aaalfl

Overzier, R. A. 2016, A&A Rv, 24, 14,
doi: 10.1007/s00159-016-0100-3

Pentericci, L., Kurk, J. D., Rottgering, H. J. A., et al. 2000,
A&A, 361, L25, doi: 10.48550/arXiv.astro-ph/0008143

Pérez-Martinez, J. M., Dannerbauer, H., Kodama, T., et al.
2023, MNRAS, 518, 1707, doi: 10.1093/mnras/stac2784


http://doi.org/10.5281/zenodo.10022973
http://doi.org/10.3847/1538-4357/aa6c66
http://doi.org/10.1086/308692
http://doi.org/10.1093/mnras/sty2169
http://doi.org/10.1088/2041-8205/808/2/L33
http://doi.org/10.3847/1538-4357/acc2bc
http://doi.org/10.3847/1538-4357/abf4e6
http://doi.org/10.1088/0004-637X/779/2/127
http://doi.org/10.1051/0004-6361/201833655
http://doi.org/https://doi.org/10.1111/j.2517-6161.1977.tb01600.x
http://doi.org/10.1086/157753
http://doi.org/10.1111/j.1745-3933.2008.00537.x
http://doi.org/10.1093/mnras/stad3751
http://doi.org/10.1111/j.1365-2966.2010.17321.x
http://doi.org/10.1051/0004-6361/201016084
http://doi.org/10.1088/0004-637X/776/1/9
http://doi.org/10.3847/1538-4357/ab002a
http://doi.org/10.5281/zenodo.6560517
http://doi.org/10.48550/arXiv.1908.09753
http://doi.org/10.1093/mnras/stv2900
http://doi.org/10.1088/0004-637X/757/1/15
http://doi.org/10.3847/2041-8205/826/2/L28
http://doi.org/10.1093/mnras/stab3539
http://doi.org/10.3847/1538-4357/ac9ea4
http://doi.org/10.1051/0004-6361/202040232
http://doi.org/10.1111/j.1365-2966.2006.10704.x
http://www.jstor.org/stable/2291091
http://doi.org/10.1146/annurev.astro.36.1.189
http://doi.org/10.1086/190669
http://doi.org/10.1046/j.1365-8711.2001.04022.x
http://doi.org/10.1086/161016
http://doi.org/10.1088/0004-637X/708/1/202
http://doi.org/10.1051/0004-6361/201219507
http://doi.org/10.1051/0004-6361/202243551
http://doi.org/10.1051/0004-6361/201526471
http://doi.org/10.1051/0004-6361/201628751
http://doi.org/10.1051/0004-6361/202140310
http://doi.org/10.1093/mnras/275.3.720
http://doi.org/10.1093/mnras/stu413
http://doi.org/10.3847/1538-4357/aabadb
http://doi.org/10.1086/160817
http://doi.org/10.3847/1538-4357/aaa1f1
http://doi.org/10.1007/s00159-016-0100-3
http://doi.org/10.48550/arXiv.astro-ph/0008143
http://doi.org/10.1093/mnras/stac2784

14

Popesso, P., Concas, A., Cresci, G., et al. 2023, MNRAS,
519, 1526, doi: 10.1093/mnras/stac3214

Rieke, M. J., Robertson, B., Tacchella, S., et al. 2023,
ApJS, 269, 16, doi: 10.3847/1538-4365/acf44d

Scoville, N., Aussel, H., Brusa, M., et al. 2007, ApJS, 172,
1, doi: 10.1086/516585

Shapley, A. E., Sanders, R. L., Salim, S., et al. 2022, ApJ,
926, 145, doi: 10.3847/1538-4357 /ac4742

Shimakawa, R., Kodama, T., Hayashi, M., et al. 2018a,
MNRAS, 473, 1977, doi: 10.1093/mnras /stx2494

Shimakawa, R., Koyama, Y., Rottgering, H. J. A., et al.
2018b, MNRAS, 481, 5630, doi: 10.1093/mnras/sty2618

Steinhardt, C. L., Speagle, J. S., Capak, P., et al. 2014,
ApJL, 791, 125, doi: 10.1088/2041-8205/791/2/1.25

Strazzullo, V., Gobat, R., Daddi, E., et al. 2013, ApJ, 772,
118, doi: 10.1088/0004-637X/772/2/118

Strazzullo, V., Daddi, E., Gobat, R., et al. 2016, ApJL,
833, 120, doi: 10.3847/2041-8213/833/2/L20

Taniguchi, Y., Kajisawa, M., Kobayashi, M. A. R., et al.
2015, PASJ, 67, 104, doi: 10.1093/pasj/psv106

Thomas, D., Maraston, C., Schawinski, K., Sarzi, M., &
Silk, J. 2010, MNRAS, 404, 1775,
doi: 10.1111/j.1365-2966.2010.16427.x

van der Burg, R. F. J., Hoekstra, H., Muzzin, A., et al.
2015, A&A, 577, A19, doi: 10.1051/0004-6361/201425460

van der Burg, R. F. J., McGee, S., Aussel, H., et al. 2018,
A&A, 618, A140, doi: 10.1051,/0004-6361 /201833572

van der Burg, R. F. J., Muzzin, A., Hoekstra, H., et al.
2014, A&A, 561, A79, doi: 10.1051/0004-6361/201322771

—. 2013, A&A, 557, A15,
doi: 10.1051/0004-6361/201321237

van der Burg, R. F. J., Rudnick, G., Balogh, M. L., et al.
2020, A&A, 638, Al112,
doi: 10.1051/0004-6361/202037754

Wang, T., Elbaz, D., Daddi, E., et al. 2016, ApJ, 828, 56,
doi: 10.3847/0004-637X /828 /1/56

—. 2018, ApJL, 867, 129, doi: 10.3847/2041-8213/aaeb2c

Weaver, J. R., Kauffmann, O. B., Ilbert, O., et al. 2022,
ApJS, 258, 11, doi: 10.3847/1538-4365/ac3078

Williams, R. J., Quadri, R. F., Franx, M., van Dokkum, P.,
& Labbé, 1. 2009, ApJ, 691, 1879,
doi: 10.1088,/0004-637X/691/2/1879

Xiao, M. Y., Wang, T., Elbaz, D., et al. 2022, A&A, 664,
A63, doi: 10.1051/0004-6361/202142843

Xu, C., Wang, T., Gu, Q., et al. 2023, ApJL, 951, L.21,
doi: 10.3847/2041-8213/acdb5a

Young, D., Chen, X., Hewage, D., & Nilo Poyanco, R. 2019,
Advances in Data Analysis and Classification, 13, 1053,
doi: 10.1007/s11634-019-00361-y

Zheng, X. Z., Cai, Z., An, F. X., Fan, X., & Shi, D. D.
2021, MNRAS, 500, 4354, doi: 10.1093/mnras/staa2882

Zhou, L., Elbaz, D., Franco, M., et al. 2020, A&A, 642,
A155, doi: 10.1051/0004-6361/202038059

Zhou, L., Wang, T., Daddi, E., et al. 2024, A&A, 684,
A196, doi: 10.1051/0004-6361/202348351


http://doi.org/10.1093/mnras/stac3214
http://doi.org/10.3847/1538-4365/acf44d
http://doi.org/10.1086/516585
http://doi.org/10.3847/1538-4357/ac4742
http://doi.org/10.1093/mnras/stx2494
http://doi.org/10.1093/mnras/sty2618
http://doi.org/10.1088/2041-8205/791/2/L25
http://doi.org/10.1088/0004-637X/772/2/118
http://doi.org/10.3847/2041-8213/833/2/L20
http://doi.org/10.1093/pasj/psv106
http://doi.org/10.1111/j.1365-2966.2010.16427.x
http://doi.org/10.1051/0004-6361/201425460
http://doi.org/10.1051/0004-6361/201833572
http://doi.org/10.1051/0004-6361/201322771
http://doi.org/10.1051/0004-6361/201321237
http://doi.org/10.1051/0004-6361/202037754
http://doi.org/10.3847/0004-637X/828/1/56
http://doi.org/10.3847/2041-8213/aaeb2c
http://doi.org/10.3847/1538-4365/ac3078
http://doi.org/10.1088/0004-637X/691/2/1879
http://doi.org/10.1051/0004-6361/202142843
http://doi.org/10.3847/2041-8213/acdb5a
http://doi.org/10.1007/s11634-019-00361-y
http://doi.org/10.1093/mnras/staa2882
http://doi.org/10.1051/0004-6361/202038059
http://doi.org/10.1051/0004-6361/202348351

	Introduction
	Data
	JWST/NIRcam images
	Other multiwavelength data

	Member galaxy selection and physical properties
	Catalog construction
	Sample selection

	Results
	A population of red, massive, and HST-dark cluster members
	A highly concentrated galaxy density profile 
	A ``Top-heavy'' stellar mass function of star-forming member galaxies

	Discussion and Conclusions
	Archival images
	The methods of photometry
	Examples of the best-fit SED
	Sample completeness
	The Schechter fitting of SMFs

