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The Bigfoot: A footprint of a Coma cluster progenitor at z = 3.98
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ABSTRACT

Protoclusters, galaxy clusters’ high redshift progenitors, hold the keys to understanding the formation
and evolution of clusters and their member galaxies. However, their cosmological distances and spatial
extensions (tens of Mpc) have inhibited complete mapping of their structure and constituent galaxies,
which is key to robustly linking protoclusters to their descendants. Here we report the discovery of the
Bigfoot, a tridimensional structure at z = 3.98 including 11 subgroups traced by 55 (700) spectroscopic
(photometric) redshifts with JWST, extending over 15 x 37 x49cMpc?® in the PRIMER-UDS field.
Bigfoot’s large-scale and mass function of member galaxies closely match constrained simulations’
predictions for the progenitors of today’s most massive clusters (Mo > 10°My). All subgroups with
My, > 1012'5M® exhibit enhanced fractions of massive galaxies (> 10'%°My) compared to lower-
mass halos and field, demonstrating the accelerated formation of massive galaxies in massive halos.
The presence of this massive protocluster with a large central halo (10'39Mg) in a JWST deep field
bears important cosmological implication that favors high og of PLANCK cosmology over low-redshift

probes.
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1. INTRODUCTION

Massive galaxy clusters with virial masses
log(Mo/Mg) > 15 are the largest gravitationally-
bound systems in the local universe, whose central
regions are dominated by the massive quiescent early-
type galaxies (A. Dressler 1980). How these massive
systems and the member galaxies inside of them formed
and evolved to their present state is still under debate.
As suggested by both archaeology studies (D. Thomas
et al. 2010) and numerical simulations (e.g. Y.-K.
Chiang et al. 2013; N. A. Henden et al. 2020; K. Wang
& Y. Peng 2025), most of the massive cluster galaxies
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are formed at z > 2, making the progenitors of galaxy
clusters (protoclusters) in the early universe important
for understanding the formation scenario of galaxy
clusters. In the last decade, many protoclusters at
z > 2 have been discovered using several methods,
including searching for overdensities of galaxy number
densities using the wide-field catalogs (e.g. J. Toshikawa
et al. 2012, 2018; R. Higuchi et al. 2019; N. B. Sillassen
et al. 2022; J. Toshikawa et al. 2025), detections of
X-ray emissions from hot gas (e.g. R. Gobat et al. 2011;
T. Wang et al. 2016), overdensity of line emitters (e.g.
Z. Cai et al. 2017; M. Rubet et al. 2025), overdensities
of dusty star-forming galaxies (e.g. T. B. Miller et al.
2018; I. Oteo et al. 2018; L. Zhou et al. 2024; N. B.
Sillassen et al. 2024; N. Foo et al. 2025), and the groups
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around ultra-massive galaxies (e.g. I. McConachie
et al. 2022; A. J. Hedge et al. 2025; C. K. Jespersen
et al. 2025). However, due to the limited sensitivity
and wavelength coverage of HST and ground-based
telescopes, most of these protoclusters could only be
studied with biased tracers like Lyman break galaxies
(LBGs) and dusty star-forming galaxies (DSFGs),
and only a small number of galaxy members could be
confirmed with spectroscopic data. Without highly
complete membership determinations, the global prop-
erties (e.g., total stellar masses) and future evolution
path of these protoclusters remain elusive.

Recently, the James Webb Space Telescope (JWST)
provides chances to discover (T. Morishita et al. 2023;
J. M. Helton et al. 2024; S. Jin et al. 2024; C. K. Jes-
persen et al. 2025; Q. Li et al. 2025) and analyze (J. M.
Pérez-Martinez et al. 2024; F. Sun et al. 2024; M. Soli-
mano et al. 2025; H. Umehata et al. 2025) protoclusters
at high redshifts with complete selection of the member
galaxies down to the low stellar masses and with reliable
estimation of their physical properties. However, due to
the limited field of view of JWST, most of the JWST
observations targeting protoclusters can only cover their
core regions (S. Arribas et al. 2024; I. Lamperti et al.
2024; R. Shimakawa et al. 2024). In contrast, simula-
tions suggest that the progenitors of massive cluster with
log(My/Mg) > 15 can be highly extended, large-scale
(~ 10000 cMpc?) overdensities at cosmic dawn (Y.-K.
Chiang et al. 2013; H. Wang et al. 2014; K. Wang et al.
2024). In this case, only protoclusters located within
JWST widest fields, such as J1001 at z = 2.51 in COS-
MOS (T. Wang et al. 2016; H. Sun et al. 2024) and the
Cosmic Vine at z = 3.44 in CEERS (S. Jin et al. 2024),
could be studied with complete large-scale sampling to
analyze their global properties and assess whether they
will become local massive galaxy clusters.

In this work, we report the discovery of protoclus-
ter PCL0217 (“the Bigfoot”) at z = 3.98. Located in
the center of the PRIMER-UDS field with large JWST
coverage from the PRIMER (J. S. Dunlop et al. 2021)
and the BEACON surveys (T. Morishita et al. 2025),
the Bigfoot provides a rare opportunity to study the
large-scale structure defined by a massive protocluster
at cosmic dawn with mass-complete membership selec-
tion. These large-scale structures can be compared with
the protoclusters predicted by constrained simulation
(H. Wang et al. 2014) to study the future growth of
the Bigfoot.

This paper is organized as follows: Section 2 shows
the data and the methods for sample selection; Section 3
presents the results, including the stellar mass functions
and density profiles of the Bigfoot; Section 4 discusses

the Bigfoot’s implications on cosmology and the forma-
tion scenario of the first massive clusters. Through-
out our work, we assume the cosmological model with
Hy=70 km -s~ - Mpc™!, Qp, = 0.3 and Q5 = 0.7. An
initial mass function given by P. Kroupa (2001) is used
to estimate the stellar masses.

2. DATA AND SAMPLE CONSTRUCTION
2.1. Multi-wavelength catalog

Our analyses for the Bigfoot are based on our UV-to-
MIR multiwavelength deblending catalog for PRIMER-
COSMOS and PRIMER-UDS, which are observed by
the Public Release IMaging for Extragalactic Research
(PRIMER, (J. S. Dunlop et al. 2021)) survey with
JWST/NIRCam and MIRI. Brief descriptions and val-
idations of this catalog are available from T. Wang
et al. (2025), and more details will be shown in a
forthcoming paper (H.Sun et al., in prep). In short,
using the JWST images combining all available sur-
veys in PRIMER-UDS and COSMOS, which are re-
duced by our custom-made pipeline based on the JWST
Calibration Pipeline v1.13.4 (H. Bushouse et al. 2024),
we perform source extraction on the stacked image of
all JWST/NIRCam longwave (LW) bands. For each
JWST-detected galaxy, we perform aperture photom-
etry using APHOT (E. Merlin et al. 2019) for the
high-resolution data from JWST/NIRCam and HST,
while the fluxes from low-resolution equipment, includ-
ing JWST/MIRI, Spitzer, and ground-based telescopes,
are measured by the template-fitting deblending pho-
tometry with TPHOT v2.0 (E. Merlin et al. 2015, 2016).
Lastly, we derive photometric redshifts using the EAZY
software (G. B. Brammer et al. 2008) for all JWST-
detected sources in our photometric catalog. In this
work, we use the data in PRIMER-UDS to study the
Bigfoot, while the data in PRIMER-COSMOS can be
used to investigate the field galaxies at the same red-
shift.

2.2. Structure identification with spectroscopic data

Using our multi-wavelength catalog for PRIMER-
UDS, we first identify an extremely dense area with 6
galaxies in an area with radius R = 6”. This over-
density (the core of subgroup 0217A) is spectroscopi-
cally confirmed at zgpec = 3.98, and is remarkably close
(~ 16.7cMpc) to an overdensity of quiescent galaxies at
Zspec = 3.99 reported by M. Tanaka et al. (2024) (Here-
after the T24 overdensity). Based on these two overden-
sities, we then investigate the distribution of overdensi-
ties around z ~ 4 in the entire PRIMER-UDS field with
JWST observations. The left panel of Figure 1 shows
the distribution of mass-weighted number overdensity
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Figure 1. The weighted number overdensity map of PCL0217—“the Bigfoot”. The upper left panel shows the distribution
of the weighted number overdensity of galaxies with 3.73 < zphoy < 4.23 in PRIMER-UDS. The red open circles show the position
of the 8 confirmed subgroups observed by the JWST/PRIMER survey (J. S. Dunlop et al. 2021), the pink circle shows a previously
reported overdensity of quiescent galaxies (M. Tanaka et al. 2024) covered by the JWST/BEACON survey (T. Morishita et al. 2025).
The upper right panel shows the 3-dimensional distribution of the 11 subgroups. An animated version of this figure is available at
https://box.nju.edu.cn/f/d6e29ce33a704cd29439/7dl=1. The lower figures show the enlarged overdensity map of the eight confirmed
subgroups covered by the PRIMER survey. The purple and red crosses show the location of massive (M, > 109'5M®) SFGs and quiescent
galaxies (QGs). The overdensities shown in the upper and lower panels are measured in circular areas with radius 1’ and 15", respectively.
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Figure 2. Example of Spectroscopically confirmed members of the Bigfoot. The upper panel presents the redshift distribution
of 55 spectroscopically confirmed galaxies. As examples, the lower panels show the JWST spectroscopy of four confirmed member galaxies
in 0217A, their best-fit SED from Bagpipes, and the 4” x 4” RGB cutouts from the JWST/NIRCam images.



Y5 = pa/pi field — 1 of galaxies with 3.73 < zpnot < 4.23,
where the mass-weighted number density is defined as

i = Zlog(M,k,i/107'5M@)/area.11 (1)

i=1

For each colored area in Figure 1 that is at least two
times more dense than field level, we search the spec-
troscopic data from three sources: Firstly, we collect
JWST spectroscopy from the DAWN JWST Archive
(DJA, version 3.0), which combines all available JWST
spectra in PRIMER-UDS including the RUBIES survey
(B. Wang et al. 2024), JWST projects GO 4233 (PI:
Anna De Graaff), and GO 2565 (PI: Karl Glazebrook).
These JWST spectra are processed by MSAEXP (G.
Brammer 2023; A. de Graaff et al. 2024; K. E. Heintz
et al. 2024). Secondly, the VANDELS survey (M. Talia
et al. 2023) provides VLT/VIMOS spectra for galaxies
across 1 < z < 6.5 in PRIMER-UDS. Thirdly, we use
the Keck/MOSFIRE spectra (M. Tanaka et al. 2024) for
five quiescent galaxies in the T24 overdensity.

Based on this combined spectroscopic data set, we
identify the proto-cluster PCL0217 (the Bigfoot) with
11 subgroups spectroscopically confirmed at zspec =
3.93 — 4.00 (including 9 at zspec = 3.97 — 4.00)(We no-
tice that although 0217B and 0217C are close in Fig-
ure 1, they are actually ~ 15cMpc away from each other
based on their spectroscopic redshifts). This includes 3
subgroups at z = 3.93 — 4.00 resolved from the T24
overdensity, and all 11 subgroups are located within a
15.5cMpc x 37.0cMpc area. Combining these 11 sub-
groups, the Bigfoot has 55 spectroscopically confirmed
members with zgpee = 3.927 — 4.009 and Zspec,med =
3.979. As an example, the JWST spectra of 4 spectro-
scopically confirmed members of the densest and most
massive group 0217A are shown in Figure 2, while the
detailed position and spectroscopic redshift of each sub-
group are listed in Table 1.

2.3. Selection of member galaxies

In addition to the spectroscopically confirmed mem-
bers, we select a mass-complete sample of member galax-
ies using the photometric redshifts. The photomet-
ric redshifts in our catalog have oxvap = 0.017 (T.
Wang et al. 2025), which corresponds to the lo un-
certainty o(z = 3.98) = 0.085. Then, within a circu-
lar area with radius R = 500 kpc for each subgroup,
we select all galaxies that have |zpnot — 3.98] < 3o
(3.73 < zphot < 4.23) as members of the Bigfoot, which

11 The completeness limit of the JWST observations from
PRIMER is ~ 108 Mg at z = 4, and we use the threshold
107-5=8-5—1 {0 provide reasonable mass weighting.
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yields a sample of 755 member galaxies. Compared with
the density of field galaxies at 3.73 < zphot < 4.23 in
PRIMER-COSMOS, the fraction of interlopers in the
eight subgroups (0217A-H) covered by the PRIMER sur-
vey should be ~ 26%(~ 10%) in 500 (100)pkpc. The
sample of member galaxies in these 8 subgroups is com-
plete at log(M./Mg) > 8.5 (T. Wang et al. 2025). On
the other hand, for the three T24 overdensities (02171-
K) that only have the shallower JWST data from the
BEACON survey (T. Morishita et al. 2025), the inter-
loper fraction can be higher (~ 36%) and the sample of
small galaxies (log(M./Mg) < 9.0) can be incomplete.
This incompleteness is corrected using the best-fit SMF
from Figure 4 before our analysis for the number densi-
ties and halo masses.

We then perform SED fitting with Bagpipes (A. C.
Carnall et al. 2018) to estimate the stellar masses and
rest-frame colors. During the SED fitting with Bag-
pipes, the redshifts of all selected members within the
Bigfoot are fixed at the spectroscopic redshift of each
subgroup. We utilize the 2016 update of the stellar
population synthesis model (G. Bruzual & S. Charlot
2003) with stellar ages allowed to range from 0.03 to 10
Gyr and metallicity Z/Zs, € [0.01,2.5]. We adopt a de-
layed exponential star-formation history with timescale
7 € [0.01,10] Gyr, apply the dust models (D. Calzetti
et al. 2000) separately to young and old populations
(split at 0.01 Gyr) with Ay € [0,5], and add nebular
emission (N. Byler et al. 2017) with ionization parame-
ter logU € [—5, —2]. Examples of the best-fit SED with
Bagpipes are shown in Figure 2.

2.4. Estimations of halo masses

Based on the stellar masses estimated by Bagpipes, we
estimate the halo mass of each subgroup of the Bigfoot
in the following ways: Firstly, we summarize the stel-
lar mass of all member galaxies with M, > 10%°M_ in
each subgroup, which can be converted to a total stel-
lar mass down to 107 Mg, following their best-fit stel-
lar mass function. Then, using the redshift-dependent
stellar-to-halo mass relation (SHMR) considering both
central and satellite galaxies (M. Shuntov et al. 2022),
we can obtain a halo mass M}, , for all subgroups. Sec-
ondly, also based on the total stellar masses, we use the
relation between the halo masses and total stellar masses
of the galaxy clusters at z ~ 1 (R. F. J. van der Burg
et al. 2014) to obtain My, j,. Thirdly, for the main group
0217A, which already shows a compact and concentrated
core, we follow the methods used by the NICE team
(N. B. Sillassen et al. 2024) to estimate its halo mass
My, . using its overdensity (105 times more dense than
field level) within the virial radius. Lastly, the best es-
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timated halo masses are given as the mean log M), from
different methods. These best estimated halo masses
are listed in Table 1, whose errors are dominated by the
uncertainty of the relation between total stellar masses
and halo masses. For the central subgroup 0217A, it can
be considered as one single halo since its concentrated
density profile is described well by an NFW profile (see
Figure 5), and we are using the area within its virial ra-
dius (131pkpc) to estimate the halo mass. For the other
10 subgroups except 0217A, we remind that their mas-
sive member galaxies could have extended distributions
with the distance between them being larger than the
maximum possible virial radius. These subgroups actu-
ally have several sub-halos, and we estimate the total
halo mass of these sub-halos within a circular area with
R = 500pkpc.

3. RESULTS

Using the abundant spectroscopic data and a mass-
complete selection of high redshift galaxies enabled by
the deep JWST data in PRIMER-UDS (J. S. Dunlop
et al. 2021; T. Morishita et al. 2025), we found a mas-
sive protocluster PCL0217 with 11 confirmed subgroups
at z ~ 3.98 and present the distribution of these over-
densities in Figure 1. All of these 11 subgroups are lo-
cated in an 14.6cMpc x 37.0cMpc projected area in the
sky and 49.0cMpc (20.9cMpc for the 9 subgroups except
0217G and 0217J) along the line of sight, which can
be identified as one single protocluster by the friends-
of-friends (FoF) method (K. Wang et al. 2021). Com-
bining these subgroups, PCL0217 consists of 755 mem-
ber galaxies, including 55 galaxies spectroscopically con-
firmed at zgpec = 3.927 — 4.009 with Zspec,med = 3.979.
According to the spatial distribution of these 11 sub-
groups, we refer to it as the Bigfoot protocluster. Us-
ing the deep JWST/NIRCam and MIRI observations
from the JWST/PRIMER (J. S. Dunlop et al. 2021)
and JWST/BEACON (T. Morishita et al. 2025) surveys,
we obtained accurate measurements of the total stellar
masses and halo masses of the subgroups in the Bigfoot,
which are listed in Table 1. All of the 11 subgroups have
My, > 1012'1M®7 and the most massive protocluster core
already reaches a halo mass My, = 10300 .

3.1. The Bigfoot as a progenitor of local galazy clusters

To understand the relation between the Bigfoot and
the galaxy clusters in the local universe, we compare
our observational results with the progenitors of local
clusters from the cosmological dark matter simulation
ELUCID (H. Wang et al. 2014, 2016). As a constrained
simulation, ELUCID reconstructed and evolved the ini-
tial density field to reproduce the observed cosmic web,

the halo mass function, and the density field in the lo-
cal universe. ELUCID makes it possible to follow any
local cluster back to its high-redshift antecedents, quan-
tify its mass accretion and environmental evolution, and
thereby evaluate whether an observed z ~ 4 protoclus-
ter has the requisite large-scale overdensities to mature
into a present-day galaxy cluster. In the ELUCID simu-
lation, we select the seven most massive clusters at z = 0
with viral masses My = 101499-15:127. The pro-
genitors of these clusters are widely extended as large-
scale overdensities with a volume 4975 — 24562 cMpc3
at the z = 4.04 snapshot. The stellar-to-halo mass re-
lation (SHMR) is adopted from the UniverseMachine
(P. Behroozi et al. 2019) to associate stellar masses to
the simulated galaxy-scale subhalos (including the small
subhalos of satellite galaxies). The scatter of this SHMR
is considered by convolving the best-fit SMF shown in
Appendix B.

To make a fair comparison between the Bigfoot and
the ELUCID clusters, we measure the total SMF of the
9 subgroups at 3.97 < zgpec < 4.00 (0217G at z = 3.94
and 0217J at z = 3.93 are excluded), and the field SMF
in the same projected area at 3.73 < z < 4.23 is sub-
tracted to avoid the contamination from field galaxies.
Considering the projected distribution of these 9 sub-
groups in the Bigfoot (14.6cMpc x 37.0cMpc) and a red-
shift range 3.97 —4.00 (20.9cMpc), it yields a total SMF
of the Bigfoot within a volume ~ 11300 cMpc?, which
is within the range of the cluster progenitors from ELU-
CID. Figure 3 shows that the total SMF of the Big-
foot is consistent with the total SMF of the simulated
cluster progenitors at log(M,./Mg) < 10.2, which in-
dicates that the Bigfoot has a comparable number of
satellite galaxies located in a comparable volume with
these proto-clusters from ELUCID. Moreover, as shown
in Figure 6, the mass of the most massive halo in the
Bigfoot is also consistent with the simulated progenitors
of the massive (Mo > 10'5My) galaxy clusters. These
facts suggest that the Bigfoot can be considered as a pro-
genitor of a massive ”Coma”-type galaxy cluster with
My 2 10"°Mg at z = 0. Meanwhile, the number of
massive galaxies in the Bigfoot is much higher than the
simulated protoclusters from ELUCID, suggesting that
the formation of the massive galaxies in high-density en-
vironments could be earlier and more efficient than the
prediction of simulations based on subhalo abundance
matching.

The total SMF of the Bigfoot is compared with the
observed mass function of red galaxies in local clusters
(J. Meng et al. 2023) in the right panel of Figure 3.
Based on archaeology studies (D. Thomas et al. 2010)
and numerical simulations (e.g. Y.-K. Chiang et al. 2013;



Table 1. Properties of the 11 confirmed subgroups of PCL0217 (the Bigfoot).

ID RA Dec Zspec Nspec Niotal M*,total Mh,a Mh,b Mh,c Mh,bcst
deg deg log M log M log M@ log M@ log Mg
0217A  34.3412 -5.2404 3.98 5 81 11.6791 12.879% 130798 131793 13.0%03
0217B  34.3685 -5.3098  3.99 9 66 11.4751 127183 127703 - 12.7103
0217C  34.3654 -5.2944 3.97 1 44 114%97 127103 128103 - 12.870:2
0217D  34.3897 -5.0870 3.97 6 84  11.4*51 127702 127703 - 12.7103
0217E  34.4586 -5.1320 3.97 7 92 11.0T5] 12.5T5% 121703 - 12,3102
0217F  34.3616 -5.1494 3.98 9 86 109751 12475% 120752 - 12.219:2
0217G  34.3327 -5.1653 3.94 7 100 112707 125108 124703 - 12.479:3
0217H 34.4184 -5.2964 3.98 7 108 111707 125108 123703 - 124703
02171  34.4437 -5.3412 4.00 2 32 112t9] 126708 124703 - 125703
0217J  34.3954 -5.3600 3.93 1 36 109751 124758 11.9763 - 12.279:3
+0.1 +0.3 +0.3 +0.3
0217K 34.3845 -5.3875 3.99 1 26 109757 12.475% 11.9702 - 12.179:2
RN '"kl\'""""I""':"'I"".
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Figure 3. The total SMF of the Bigfoot compared with massive clusters with My ~ 1015 M.
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The left figure shows that the

Bigfoot has a comparable number of galaxies and occupied volume to simulated progenitors of Coma-type massive galaxy clusters, where
the red line shows the total SMF of the 9 subgroups of PCL0217 at zspec = 3.97 — 4.00 subtracted by a predicted contribution from the
field SMF. The dashed lines show the total SMF of the progenitors (z = 4.04) of the 7 most massive galaxy clusters (Mo ~ 1015 Mg) from
the ELUCID simulation (H. Wang et al. 2014). The right panel compares the total SMF of the Bigfoot with the observed mass functions
of red galaxies in local clusters from DESI and SDSS (J. Meng et al. 2023).

N. A. Henden et al. 2020; K. Wang & Y. Peng 2025),
protoclusters at z ~ 4 will keep forming their massive
galaxies until z ~ 1.5—2, so the total SMF of the Bigfoot
is much lower than local clusters with My ~ 105 M.
However, even if we do not consider any further star
formation and mergers, the number of massive galaxies
in the Bigfoot is already comparable to local clusters
with My ~ 10'*2 M, which provides a solid lower limit
of its descendant at z = 0.

3.2. Top-heavy SMF with excess of massive galaxies in
massive halos

Next, we measure the stellar mass functions for SFGs
and quiescent galaxies (QGs) separately. The SFGs and
QGs within the Bigfoot are classified using the rest-
frame UVJ criterion (S. E. Cutler et al. 2024) (We
note that this updated UVJ criterion selects more small

galaxies as quiescent post-starburst galaxies than the
traditional UVJ selection (R. J. Williams et al. 2009)).
We identify 16 quiescent galaxies in the Bigfoot, 12/16
of which are located in the massive subgroups with
My > 10'*5M_, including a massive (M, = 1090 )
quiescent galaxy in the center of the massive proto-
cluster core 0217A (ID=9002 from Figure 2, an ultra-
massive QG previously reported by the JWST EXCELS
survey(A. C. Carnall et al. 2024)). This sample of qui-
escent galaxies yields a quiescent fraction of 17.9% at
M, > 10"M_. For comparison, the quiescent frac-
tion of the field galaxies in PRIMER-COSMOS based
on the same UVJ criterion is only 6.45%, suggesting an
enhanced quenching of the massive member galaxies in
the Bigfoot.

Figure 4 presents the SMF of SFGs down to M, >
108'5M(D in each subgroup of the Bigfoot. Compared
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Figure 4. Stellar mass functions with massive galaxies excess in the Bigfoot. In the first 11 panels, the blue lines show the
SMFs of SFGs in each subgroup of the Bigfoot, while the green dotted lines show the SMF of field galaxies at 3.5 < z < 4.5 (T. Wang
et al. 2025), which is based on the same catalog as this work and has been re-normalized to match the SMFs of the Bigfoot. All of the 4
massive subgroups show a top-heavy SMF of SFGs compared with the re-normalized field SMF and the less-massive subgroups, suggesting

the accelerated formation of massive galaxies in massive overdensities. The last panel shows the total SMF of massive subgroups with
log(My, /M) > 12.5, the blue line and the red line show the distribution of SFGs and QGs, respectively. The orange line shows the total
SMF, which is the sum of the blue line and red line. The QGs, including both passive galaxies and post-starburst galaxies, are classified

using an updated UVJ criterion (S. E. Cutler et al. 2024). Due to the limited number of QGs in each subgroup, we can only plot the total

SMF of QGs instead of the SMF of QGs in each subgroup.

with the renormalized field SMF based on the same cat-
alog for PRIMER-COSMOS, the SMFs of all four most
massive subgroups in the Bigfoot (0217A-D) show an
excess of massive SFGs at M, > 10'°M_, which is sim-
ilar to the top-heavy SMF of cluster J1001 at z = 2.51
(H. Sun et al. 2024). On the contrary, the SMFs of the
other smaller subgroups are similar to the field SMF.
These excessive numbers of massive SFGs in massive ha-
los show direct evidence of the enhanced star formation
in protoclusters at high redshifts. On the other hand, in
the local galaxy clusters, this top-heavy feature is only
seen in the SMF of QGs or red galaxies (J. Meng et al.
2023), suggesting that many of these massive SFGs in
protoclusters are likely to be quenched and evolve into
the massive and red QGs observed in local clusters.

3.3. The highly concentrated density profile of 0217A

Within the Bigfoot, the most massive group 0217A is a
protocluster core that is already highly concentrated at
a dense center with both a massive dusty star-forming
galaxy detected by the ALMA SCUBA-2 UDS survey
(S. M. Stach et al. 2019)(870um continuum detection
only, but it is merging with another confirmed member
at Zgpec = 3.978) and a massive quiescent galaxy. The
RGB color map of this region is shown in Figure Al.
For 0217A, we measure the projected profile of its stel-
lar mass density and number density in Figure 5, during
which we use all galaxies at M, > 108'5M®7 and the
most massive galaxy is excluded as in previous works
(R. F. J. van der Burg et al. 2014, 2015; H. Sun et al.
2024). After subtracting the density profile by the den-
sity of field galaxies, we find that the projected density



profile of 0217A can be fitted by a projected Navarro-
Frenk-White (NFW) profile (J. F. Navarro et al. 1995;
M. Bartelmann 1996) with concentration cy = 48753
and cy = 8.773%.

To make a fair comparison between the density profile
of 0217A and galaxy clusters at lower redshifts, we cor-
rect the archival density profiles down to M, = 10%°M_
using their total SMF. According to this comparison,
the density of 0217A in its center (R < 30pMpc) is
already comparable with these clusters at lower red-
shifts, but the density of 0217A in the outskirts is much
lower, supporting an inside-out formation scenario of
(proto)clusters (R. F. J. van der Burg et al. 2015; H.
Sun et al. 2024) since z = 4.

4. DISCUSSION

4.1. Rareness of the Bigfoot and its cosmological
implications

As a progenitor of “Coma’-type massive galaxy clus-
ter at z = 3.98 located in the deep PRIMER-UDS
field with limited available area, the Bigfoot provides
an extremely rare opportunity to study the formation of
massive galaxy clusters in the early universe. Notably,
the densest protocluster core 0217A already reaches
My = 10'39M_ at z = 4. Figure 6 evaluates the rar-
ity of this halo across the two PRIMER  fields (~ 0.17
deg?) within 3.5 < z < 4.5 by comparing it with the
exclusion curves (I. Harrison & S. Hotchkiss 2013). The
rarity of a given cluster largely depends on og, whose
value is currently subject to a tension between high- and
low-redshift cosmological probes. On one hand, using
the cosmic microwave background (CMB) anisotropies
at z ~ 1100, the Planck team ( Planck Collaboration
et al. 2020) reported og = 0.811 = 0.006. On the other
hand, the og measured from low-redshift probes can be
much lower. For example, based on the galaxy cluster-
ing and weak lensing at low redshifts, the Dark Energy
Survey (T. M. C. Abbott et al. 2022) reported og =
0.733 £ 0.045. Moreover, by cross-correlating 27 million
ELGs from the DESI Legacy Imaging Surveys (A. Dey
et al. 2019), og is measured to be g = 0.702+£0.030 (T.
Karim et al. 2025). Figure 6 presents the results under
both cosmologies from Planck ( Planck Collaboration
et al. 2020) and T. Karim et al. (2025), showing that
0217A corresponds to a ~ 20 fluctuation (0.929 exclu-
sion) under the Planck cosmology but a ~ 3o fluctuation
(0.996 exclusion) when the lower oy is adopted.

Similar to the Bigfoot in PRIMER-UDS, a massive
protocluster J1001 was also reported at z = 2.51 in
the center of the COSMOS field (T. Wang et al. 2016).
Using the velocity dispersion of member galaxies in
J1001 and its total X-ray luminosity, the halo mass of
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J1001 can be estimated to be M, = 1013'7M®7 which is
also consistent to a progenitor of massive galaxy clus-
ter (Mo > 10*Mgy) at z = 2.51. This halo mass of
cluster J1001 within the 0.54deg? area covered by the
COSMOS-Web survey (C. M. Casey et al. 2023) is con-
sistent with the 0.908 ( Planck Collaboration et al. 2020)
and 0.993 (T. Karim et al. 2025) exclusion curves. Con-
sidering both 0217A and J1001 in a combined area with
redshift range 2 < z < 4.5, they agree with the 0.885
and 0.9994 exclusions under the two cosmologies. The
fact that we can find a Coma progenitor in both of
these two deep fields with limited areas shows a non-
negligible tension with the low og reported by T. Karim
et al. (2025), and we prefer the Planck cosmology with
og = 0.811 £ 0.006. On one hand, this tension of og
could be explained by a og (or Ss) increasing with red-
shifts under the ACDM cosmology (S. A. Adil et al.
2024; O. Akarsu et al. 2025). On the other hand, these
lower og values could be caused by biased observations,
with several works also reporting high og using low-
redshift probes. For example, the cosmology constrained
by the local galaxy clusters at 0.1 < z < 0.8 observed by
the SRG/eROSITA all-sky survey (V. Ghirardini et al.
2024) is o0g = 0.8840.02. This suggests that the cosmol-
ogy probed by galaxy clusters across different redshifts
is consistent with the measurement based on the CMB.

4.2. Implications on the formation of the first massive
clusters

Based on a complete sample of member galaxies in the
Bigfoot with deep JWST observations, we measure the
SMF's for all subgroups and the density profile of the
central halo in the Bigfoot. Compared with the SMF
of field galaxies, the SMF of SFGs in all four massive
subgroups in PLC0217 shows a top-heavy feature with
too many massive galaxies that are star-forming in the
massive halos. Meanwhile, the combined quiescent frac-
tion in these massive subgroups is also elevated. These
enhanced fractions of massive galaxies within massive
halos suggest that the dense environment in the early
universe significantly boosts the formation of massive
cluster galaxies. One possible explanation for it is the
feedback-free starbursts at cosmic dawn (Z. Li et al.
2024), which leads to an enhanced baryon conversion
efficiency at the high-mass end, and its prediction is
consistent with the recent JWST observations (T. Wang
et al. 2025). Meanwhile, the excess of massive substruc-
tures within a massive dark-matter halo in dense envi-
ronments (G. De Lucia et al. 2004; F. Markos Hunde
et al. 2024) could also help to produce the top-heavy
SMF.
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Figure 5. The stellar mass and number density profile of 0217A: the left panel shows the projected stellar mass density profile,
while the right panel shows the projected number density profile. The surface overdensities of 0217A are shown as the red lines, which have
been subtracted by the field level (estimated as the density of field galaxies at 3.73 < z < 4.23 in PRIMER-COSMOS). For comparison,
the orange dash-dotted lines show the density profile of cluster J1001 at z = 2.51 (H. Sun et al. 2024), the purple dashed lines show the
result of the GCLASS clusters at z ~ 1 (R. F. J. van der Burg et al. 2014), and the blue dotted lines show the results of local clusters at
z~0.15 (R. F. J. van der Burg et al. 2015). All of these archival results have been corrected to the density down to My = 108‘5M® using
their total SMF.
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The most massive subgroup 0217A in the Bigfoot is a
protocluster core that has a concentrated density profile,
which can be well described by an NFW profile (J. F.
Navarro et al. 1995). This suggests that this core region
might already be in the process of virialization. Accord-
ing to the comparison shown in Figure 5, the center re-
gion of 0217A is already as dense as the (proto)clusters
at lower redshifts (R. F. J. van der Burg et al. 2014,
2015; H. Sun et al. 2024). By contrast, both the num-
ber and stellar mass density of 0217A in the outskirts
are much lower. The combination of this highly con-
centrated density profile and the top-heavy SMFs of
SFGs supports the inside-out and top-to-bottom forma-
tion scenario of the massive protoclusters at high red-
shifts, meaning that the massive central galaxies in pro-
toclusters are formed ahead of the less massive galaxies
in the outskirts (H. Sun et al. 2024).

5. CONCLUSION

In this work, we report the discovery of a massive
protocluster PCL0217 (the Bigfoot) at z = 3.98, which
has 11 spectroscopically confirmed subgroups located in
the deep PRIMER-UDS field. Using the UV to MIR
multi-wavelength catalog based on deep JWST imaging
and spectroscopic data in PRIMER-UDS, we present
a completeness census of the member galaxies in the
Bigfoot and study its global properties, including the
SMF's and density profiles. Our main findings are listed
as follows:

1. The large-scale expansion, total SMF, and the cen-
tral halo mass of the Bigfoot are all consistent with
the Coma progenitors from numerical simulations (Y.-
K. Chiang et al. 2013; H. Wang et al. 2014), suggesting
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that the Bigfoot will evolve into a massive Coma-type
galaxy cluster with My > 10 M, at 2z = 0.

2. Within the Bigfoot, all massive subgroups show en-
larged fractions of massive galaxies. The most massive
subgroup, 0217A, shows a highly concentrated density
profile. These support the inside-out and top-to-bottom
formation scenario of massive protoclusters at high red-
shift.

3. Combining the Bigfoot with another massive proto-
cluster J1001 at z = 2.51 in COSMOS (T. Wang et al.
2016), we argue that the presence of these two mas-
sive protoclusters located in two randomly placed JWST
deepfields with limited available area strongly supports
the high og value reported by Planck Collaboration
et al. (2020) rather than the lower og inferred from low-
redshift probes (T. Karim et al. 2025).
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APPENDIX

A. THE RGB MAP OF 0217A

Figure A1l shows the RGB color map of the proto-
cluster core 0217A with the selected member galaxies
marked as open circles.

B. THE CONSTRUCTION OF SMF

As described in H. Sun et al. (2024), all SMFs are
fitted by maximum-likelihood estimation (MLE), which
is performed by minimizing the negative log likelihood
with the Expectation Maximization algorithm (A. P.
Dempster et al. 1977). With the MLE fitting, we can
avoid the uncertainty caused by the arbitrary binning

procedure. The range of the stellar mass used for
MLE is 8.5 < log(M./Mg) < 12.0 for 0217A-H and
9.0 < log(M,/Mg) < 12.0 for 02171-K. The uncertain-
ties of the best-fit parameters include both the Poisson
error and the uncertainties of stellar masses.

For each SMF, we fit it using both the single Schechter
function

®d(log M) =1In(10) x exp(—10'8 M -los M7

X [B7 (1098 Mo )+ (g D),
(B1)
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Figure Al. The RGB composite color image of the most massive protocluster core (0217A). The red, green, and blue
channels correspond to the JWST/NIRCam F444W, F277W, and F150W filters, respectively. Member galaxies are overlaid as open circles:
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and the double Schechter function

®d(log M) =1In(10) x exp(—10'8 M~log M7y
% [@T(lOIOgM_IOgM*)alJ'_l
+ 5 (1018 Mlos My (log M),
(B2)
Then, we determine which model is better using the
Bayesian Information Criterion (BIC). If A(BIC) =
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BICsingle — BICdouble > 0, it suggests that this SMF can
be better fitted by a double Schechter function. Oth-
erwise, we provide the best-fit single Schechter func-
tion. Table B1 shows the best-fit parameters of the
SMFs in this work. We caution that for most of the
SMF's in this work, the quality of the single Schechter
fitting and double Schechter fitting is comparable with
A(BIC) < 8 ~ 10 (R. E. Kass & A. E. Raftery 1995).
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