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ABSTRACT

The NOrthern Extended Millimeter Array (NOEMA) formIng Cluster survEy (NICE) is a NOEMA large programme targeting 69 massive galaxy
group candidates at z > 2 over six deep fields with a total area of 46 deg2. Here we report the spectroscopic confirmation of eight massive galaxy
groups at redshifts 1.65 ≤ z ≤ 3.61 in the Cosmic Evolution Survey (COSMOS) field. Homogeneously selected as significant overdensities of
red IRAC sources that have red Herschel colours, four groups in this sample are confirmed by CO and [CI] line detections of multiple sources
with NOEMA 3 mm observations, three are confirmed with Atacama Large Millimeter Array (ALMA) observations, and one is confirmed by Hα
emission from Subaru/FMOS spectroscopy. Using rich ancillary data in the far-infrared and sub-millimetre, we constructed the integrated far-
infrared spectral energy distributions for the eight groups, obtaining a total infrared star formation rate (SFR) of 260–1300 M� yr−1. We adopted
six methods for estimating the dark matter masses of the eight groups, including stellar mass to halo mass relations, overdensity with galaxy
bias, and NFW profile fitting to radial stellar mass densities. We find that the radial stellar mass densities of the eight groups are consistent
with a NFW profile, supporting the idea that they are collapsed structures hosted by a single dark matter halo. The best halo mass estimates are
log(Mh/M�) = 12.8−13.7 with a general uncertainty of 0.3 dex. Based on the halo mass estimates, we derived baryonic accretion rates (BARs)
of (1−8) × 103 M�/yr for this sample. Together with massive groups in the literature, we find a quasi-linear correlation between the integrated
SFR/BAR ratio and the theoretical halo mass limit for cold streams, Mstream/Mh, with SFR/BAR = 10−0.46±0.22 (Mstream/Mh)0.71±0.16 with a scatter
of 0.40 dex. Furthermore, we compared the halo masses and the stellar masses with simulations, and find that the halo masses of all structures
are consistent with those of progenitors of Mh(z = 0) > 1014 M� galaxy clusters, and that the most massive central galaxies have stellar masses
consistent with those of the brightest cluster galaxy progenitors in the TNG300 simulation. Above all, the results strongly suggest that these
massive structures are in the process of forming massive galaxy clusters via baryonic and dark matter accretion.
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1. Introduction

Galaxy clusters are the largest virialized structures in the local
Universe, and their progenitors (see Overzier 2016, for a review)
are suspected to be massive galaxy groups and protoclusters
in the early Universe (Muldrew et al. 2015). At high redshifts,
massive groups and protoclusters represent the earliest mas-
sive collapsed structures hosted by massive dark matter halos
(Wang et al. 2016; Willis et al. 2020; Di Mascolo et al. 2023).
Characterizing their dark matter halos provides key constraints
on cosmological parameters that can be used to test structure
formation theories (Overzier 2016). On the other hand, the evo-
lutionary track between the early structures and local clusters
is a major topic in modern astrophysics but remains poorly
understood (Chiang et al. 2013; Shimakawa et al. 2018). These
early (z > 2) massive structures host a large number of star-
forming galaxies rich in dust and gas (e.g. Dannerbauer et al.
2014; Oteo et al. 2018; Gobat et al. 2019). The most massive
members of these structures are often found to have vigorous
starbursts (e.g. Oteo et al. 2018; Miller et al. 2018; Zhou et al.

? Corresponding author; nbsi@space.dtu.dk
?? Marie Curie Fellow.

2024), while some members are already quiescent at z > 2 (e.g.
Kubo et al. 2021; Kalita et al. 2021; McConachie et al. 2022;
Ito et al. 2023; Jin et al. 2024). The diverse populations of mem-
ber galaxies and their rapid evolution make them an ideal labo-
ratory for studying the formation of clusters and brightest clus-
ter galaxies (BCGs; Shi et al. 2024; Jin et al. 2024). Therefore,
studying a large sample of galaxy groups and (proto-)clusters
before cosmic noon (i.e. the peak of star formation at z ∼ 2;
Madau & Dickinson 2014), where groups and (proto-)clusters
are expected to contribute significantly to the cosmic star forma-
tion rate (SFR) density, is essential to unveiling the evolution and
formation of massive galaxies and clusters (Chiang et al. 2017).

In the last decade, massive groups and (proto-)clusters
have been discovered at cosmic noon and out to the epoch
of re-ionization (z & 6−8; e.g. Hu et al. 2021; Brinch et al.
2023; Jones et al. 2023; Arribas et al. 2024; Morishita et al.
2023) using various techniques. To date, most structures have
been selected by mapping overdensity of galaxies, including
the overdensities of optical/near-infrared (NIR) sources (e.g.
Gobat et al. 2011; Wang et al. 2016), dusty star-forming galax-
ies (e.g. Dannerbauer et al. 2014), and star-forming galaxies
detected in the radio (e.g. Daddi et al. 2017, 2021). However,
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a major limitation of the overdensity mapping is the line-of-
sight projection (e.g. Chen et al. 2023). In this regard, advanced
techniques that include colour and redshift information, for
example red IRAC colours (Wylezalek et al. 2013, 2014;
Mei et al. 2023), narrowband emitters (Koyama et al. 2013;
Shimakawa et al. 2014; Hu et al. 2021), and photometric or
spectroscopic redshifts (e.g. Cucciati et al. 2018; Sillassen et al.
2022; Helton et al. 2023; Jin et al. 2024), have significantly
improved the efficiency and robustness of the selection.
Second, far-infrared (FIR) and (sub-)millimetre-bright dusty
star-forming galaxies have been used to detect high-z
protocluster candidates, which were later confirmed by
follow-up observations, for example GN20 (Daddi et al.
2009), AzTEC3 (Capak et al. 2011), the SCUBA2-selected
HDF850.1 (Walter et al. 2011), the Herschel-selected DRC
(Oteo et al. 2018) and HerBS-70 (Bakx et al. 2024), and the
millimetre-selected SPT2349-56 (Miller et al. 2018). Third,
extended X-ray emission from hot plasma in the intraclus-
ter medium (ICM) can be used to trace mature clusters (e.g.
Stanford et al. 2006). Fourth, Sunyaev–Zel’dovich (SZ) emis-
sion (Sunyaev & Zeldovich 1970) is a sign of a collapsed mas-
sive structure, where cosmic microwave background photons are
accelerated by the host ICM in clusters via inverse Compton
scattering (e.g. Staniszewski et al. 2009). Finally, extended Lyα
emission (Lyα blobs), stemming from cool gas in dense regions
associated with overdensities of galaxies, can be used to trace
actively star-forming massive groups (e.g. Prescott et al. 2008).
A new technique that uses Lyα absorption has recently been
exploited to search for galaxy groups missed by other surveys:
Lyα tomography (Lee et al. 2018; Newman et al. 2022).

Overdensity mapping and dusty star-forming galaxy (DSFG)
tracers are widely used to search for massive structures at z >
2, for which the other methods are either infeasible (e.g. SZ
and X-ray) or require prohibitively time-consuming observations.
Therefore, a combined search of FIR-luminous objects and over-
densities of optical/NIR galaxies provides an efficient and pow-
erful tool for selecting massive galaxy groups and protoclusters.
However, this method still suffers from projection effects, and
high quality photometric redshifts are required to associate the
FIR emission with the candidate overdensities. Recently, the
advent of deep, wide, and panchromatic extragalactic survey
fields, such as the Cosmic Evolution Survey (COSMOS), and
the construction of state-of-the-art, multi-band photometric cat-
alogues (e.g. COSMOS2020; Weaver et al. 2022) have made this
cluster selection method more viable than ever before. The effi-
ciency of this combined search method has been verified by some
pilot projects; they successfully selected the cluster CLJ1001,
which was later spectroscopically confirmed to reside at z = 2.51
(Wang et al. 2016), as well as three massive groups at z ∼ 3
(Daddi et al. 2021, 2022b). These discoveries demonstrated the
potential of building large, homogeneously selected samples of
massive groups and protoclusters in large and deep survey fields.

The dark matter halo mass is a vital parameter of these
identified groups and protoclusters, and an accurate esti-
mate of halo masses is crucial to assessing their dynamical
and evolutionary states (Chiang et al. 2013; Ata et al. 2022;
Montenegro-Taborda et al. 2023). To date, various methods have
been exploited to estimate the dark matter halo mass of galax-
ies and galaxy groups, including (1) the stellar-to-halo mass
relation (SHMR; e.g. Behroozi et al. 2013; Shuntov et al. 2022),
(2) dynamical constraints of member galaxies (e.g. Wang et al.
2016; Miller et al. 2018), (3) X-ray emission from the hot ICM
(e.g. Gobat et al. 2011; Wang et al. 2016), and (4) the SZ effect
from the inverse Compton scattering of cosmic microwave back-

ground photons (e.g. Gobat et al. 2019; Di Mascolo et al. 2023).
However, constraining the dark matter halo mass of structures in
the early Universe remains a challenging task. This is because
(1) optical data are often too shallow to allow for accurate stellar
mass measurements (Daddi et al. 2021), (2) spectroscopic sur-
veys of high-z structures are too incomplete for membership
identification, (3) X-ray observations from current facilities are
not deep enough to probe the hot ICM (Overzier 2016), and (4)
the SZ effect is a powerful tool but one that is very demand-
ing in terms of observing time, and only a couple of structures
have been detected at z & 2 (Gobat et al. 2019; Di Mascolo et al.
2023). Recently, Wang et al. (2016) found that the stellar mass
density profile of the z = 2.5 X-ray-detected cluster CLJ1001
can be fitted by a projected Navarro–Frenk–White (NFW) profile
(Navarro et al. 1997), suggesting that the structure is virialized
and that the halo has a relatively high concentration (Sun et al.
2024). The similar shape of the two profiles implies that the
halo mass can be estimated from the stellar mass density profile,
which provides an efficient and powerful approach to constrain-
ing the halo mass of collapsed structures. However, this novel
method has yet to be tested with a statistically robust sample at
high redshifts and still suffers from limitations (1) and (2).

Another open question concerns the growth of galaxies resid-
ing in massive structures. Theoretically, structures with dark mat-
ter halo masses above Mshock ' 1012 M� would generate shocks
and heat the infalling gas of the intergalactic medium to the tem-
perature of the ICM (Birnboim & Dekel 2003), preventing fur-
ther star formation and the growth of cluster galaxies. How-
ever, advanced simulations predict a mechanism of gas inflow in
which cold streams travelling along intersections of dense fila-
ments are able to penetrate the halo without being shock-heated
(Dekel & Birnboim 2006; Dekel et al. 2009; Rosdahl & Blaizot
2012; Mandelker et al. 2020). This regime of cold gas inflow in
a hot environment is defined by a redshift-dependent theoretical
upper limit of the host halo mass where these streams can effi-
ciently occur, Mstream, and a theoretical lower limit of the host
halo mass where shock heating occurs, Mshock (Dekel et al. 2013).
Nevertheless, observational evidence for this picture is lacking.
The model from Goerdt et al. (2010) predicted that this mode of
cold accretion would be detectable via collision-driven Lyα emis-
sion. This idea is supported by the recent discovery of giant Lyα
nebulae in massive galaxy groups at 1.9 < z < 3.3 by Daddi et al.
(2021, 2022b). The rate of accretion of both cold and warm gas
can be quantified with the baryonic accretion rate (BAR), which
is predicted to scale with the dark matter halo mass (Goerdt et al.
2010) and the total SFR it feeds (Daddi et al. 2022b). To further
verify and observationally constrain this picture of cold accretion,
a large sample of homogeneously selected massive galaxy groups
and protoclusters is needed.

Finally, the fate of massive structures in the early Universe
remains unresolved. Whether massive groups of galaxies at high-
z will form present-day clusters, a proposition that is funda-
mental for precisely defining the term ‘protocluster’, remains an
open question. Currently, there are no direct observables that
can offer a robust characterization and accurate classification
of protoclusters (Overzier 2016). Instead, comparisons between
the observables and cosmological simulations provide a feasi-
ble approach to inferring the evolutionary stage and final fate of
structures (e.g. Chiang et al. 2013; Miller et al. 2018; Ata et al.
2022; Jin et al. 2023, 2024).

In this paper we report spectroscopic confirmation of eight
galaxy groups from the NOrthern Extended Millimeter Array
(NOEMA) formIng Cluster survEy (NICE) in the COSMOS
field and study their integrated stellar, gas, dust, and dark matter
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properties. The paper is organized as follows: We describe the
sample and selection in Section 2. In Section 3 we describe the
observations and data reduction. In Section 4 we explain in detail
our analysis methods. We present our results in Section 5, dis-
cuss the corresponding science in Section 6, and summarize this
study in Section 7. We adopt a flat cosmology with parameters
H0 = 70 km s−1 Mpc−1, Ωm = 0.27, and ΩΛ = 0.73, and use a
Chabrier (2003) initial mass function. Magnitudes are in the AB
system (Oke 1974).

2. NOEMA formIng Cluster survEy (NICE)

NICE is a 159 hours NOEMA large programme (ID:M21AA,
PIs: E. Daddi and T. Wang) targeting 48 massive galaxy group
candidates in the COSMOS, Lockman Hole, Elais-N1, Boötes,
and XMM-LSS fields. This programme is complemented by
a 40 hours Atacama Large submillimeter Array (ALMA) pro-
gramme (ID: 2021.1.00815.S, PI: E. Daddi) targeting 25 candi-
dates in the southern sky in the ECDFS, COSMOS, and XMM-
LSS fields. Four candidates are observed with both NOEMA and
ALMA. Overall, 69 targets are selected in a total of 46 deg2 sky
area. The first discovery of NICE is a z = 3.95 star-bursting
group in the Lockman Hole field, which was recently reported in
Zhou et al. (2024). In this paper, we focus on the eight candidates
in the COSMOS field (Table 1), of which four are observed with
NOEMA, three are observed with ALMA, and one is observed
with both facilities.

In Table 1 we list the eight massive galaxy group candidates
of this study: seven of them (i.e. COS-SBC3, COS-SBC4, COS-
SBC6, COS-SBCX1, COS-SBCX3, COS-SBCX4, and COS-
SBCX7) were selected as a significant overdensity of red IRAC
sources with red Herschel colours, following the identical selec-
tion method utilized by Zhou et al. (2024). The selection is
described in detail in Zhou et al. (2024), and we briefly list the
selection criteria below:

(1) Overdensity of red IRAC sources:

[3.6] − [4.5] > 0.1
20 < [4.5] < 23 (1)
ΣN > 5σ,

where [3.6] and [4.5] are IRAC channel 1 and 2 magnitudes from
the COSMOS2020 catalogue (Weaver et al. 2022). We used the
distance to the N-th nearest neighbour rN to quantify the local
galaxy density, and constructed a galaxy surface density map of
ΣN = N/(πr2

N). We selected overdensities with either Σ5 or Σ10
that are 5σ above the field levels in log scale (e.g. Wang et al.
2016).

(2) Herschel detection with red colours:

S 500 µm > 30 mJy
S 350 µm/S 250 µm > 1.07 (2)
S 500 µm/S 350 µm > 0.72.

Additionally, the target HPC1001 was originally selected by
Sillassen et al. (2022) using the overdensity of COSMOS2020
sources at zphot ∼ 3.7 and an overdensity of ALMA sources.
We note that HPC1001 has red IRAC colours as in Eq. (1)
but was not selected as an IRAC overdensity. This is because
HPC1001 is extremely compact, and the members are severely
blended in the low-resolution IRAC images. However, the Σ5 of
z ∼ 3.7 sources in HPC1001 is 6.8σ above the average, which
is one of the strongest overdensities in the COSMOS field at
z > 3 (Sillassen et al. 2022). Furthermore, HPC1001 satisfies

the criteria of Herschel selection (Eq. (2)) and shows even redder
colours. Therefore, the eight candidates share a consistent selec-
tion, constituting a homogeneous sample. Benefiting from the
rich multi-wavelength datasets and well-established catalogues
in the COSMOS field, the eight high-z group candidates are enti-
tled to the best data quality in the NICE sample, constituting an
ideal sample for this initial statistical study of the NICE pro-
gramme.

3. Data

The eight galaxy group candidates in the COSMOS field are
observed with the NOEMA and ALMA interferometers. A sum-
mary of our observations is provided in Table 1, and we describe
them in detail below.

3.1. NOEMA

As a part of the NICE large programme, five targets were
observed with NOEMA (Table 1). The observations were
designed with two frequency setups of two sidebands each in
NOEMA Band 1, covering CO(3–2) and CO(4–3) in the red-
shift ranges 2 < z < 4 and z > 3, respectively. The first setup
covered the frequencies of the most probable CO lines. If lines
were detected with the first setup, the second setup was not exe-
cuted. The observations were conducted in October 2022 with a
total on-source time of 10.8 h for the five targets in track shar-
ing mode with array configurations C and D. The data were
reduced and calibrated using the institut de radioastronomie mil-
limétrique (IRAM) software package1. The final data products
were generated in uv tables, reaching an average continuum sen-
sitivity of 17 µJy/beam and line sensitivity 0.13 mJy/beam over
a 500 km s−1 line width at ∼100 GHz, with an average angular
resolution of ∼4.1′′ (see details in Table 1).

3.2. ALMA

ALMA Band 4 and 5 observations of four targets were carried
out in Cycle 8. We designed four frequency tunings that cover
one or multiple CO and CI lines based on the estimated red-
shift of the groups. The four tunings cover the frequency range
135−183 GHz, but leave two gaps at 157.5–168.5 GHz and 170–
178 GHz. The observations were conducted in August 2022,
reaching an rms sensitivity of 0.13 mJy/beam over a 500 km s−1

line width at ∼150 GHz. The raw data were reduced and cal-
ibrated using the Common Astronomy Software Application
(CASA; McMullin et al. 2007) pipeline. Following our standard
pipeline (e.g. Coogan et al. 2018; Jin et al. 2019, 2022; Zhou et al.
2024), we converted the calibrated measurement sets to uvfits
format for further analysis with the GILDAS/mapping software.
In each ALMA tuning, we achieved an average continuum sensi-
tivity of 16 µJy/beam and an angular resolution of ∼0.7′′.

3.3. Spectrum extraction pipeline

The extraction of NOEMA and ALMA spectra is carried out
with the pipeline adopted in Zhou et al. (2024). Briefly, we
extracted spectra in the uv space (visibility) using the uvfit rou-
tine of GILDAS. The uvfit run was performed on the original
uv tables at all frequencies, where we adopted a point source
model for the sources, using prior positions from the COS-
MOS2020 catalogue or ALMA continuum images. To enhance
1 https://www.iram.fr/IRAMFR/GILDAS
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Table 1. Observations presented in this work.

Target name RA Dec zspec Programme ID Sensitivity (a) Beam Ancillary ID Sens. (b) Ang. res. (d)

[deg] [deg] [mJy/beam] [arcsec] [mJy/beam] [arcsec]

(NOEMA)
HPC1001 150.4656 2.6359 3.613 M21AA 0.13 4.7 × 3.7 2013.1.00034.S 0.06 0.4
COS-SBCX3 150.3113 2.4511 3.031 M21AA 0.15 5.4 × 4.5 2016.1.00463.S 0.26 0.8
COS-SBCX4 150.7509 2.4132 2.646 M21AA 0.13 4.2 × 1.8 2016.1.00463.S 0.27 0.8
COS-SBCX7 149.9898 1.7978 2.415 M21AA 0.14 4.7 × 3.8 2015.1.00137.S 0.12 1.0
(ALMA)
COS-SBC3 150.7196 2.6995 2.365 2021.1.00815.S 0.13 0.84 × 0.55 2021.1.00246.S 0.02 1.6
COS-SBC6 149.7057 2.2160 2.323 2021.1.00815.S 0.13 0.87 × 0.53 2016.1.00463.S 0.27 0.8
COS-SBC4 150.0364 2.2177 1.65 (c) 2021.1.00815.S 0.13 0.72 × 0.57 2016.1.00463.S 0.27 0.8
(NOEMA + ALMA)
COS-SBCX1 150.3492 2.7619 2.422 M21AA 0.14 4.8 × 3.8 2016.1.00463.S 0.26 0.8

2021.1.00815.S 0.23 0.83 × 0.66

Notes. (a)Line sensitivity over 500 km s−1. (b)The redshift is measured from Subaru/FMOS observations (Kashino et al. 2019). (c)Continuum sensi-
tivity of the ancillary ALMA data. (d)Angular resolution of the ancillary ALMA data.

the sensitivity in overlapping frequency ranges, we combined all
spectral windows of ALMA into a single 1D spectrum for each
source.

3.4. Ancillary data

We utilized the rich multi-wavelength data and catalogues in the
COSMOS field. In the optical and NIR, we adopted the COS-
MOS2020 photometric catalogue (Weaver et al. 2022), along
with the provided photometric redshifts and stellar masses that
were crucial for the identification of spectral lines in our data
and for characterization of the physical properties of the mem-
ber galaxies. At FIR and sub-millimetre wavelengths, we made
use of the MIPS 24 µm (Le Floc’h et al. 2009), Herschel 100–
500 µm (Lutz et al. 2011), SCUBA-2 850 µm (Simpson et al.
2019), and AzTEC 1.1 mm maps (Aretxaga et al. 2011), and
we measured the integrated fluxes of this sample by perform-
ing the super-deblending technique (Liu et al. 2018b; Jin et al.
2018). For radio bands, we used the low-resolution MeerKAT-
DR1 image with a beam size of 8.9′′ × 8.9′′ and frequency
range 1.15–1.35 GHz (Jarvis et al. 2016; Heywood et al. 2022;
Hale et al. in prep.). We also used the archival ALMA data
(ID: 2016.1.00463.S, PI: Y. Matsuda; ID: 2021.1.00246.S, PI: C.
Chen; ID: 2015.1.00137.S, PI: N. Scoville; 2013.1.00034.S, PI:
N. Scoville) for the dust continuum imaging in Band 6 and 7, and
ALMA photometry from the A3COSMOS catalogue (Liu et al.
2019) where available.

4. Methodology

In this section we describe the methods adopted to determine the
redshifts and group membership, as well as the integrated FIR
properties, the BAR, and the halo mass of the groups.

4.1. Line detection and redshift determination

Following Zhou et al. (2024), we ran a line-searching algorithm
as in Coogan et al. (2019) and Jin et al. (2019) to search for the
highest integrated signal-to-noise ratio (S/N) emission lines in
the 1D NOEMA/ALMA spectra. We fit the line-free contin-
uum emission as a power-law with a fixed slope of 3.7 in fre-
quency, assuming modified blackbody emission with β ∼ 1.7
(Magdis et al. 2012), by masking out channels where signifi-

cant (Pchance < 5%, Jin et al. 2019) emission lines are detected.
The continuum-subtracted spectra are then fitted with a Gaussian
line-profile using MPFIT2, at the frequencies identified by the
line searching algorithm. The redshift can be robustly identified
if two or more lines are detected on one source. For sources only
detected with a single line, we determined their redshifts by com-
paring them to the photo-z redshift probability density function
(PDF(z)) from the COSMOS2020 catalogue. As an example, in
Fig. D.1, we determined the best zspec solution by comparing
all possible redshift solutions for each object with optical/NIR
photometric PDF(z) from the Classic LePhare version of COS-
MOS2020. For galaxies with a broad PDF(z) and an emission
line detection close to the frequency of the structure as deter-
mined by other secure members, it is assumed that its redshift
is closest to the redshift of the structure. Such cases only occur
on two sources (HPC1001 ID1272853 and SBCX4 ID1049929),
and one of them (ID1272853) has been recently confirmed with
our ALMA [CI] observation (ID: 2023.1.00652.S, PI: N. Sil-
lassen), which further validates our identification method.

4.2. Candidate member selection

With the photometric redshifts in the COSMOS2020 catalogue
(Weaver et al. 2022), we selected candidate group members with
|zphot − zspec,group| < 0.1(1 + zspec,group) within the virial projected
radius from the group centres (see Table 4), where zspec,group is
the spectroscopic redshift of the central galaxy. This redshift
range is defined by the representative uncertainty at the faint end
of the COSMOS2020 catalogue of ∼10% (Weaver et al. 2022).
The virial radius limit ensures that we were only probing the
inner region of these structures. We note there is a radial- and
stellar-mass-dependent expected interloper fraction (Fig. H.1-
right); that is, low stellar mass candidate members far from the
centre have a higher chance of being interlopers. We discuss
implications of interlopers in detail in Section 6.4.

4.3. Integrated FIR spectral energy distributions

A deblended FIR catalogue of the COSMOS field is publicly
available (Jin et al. 2018); however, it is not directly applicable

2 http://cow.physics.wisc.edu/~craigm/idl/idl.html
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for individual galaxies in crowded group and protocluster envi-
ronments. Due to the overdense nature and the large Herschel
and SCUBA2 beams (15–36′′), in the group centre tens of
galaxies can be present in one beam, which leads to severe
blending of sources. Given the high compactness of the eight
groups, we applied the super-deblending technique (Jin et al.
2018; Liu et al. 2018a) with improved priors to measure the
integrated fluxes in Herschel and SCUBA2 images, following
the same method applied in Daddi et al. (2021) and Zhou et al.
(2024).

In detail, for each group, we defined one prior at the peak
position of the SCUBA2 850 µm detection (Simpson et al. 2019)
to represent the whole structure. In the prior list, we excluded
sources within a 10′′ radius of the prior to reduce the crowd-
ing (Liu et al. 2018a). Then we subtracted faint foreground and
background sources by convolving the point spread function
(PSF) of each instrument to the corresponding image, and ran
PSF fitting on the fixed prior positions together with other
sources from COSMOS2020 that are beyond the 10′′ radius of
the group centre. We note that nearly all ALMA and NOEMA
continuum sources in the groups are spectroscopically confirmed
to be group members; hence, the contamination of dusty inter-
lopers is negligible, and the fitting is straightforward. The PSF
fitting is performed for Herschel 100–500 µm, SCUBA2 850 µm,
and MeerKAT images, and the measured fluxes and their uncer-
tainties are then calibrated by Monte Carlo simulations per-
formed on the maps (see Jin et al. 2018 for details). Finally,
we checked the residual images and find that a few groups
are resolved in the MeerKAT map (beam size ∼9′′); hence, we
adopted aperture photometry for these. Due to its relatively high
resolution (6′′), the MIPS 24 µm image cannot be fit with a sin-
gle PSF. We thus adopted the total weighted 24 µm photome-
try of individual members in the Jin et al. (2018) catalogue. The
resultant photometry is summarized in Table F.1.

To infer the integrated physical properties of these groups,
we fit the integrated FIR spectral energy distribution (SED) using
STARDUST (Kokorev et al. 2021) with the above FIR photome-
try, as well as the integrated ALMA and NOEMA continuum
fluxes where available. The fitting was performed at the spectro-
scopic redshift of each group (Table 1). Only photometric points
with a significant detection (>3σ) were considered in the fit-
ting, and the rest were treated as 3σ upper limits (Kokorev et al.
2021). We note that the radio photometry is not included in
the fitting. Instead, we extrapolated a radio component based
on the IR luminosity using the stellar mass-dependent IR-radio
relation from Delvecchio et al. (2021), assuming the average
stellar mass of spectroscopically confirmed ALMA continuum-
detected sources. This allows us to identify potential radio excess
by comparing the IR-derived radio model with the measured
radio flux.

4.4. Estimate of dark matter halo mass

Based on literature studies (e.g. Wang et al. 2016; Daddi et al.
2021, 2022b; Sillassen et al. 2022), we adopted and developed
in total six methods for estimating the dark matter halo mass3.
Our six methods are split into three main techniques; the first
three methods employ the simple SHMR with the peak stellar
mass and the total stellar mass, respectively, the fourth method
employs overdensity with clustering bias, and the final two use
projected stellar mass surface density profile fitting. We briefly

3 We use Mh(n) as a shorthand to refer to the n-th method for halo mass
estimation.

summarize the six halo mass methods in Table 2, and refer the
details as follows:

(1) We derived a halo mass by scaling the stellar mass of
the most massive central group member with the SHMR in
Behroozi et al. (2013);

(2a) Following the methodology in Daddi et al. (2021,
2022b) and Sillassen et al. (2022), we computed the mass-
complete total stellar mass of members within the radius
R < Rvir. R selected from mass-complete COSMOS2020
(Weaver et al. 2022), where the expected contamination from
the background is <10% (e.g. Fig. H.1-left). We then extrap-
olated the mass down to 107 M� assuming the field stellar
mass function (SMF) from Muzzin et al. (2013). We subtracted
the contamination of the background from the recovered total
mass. This background-corrected total stellar mass was then
scaled to the redshift-dependent central and satellite stellar mass
(M∗,cent+M∗,satellite) SHMR in the COSMOS2020 catalogue from
Shuntov et al. (2022). This recovered halo mass was corrected
for measuring the stellar mass within a radius smaller than virial,
by assuming a NFW density profile (Navarro et al. 1997).

(2b) Using the total stellar mass in Mh(2a), we derived a halo
mass by scaling the total stellar mass with the SHMR of z ∼ 1
clusters from van der Burg et al. (2014).

(3) We estimated halo mass based on the overdensity of the
groups above the field level, following the methodology pre-
sented in Sillassen et al. (2022). A stellar mass cut, selected
where the interloper fraction at the virial radius of the group
was <10% (e.g. Fig. H.1-right), was applied to the entire cat-
alogue. First, we measured the average number density of the
photo-z-selected galaxies (|zphot − zspec,group| < 0.1(1 + zspec,group))
in the mass cut COSMOS2020 Classic LePhare catalogue, and
obtained the group core density by measuring the number den-
sity within the virial radius centred on the core. The depth dif-
ference between the field and the group selection was accounted
for by assuming a group velocity dispersion ∆v = 400 km/s,
which is the velocity dispersion of a virialized group with Mh ∼

2 × 1013 M� at z ∼ 2.5 (Ferragamo et al. 2021). We then cal-
culated the mass of a sphere with comoving virial radius R200,
defined as the radius within which the average density is 200
times the critical density of the universe with initial halo mass
from Mh(2a):

Mh =
ρ δ

b
4
3
π(R200(1 + z))3. (3)

Here δ = (Σgroup − Σfield)/Σfield is the overden-
sity and ρ is the average matter density at z(
ρ = ρcΩm, ρc =

3H(z)2

8πG , H(z) = H0
√

Ωm(1 + z)3 + ΩΛ

)
, where

ρc is the critical density of the universe at z, H(z) is the Hubble
parameter at z, H0 is the Hubble parameter at z = 0, Ωm and
ΩΛ are the fraction of matter and vacuum energy of the total
energy in the Universe, respectively, and b is a clustering bias
calculated with the Tinker et al. (2010) formalism. Using the
halo mass from Mh(2a) as an initial guess on the halo mass, we
recalculated the bias in an iterative fashion from the result of
this method until convergence.

(4) Inspired by the stellar mass density profile of the z = 2.5
X-ray detected cluster CLJ1001 being consistent with a NFW
profile (Wang et al. 2016), we explored fitting the projected stel-
lar mass density of each group using a NFW dark matter halo
profile (Navarro et al. 1997). We assumed that the structures are
virialized, their stellar mass density profiles can be described by
a NFW profile, and the stellar mass profile follows the under-
lying dark matter profile. We first sampled the projected NFW
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Table 2. Halo mass estimate methods in this work.

Method Input SHMR SMF Overdensity NFW fit Assumption

(Stellar mass scaling with SHMR)
Mh(1) M∗,BCG Behroozi et al. (2013) – – – –
Mh(2a) M∗,tot Shuntov et al. (2022) Muzzin et al. (2013) – – Virialization
Mh(2b) M∗,tot van der Burg et al. (2014) Muzzin et al. (2013) – – Virialization

(Galaxy overdensity-based)
Mh(3) – – – This work – Virialization

(M∗ surface density profile fitting)
Mh(4) ΣM∗ (R) – – – This work NFW profile
Mh(5) ΣM∗ (R) – – – This work NFW profile and fixed c (∗)

Notes. The details are described in Sect. 4.4, and the results are presented on Table 4. (∗)c is the concentration parameter of the dark matter halo.

profiles with a range of halo mass and concentration parameter
values at a fixed redshift (see Appendix I). The radial bins are
annuli with increasing radius R from R ∼ 10 pkpc out to∼2 pMpc.
We calculated a characteristic mass, M0,i = (δM∗,total,i)2/M∗,total,i,
and background stellar mass density in each annulus, for the mass-
complete z-phot selected COSMOS2020 catalogue in 10 000 ran-
domly placed annuli. Combining the model and background, we
estimated the expected number of galaxies in each radial bin,
Nmodel,i. The observed characteristic number in each radial bin
was calculated as Nobs,i = M∗,total,i/M0,i. We found the best model
by maximizing the combined probability of finding Nobs when
expecting Nmodel; pcombined = Πi(pi) where pi = p(Nobs,i ≤

Nmodel,i) when Nmodel,i > Nobs,i and pi = p(Nobs,i ≥ Nmodel,i) when
Nmodel,i ≤ Nobs,i assuming a Poisson distribution. The projected
stellar mass surface density was calculated within the annuli (i.e.
Σ(R)) centred on the mass and distance to FIR peak weighted
barycentre of spectroscopically confirmed member galaxies. The
best-fit profile yields a total baryonic mass Mb,total. We adopted
a dark matter to baryonic mass ratio of Ωm/Ωb − 1 ≈ 5.4 from
PLANCK cosmology (Planck Collaboration VI 2020) to convert
Mb,total to halo mass Mh(4).

(5) Assuming that the stellar mass density profiles largely
follow NFW models, we further explored deriving halo mass
solely based on the shape of the density profiles, independent
of a scaling with stellar mass. We fit the stellar mass surface
density profiles and their background levels using a NFW model
with scale radius (Rs) as a variable. Unlike with Mh(4), we fixed
the concentration parameter, c, of the halos using the predic-
tions from Ludlow et al. (2016), assuming a prior halo mass
from the average of Mh(2a), Mh(3), and Mh(4). The best-fit Rs
value allowed us to obtain a virial radius R200 = Rsc. This virial
radius is directly correlated with the halo mass, and hence we
obtained the halo mass using the redshift-dependent Mh−R200
relation from Goerdt et al. (2010).

5. Results

In this section we report the results of our analyses adopt-
ing the methodologies presented in Section 4. We produced
colour images and spectra for confirmed and candidate members
(Fig. 1 and A.1–A.7) and multi-wavelength cutouts (Fig. B.1–
B.8). Coordinates and physical properties of confirmed and can-
didate members are shown in Tables C1–C8.

5.1. Emission lines and redshifts

We detect robust (σ > 7,pchance < 0.001) emission lines in seven
out of the eight pointings, with no significant lines detected in

COS-SBC4. To identify the lines and determine the redshift,
we calculated all possible redshift solutions of CO and [CI]
lines allowed by the observed frequencies, and compared them
with the PDF(z) in the COSMOS2020 catalogue. As shown in
Figs. D.1–D.7, the best redshift solution is determined as the one
that is closest to the peak of PDF(z). In cases where the group
frequency is significantly offset from the peak of the PDF(z), for
example ID1272853 in Fig. D.1, we reject solutions closer to
the peak as one or more bright lines would be covered but none
are detected. In total, we identify 22 emission lines of CO(3–2),
CO(4–3), CO(5–4), and [CI](1–0) for 20 sources. A summary
of the detected lines is presented in Table 3. We detect a sin-
gle emission line from 18 galaxies, and two sources are detected
with two or more lines. For 58% (95%) of the sources, the best
zspec solution lies within the 1σ (2σ) uncertainty of the zphot esti-
mates (Figs. D.1–D.7). The mean zspec solution is −0.57σ in the
PDF(z).

The z = 3.61 HPC1001 is the most distant group in this sam-
ple, in which we detect three CO lines. Notably, the emission line
from the core region has a velocity width of 1824 ± 167 km/s.
This large width suggests a blending of multiple sources in the
low resolution NOEMA beam (∼4′′, Fig. 1), consistent with the
fact that three ALMA 1.2 mm continuum sources are detected
(at 0.4′′ resolution) within the NOEMA beam. As the photomet-
ric redshifts of the two i, J, and Ks-detected galaxies in the core
are consistent with the CO redshift (see Fig. D.1), we suspect
the three galaxies to be at the same redshift z = 3.613. Sim-
ilarly, Gómez-Guijarro et al. (2019) studied Herschel selected
sources blended at similar scales, and found all blended candi-
date member galaxies at the same redshift, if this is also true
for HPC1001, this would result in a total of five zspec con-
firmed members. Our ongoing high-resolution ALMA obser-
vations (ID: 2023.1.00652.S, PI: N. Sillassen) will reveal the
members in the compact core. Interestingly, we spectroscopi-
cally confirm the nearby DSFG (HPC1001.m) at z = 3.610 (i.e.
at a velocity difference of just −141 km/s from the core). At a
projected distance of ∼204 kpc, the nearby DSFG is outside the
expected virial radius of the dark matter halo (Table 4), indicat-
ing that the DSFG HPC1001.m is in a larger structure at the same
redshift.

In the other groups, we can separate individual members
without blending issues. We confirm two members in COS-
SBCX3, three members in COS-SBCX4, four members in COS-
SBCX7, one member in COS-SBC3, and two members in COS-
SBC6. In the pointing COS-SBCX1, we confirmed a mem-
ber with four emission lines CO(3–2), CO(4–3), [CI](1–0),
and CO(5–4) all with S/N> 6. Though no line was detected
in COS-SBC4 with ALMA, we confirm three members with
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Fig. 1. Colour images and NOEMA spectra of HPC1001. Photometrically selected galaxies with 3.15 < zphot < 4.07 are shown in cyan circles.
Spectroscopically confirmed galaxies are shown in green circles, with the spec-z labelled. Cyan plus signs indicate where 1D 3 mm spectra have
been extracted. Top left: red-green-blue image corresponding to IRAC/4.5 and 3.6 µm, and UVISTA/Ks overlaid with yellow SPIRE/350 µm
contours at 10, 20, and 30 mJy levels. Magenta contours show ALMA Band 6 1.2 mm dust continuum at 3, 5, and 7σ levels. Top right: red-green-
blue image corresponding to UVISTA/Ks, J, and ACS/i. The yellow contours show CO(J = 4−3) line emission at 3, 5, and 7σ levels. Bottom:
NOEMA Band 1 spectra in the HPC1001 core. The continuum level is marked with a red line, and significant (Pchance < 5%) emission lines are
marked in yellow. The dotted blue line shows the flux uncertainty (1σ) per channel. The structure name, bin velocity width, ID, and redshift are
provided. Corresponding plots for the seven other fields are shown in Figs. A.1–A.7.

Subaru/FMOS (Kashino et al. 2019). All emission lines at the
redshift of COS-SBC4, z = 1.65, would fall out of the frequency
coverage of our ALMA observations.

5.2. Integrated FIR properties

In Fig. 2 we present the best-fit of the integrated FIR photome-
try with STARDUST based on dust templates from Magdis et al.
(2012). We obtain FIR properties of the integrated dust emis-
sion of the groups, including total IR luminosity (LIR), SFR,
dust mass (Mdust) and mean radiation field (〈U〉). As summa-
rized in Table 5, we obtain integrated SFRs in the range SFRIR =
(262−1319) M�/yr, dust masses in the range Mdust = (1.0−5.2)×
109 M� (optically thin model), and dust-weighted mean starlight
intensity scale factors in the range 〈U〉 = (9−50) (Fig. 2).

Remarkably, seven of the eight FIR SEDs are well fit by
pure dust emission, that is, they need no mid-IR or radio active
galactic nucleus (AGN) contribution to fit the data. As shown in
Fig. 2, they closely follow the IR-radio correlation with a dis-
persion of 0.11 dex (inter quartile range), indicating that they are
powered predominantly by star formation. However, COS-SBC6
exhibits clear radio excess that suggests the presence of a radio-
loud AGN. Adding a mid-IR AGN component to the fit of COS-
SBC6 yields a mid-IR AGN contribution of ∼10% to the total
IR luminosity. We recall that the radio part of the model is not
part of the fit but extrapolated using the Delvecchio et al. (2021)
IR-radio correlation. By including the radio excess found in the
z = 3.95 LH-SBC3 presented in Zhou et al. (2024), this gives a
radio-loud AGN fraction of 2/9 (i.e. 22%) in the NICE sample
of massive galaxy groups at 1.6 < z < 4. This low fraction of
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Table 3. Significant emission lines detected with NICE.

Structure ID RA Dec νobs Line S line WidthFWZI S/N Pchance
(a)

[deg] [deg] [GHz] [Jy km/s] [km/s]

HPC1001 – 150.4659 2.6362 99.957 CO(4–3) 1.03 ± 0.09 1824 ± 167 10.9 <0.001
HPC1001 1272853 150.4618 2.6294 100.004 CO(4–3) 0.38 ± 0.08 1036 ± 266 3.9 0.001 (b)

HPC1001 1274387 150.4647 2.6307 100.130 CO(4–3) 0.36 ± 0.08 1288 ± 300 4.3 0.019 (b)

COS-SBCX3 1088787 150.3105 2.4515 85.803 CO(3–2) 0.90 ± 0.08 571 ± 49 11.6 <0.001
COS-SBCX3 1088927 150.3117 2.4510 85.768 CO(3–2) 0.62 ± 0.07 428 ± 45 9.5 <0.001
COS-SBCX4 1050531 150.7504 2.4129 94.805 CO(3–2) 1.71 ± 0.06 653 ± 27 26.8 <0.001
COS-SBCX4 1049510 150.7512 2.4124 94.947 CO(3–2) 0.38 ± 0.07 653 ± 112 5.8 <0.001
COS-SBCX4 1049929 150.7522 2.4140 94.789 CO(3–2) 0.30 ± 0.05 392 ± 62 6.3 <0.001
COS-SBCX1 1408110 150.3480 2.7611 168.415 CO(5–4) 0.59 ± 0.08 554 ± 70 7.9 <0.001

” ” ” 143.797 [CI](1–0) 0.43 ± 0.06 557 ± 82 6.8 <0.001
” ” ” 134.686 CO(4–3) 0.80 ± 0.13 1145 ± 182 6.3 <0.001
” ” ” 101.046 CO(3–2) 0.98 ± 0.15 859 ± 133 6.5 <0.001

COS-SBCX7 394609 149.9896 1.7977 101.228 CO(3–2) 0.79 ± 0.09 675 ± 74 9.1 <0.001
COS-SBCX7 394944 149.9882 1.7980 101.221 CO(3–2) 0.57 ± 0.07 491 ± 63 7.8 <0.001
COS-SBCX7 392257 149.9910 1.7967 101.247 CO(3–2) 0.54 ± 0.09 675 ± 113 6.0 <0.001
COS-SBCX7 392639 149.9816 1.7960 101.310 CO(3–2) 0.75 ± 0.20 491 ± 132 3.7 0.028 (b)

COS-SBC3 1345246 150.7193 2.6998 154.812 CO(5–4) 1.00 ± 0.08 725 ± 55.3 13.1 <0.001
COS-SBC3 1340799 150.7226 2.6963 137.021 CO(4–3) 0.72 ± 0.11 308 ± 49 6.4 <0.001

” ” ” 146.305 [CI](1–0) 0.62 ± 0.15 390 ± 95 4.1 0.022 (b)

COS-SBC6 835289 149.7053 2.2153 138.757 CO(4–3) 0.94 ± 0.10 909 ± 98 9.3 <0.001
COS-SBC6 839791 149.7053 2.2171 138.718 CO(4–3) 1.05 ± 0.12 1044 ± 116 9.0 <0.001
COS-SBC6 838104 149.7074 2.2140 168.253 CO(4–3) 0.39 ± 0.07 305 ± 57 5.4 <0.001

Notes. (a)Chance probability over the entire spectrum as defined in Jin et al. (2019). (b)Chance probability when limiting the line search to
±2000 km/s from the brightest line (Zhou et al. 2024).

Table 4. Dark matter halo mass results for all groups.

Structure σOD
(a) M∗,max

(b) Total M∗ Mh(2a) Mh(3) Mh(4) Mh best (c) Rvir
(d) Mh(1) Mh(2b) Mh(5)

[1011 M�] [1011 M�] log M� log M� log M� log M� [pkpc] log M� log M� log M�

HPC1001 7.7 1.0 ± 0.2 2.4 ± 0.2 13.0+0.3
−0.2 13.4+0.3

−0.2 13.6+0.2
−0.3 13.3 ± 0.3 181 ± 42 >12.8 12.8 ± 0.3 12.9+0.9

−1
COS-SBCX3 6.0 0.5 ± 0.1 1 ± 0.1 12.6+0.5

−0.2 12.8+0.2
−0.3 13.1+0.3

−0.5 12.8 ± 0.3 141 ± 33 12.3+0.4
−0.1 12.2 ± 0.4 12.8+2.4

−1.3
COS-SBCX4 6.0 1.6 ± 0.4 4.4 ± 0.6 13.1+0.3

−0.2 13.3+0.2
−0.3 13.6+0.2

−0.1 13.3 ± 0.3 229 ± 53 >13.1 13.2 ± 0.3 13.2+1.3
−1

COS-SBCX1 7.0 2.5 ± 0.6 8.6 ± 0.6 >13.6 13.7+0.3
−0.3 13.9+0.1

−0.2 13.7 ± 0.3 331 ± 70 >13.8 13.7 ± 0.2 13.4+2.6
−1.3

COS-SBCX7 5.6 1.3 ± 0.3 4.5 ± 0.6 13.6+0.5
−0.3 13.4+0.2

−0.3 13.7+0.1
−0.1 13.6 ± 0.3 308 ± 71 13.5+1.4

−0.4 13.3 ± 0.2 13.3+0.8
−0.8

COS-SBC3 4.6 3.2 ± 0.7 5.2 ± 0.7 13.7+0.5
−0.3 13.4+0.2

−0.3 13.9+0.2
−0.1 13.7 ± 0.3 337 ± 71 >14.1 13.3 ± 0.2 13.3+1.7

−1.3
COS-SBC6 4.6 1.3 ± 0.3 2.5 ± 0.2 13.2+0.9

−0.3 13.3+0.2
−0.3 13.6+0.1

−0.3 13.4 ± 0.3 271 ± 57 13.5+1.4
−0.4 12.9 ± 0.3 13.0+1.7

−1.3
COS-SBC4 7.4 1.6 ± 0.6 7.9 ± 0.4 >13.5 13.7+0.3

−0.4 13.9+0.1
−0.2 13.7 ± 0.3 429 ± 90 > 13.0 13.8 ± 0.2 13.4+0.7

−0.6

Notes. Lower limits are at 1σ significance. (a)Peak significance of overdensity. (b) M∗,max is the stellar mass of the most massive central spectro-
scopically confirmed member galaxy. (c)The best estimate halo mass is the average of Mh(2a), Mh(3), and Mh(4), and the uncertainty is estimated
by the average scatter between the methods (Fig. 3). (d)Virial radius of Mh Best, using the Mh−Rvir relation from Goerdt et al. (2010).

radio-loud AGNs implies that this massive group population is
primarily in star formation mode, and they are not significantly
affected by AGN activity.

5.3. Dark matter halos

Using the methods described in Section 4.4, we estimated halo
masses of log(Mh/M�) = 12.8−13.7 as listed in Table 4. In Fig. 3
we compare Mh(2a), Mh(3), and Mh(4),which represent the three
main techniques of stellar mass scaling, projected galaxy overden-
sity, and NFW profile fitting, respectively. We calculated the stan-
dard deviation and mean offset from a 1:1 relation between each
two methods (Fig. 3). We find that the results from different meth-

ods agree within 0.2–0.3 dex with systematic offsets .0.4 dex,
which are consistent with the expected uncertainty of lower-mass
halos (Mh < 4 × 1013 M�) at high redshifts (z > 2; Looser et al.
2021; Daddi et al. 2021, 2022b). The mean offset is in all cases
.2σ, and thus with this limited sample size we are unable to detect
significant systematic offsets. We adopted an average of methods
Mh(2a), Mh(3), and Mh(4) as the median of the best estimate, and
the uncertainty is conservatively adopted as 0.3 dex, based on the
scatter between methods (see Fig. 3).

Uniquely, as shown in Fig. 4, the best fit of Mh(4) shows that
all stellar mass density profiles can be fitted by a NFW profile.
This suggests that these structures are likely already collapsed
and hosted by a single dark matter halo. Furthermore, Mh(4)
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Fig. 2. Integrated FIR SEDs of our sample of high-z structures, which are fitted with dust models (grey curve; Magdis et al. 2012) and, in the case
of COS-SBC6, a mid-IR AGN template (yellow; Mullaney et al. 2011) (see Section 5.2). We show the best-fit SFR, dust mass, and radiation field
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dashed lines correspond to the 1:1 relation and 1σ, respectively.

allows us to constrain the concentration parameter c of the dark
matter halos (see Table G.1). In Fig. G.1 we compare the mea-
sured concentrations with the predicted values c(M, z) from sim-
ulations (Ludlow et al. 2016). The comparison shows a standard
deviation from the 1:1 relation of 0.28 dex, and our measured
mean concentration is 0.4 dex higher than the predictions from
simulations.

5.4. Baryonic accretion rate

Following the procedure in Daddi et al. (2022b) and using
Eq. (5) in Goerdt et al. (2010), we estimated the total BAR:

BAR ' 137
(

Mh

1012M�

)1.15 (
1 + z
1 + 3

)2.25

M� yr−1. (4)

Based on the best estimate of halo masses (Table 4),
we calculated the BAR using Eq. (4), yielding BAR =
(1200−8400) M�/yr (Table 5). The SFR arising from cold accre-
tion can be generalized as follows:

SFR = CSFR ×

{ (
Mstream

Mh

)αSFR
BAR Mh > Mstream

BAR Mh . Mstream
, (5)

where Mstream is the theoretical upper limit halo mass, where cold
streams efficiently occur (Dekel & Birnboim 2006; Daddi et al.
2022b).

Using the BAR and the fitted values of log CSFR = −0.54 ±
0.23 and α = 0.78 ± 0.28 from Daddi et al. (2022b) with
Eq. (5), the expected SFR derived by the BAR are SFR =
(100−1700) M�/yr (Table 5). In six of the eight groups, the
BAR-derived SFRs are consistent with our measured IR SFRs
within the uncertainties, only the least massive COS-SBCX3 and
the lowest redshift COS-SBC4 groups have a higher SFR than
expected from the BAR. Although tentative, this rough consis-
tency supports the baryon accretion models.

In Fig. 5 we show this sample on the diagrams of gas accre-
tion from Daddi et al. (2022b) and Dekel et al. (2013). Interest-
ingly, the two most distant groups, HPC1001 and COS-SBCX3,
occupy the regime of cold streams in hot media, suggesting

cold gas inflow. As HPC1001 has a similar halo mass to the
group RO-1001 (Daddi et al. 2021), the cold streams should be
detectable via Lyα emission. Given that the dark matter halo esti-
mates are prone to large uncertainties, future observations of Lyα
will be ideal to robustly constrain the BAR and reveal possible
cold gas accretion.

As shown in Fig. 5, our sample enlarges the sample size
of massive groups in Daddi et al. (2022b) by a factor of two.
By including the sample in Daddi et al. (2022b) and Zhou et al.
(2024), we fit a quasi-linear model to the SFR/BAR–Mstream/Mh
relation, where the theoretical upper limit halo mass of cold gas
streams Mstream is adopted from Eq. (2) in Daddi et al. (2022a).
The best fit gives αSFR = 0.71 ± 0.16, log CSFR = −0.46 ± 0.22
(Fig. 5) with a scatter of 0.38 dex assuming a linear relation, and
0.40 dex assuming flattening at Mstream/Mh > 1. As discussed in
Coogan et al. (2023), this group in the CEERS field is a strong
outlier, and we therefore excluded it from the fitting. Our fit
result is in excellent agreement with the result from Daddi et al.
(2022b), and is improved with 2× better statistics. Adopting
instead the definition of Mstream from (Dekel & Birnboim 2006),
does not significantly change the fitting results, but slightly
increases the scatter to 0.43 dex assuming a single relation.

In the hot-accretion regime, where the estimate of MDM is
less important (Daddi et al. 2022b), we find a 0.30 dex scatter
from the relation. In the cold-stream regime, we find a scatter of
0.53 dex and mean offset of 0.12 dex from the flattening model,
and scatter of 0.45 dex and mean offset of −0.35 dex from the
linear relation. Adopting the linear relation would result in two
structures with a ∼1.1 dex deviation from the model, where the
bending model results in one ∼0.8 dex outlier.

6. Discussion

6.1. Dark matter halo mass estimates: Prospects and
caveats

Accurate estimates of halo masses are vital to inferring the evo-
lutionary state and eventual fate of massive structures; how-
ever, it remains a challenging task especially at high red-
shifts. In this work, we applied three methods based on SHMR
Mh(1), (2a), (2b), a method based on galaxy overdensity Mh(3),
and developed two methods based on NFW profile fitting
Mh(4), (5). Every method has its strengths and limitations, we
discuss the details in the following.

Mh(1) is widely used in the literature (e.g. Ito et al. 2023;
Brinch et al. 2024; Helton et al. 2024; Jin et al. 2024), and is
solely based on the stellar mass of the most massive member
galaxy. However, it is a very simplified assumption that the stel-
lar mass of the central galaxy is solely correlated with halo mass,
with a large dispersion between BCG mass and halo mass (e.g.
Montenegro-Taborda et al. 2023). The accuracy of the halo mass
derived with this approach can be severely affected by uncer-
tainties in the stellar mass and redshift of the central galaxy,
where the situation is even worse if the central galaxies are
DSFGs, as the stellar mass estimate can be very uncertain (e.g.
Long & Casey 2023). Furthermore, since the relation is derived
for establishing expected stellar masses given a halo mass, this
results in stellar mass saturation, that is, the SHMR is almost
constant at Mh & 3×1012 M� (Behroozi et al. 2013). Comparing
with results from other methods, the resultant mass is inconsis-
tent with the other methods, yielding mainly lower limits, which
is rather risky when it is applied to high redshift groups. With
these points in mind, we caution against the use of this method
for massive galaxy groups, and massive individual galaxies.
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Fig. 4. Projected density profiles of the eight structures. We fit a NFW profile to the radial stellar mass density. Green circles mark the projected
stellar mass density, with the field level shown as a dashed black line. The red curve shows the best-fit NFW profile with uncertainty as the red
shaded area, and the blue line indicates the derived virial radius (Goerdt et al. 2010) with uncertainty as the blue shaded area. The name of the
structure, zspec, fitted halo mass, and fitted concentration parameters are indicated in each panel. Upper limits are at 3σ significances.
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Table 5. Baryonic accretion rate (BAR) and integrated FIR properties (LIR,SFRIR,〈U〉, and dust mass Mdust).

Name z Mh Best BAR SFRBAR LIR SFRIR 〈U〉 Mdust
log M� [M� yr−1] [M� yr−1] [1012 L�] [M� yr−1] [109 M�]

HPC1001 3.613 13.3 ± 0.3 6000 ± 5000 1700 ± 1600 7.18 ± 0.04 718 ± 4 35 ± 1 1.7 ± 0.2
COS-SBCX3 3.031 12.8 ± 0.3 1200 ± 900 300 ± 300 9.79 ± 0.02 979 ± 2 50 ± 1 1.6 ± 0.2
COS-SBCX4 2.646 13.3 ± 0.3 3500 ± 2800 800 ± 900 13.2 ± 0.4 1319 ± 45 26 ± 1 4.1 ± 0.5
COS-SBCX1 2.422 13.7 ± 0.3 7700 ± 6900 600 ± 700 4.1 ± 0.1 408 ± 13 33 ± 1 1.0 ± 0.7
COS-SBCX7 2.415 13.6 ± 0.3 6600 ± 5300 600 ± 600 6.1 ± 0.2 606 ± 21 23 ± 1 2.1 ± 0.7
COS-SBC3 2.365 13.7 ± 0.3 8400 ± 6700 500 ± 600 5.93 ± 0.03 593 ± 3 9 ± 1 5.2 ± 1.6
COS-SBC6 2.323 13.4 ± 0.3 3700 ± 2900 400 ± 400 7.4 ± 0.1 743 ± 2 27 ± 1 2.2 ± 0.3
COS-SBC4 1.65 13.7 ± 0.3 4900 ± 3900 100 ± 100 2.62 ± 0.01 262 ± 1 9 ± 1 2.3 ± 1.0
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Fig. 5. Baryonic accretion in massive galaxy groups and (proto-)clusters. Left: SFRIR/BAR fraction versus Mstream/Mh ratio for massive galaxy
groups in this work (green dots), Daddi et al. (2022b, black dots), Zhou et al. (2024, red dot), and Coogan et al. (2023, orange dot). Black lines
mark the fit from Daddi et al. (2022b). We fit the SFR/BAR–Mstream/Mh relation with all data points and show the best-fit as a green line. The black
cross in the top-left corner shows representative errors. The solid lines show a model with bending at Mstream > Mh, and the dashed lines show a
model with a single trend. The dotted blue line shows the separation between the hot accretion and cold stream regimes. Right: dark matter halo
mass versus redshift for this sample and the samples from Daddi et al. (2022b), Zhou et al. (2024), and Coogan et al. (2023), overlaid with dotted
and dashed lines separating the three regimes of gas inflow from Dekel & Birnboim (2006), Mandelker et al. (2020), and Daddi et al. (2022a).

Method Mh(2a) scales to the total stellar mass and is clearly
more advanced than Mh(1). It assumes that all members are in a
collapsed structure hosted by a single dark matter halo. However,
it is difficult to assess whether the structure is already collapsed.
The SHMR scaling is redshift dependent and has been calibrated
for a high redshift (z ∼ 5; Shuntov et al. 2022). Nevertheless,
it is not calibrated to real clusters as no massive clusters exist
in the COSMOS field, where this SHMR is measured. Mh(2b)
shares similar benefits and risks as Mh(2a). This method has
been applied in several studies (e.g. Daddi et al. 2022b; Ito et al.
2023; Coogan et al. 2023). However, the scaling relation is cal-
ibrated to z ∼ 1 clusters, which might not persist, and might
evolve, at higher redshift, and might not be applicable to lower-
mass halos. In this work, the most massive members are all spec-
troscopically confirmed, and only low-mass members are iden-
tified using photometric redshifts. Although some foreground
and background interlopers could be included, their low masses
are not expected to significantly impact the inferred total stellar
mass, and by extension the halo mass (see Section 6.4).

Unlike the above discussed methods, Mh(3) is not directly
dependent on the stellar mass of the cluster galaxies, instead

relying solely on their spatial density. A big advantage is that
it is independent of uncertainties in stellar mass measurements.
On the other hand, the clustering bias of the halo is not well
constrained, and we simply assumed a bias value from the
Tinker et al. (2010) formalism, which adds another layer of
uncertainty in the estimate. Because the bias value is dependent
on the halo mass, and we used the bias to calculate a halo mass,
this method is circularly defined; however, we avoided this cir-
cularity by iteratively calculating the bias using Mh(2a) as an
initial guess. The bias is not 1:1 with halo mass, and the iterative
approach converges quickly.

Method Mh(4) assumes that the stellar mass density profile
traces the dark matter density profile, and that they both follow
a NFW model at high redshifts. With this method, we derived
a total baryonic mass and inferred a halo mass using a dark
matter-to-baryon mass ratio. This assumption has been validated
in low redshift clusters, for example Annunziatella et al. (2014)
and Palmese et al. (2016) find both the stellar mass density and
number density profiles of the clusters MACS J1206.2−0847
(Biviano et al. 2013) and RXC J2248.7−4431 can be fitted
by a NFW profile, and further at cosmic noon in CLJ1449
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(Strazzullo et al. 2013). Andreon (2015) find that the stellar-to-
total mass ratio is radially constant in three z ∼ 0.45 clusters.
Caminha et al. (2017) find that dark matter and hot gas asym-
metry of the z = 0.44 MACS 1206 closely follows the asym-
metric distribution of the stellar component. Accordingly, if the
stellar mass density profile of a high-z group is found consis-
tent with a NFW profile, it would suggest that the structure is
likely collapsed. Uniquely, this method can constrain the halo
mass and its concentration parameter simultaneously, which is
a significant advance in characterizing dark matter halos of col-
lapsed structures. As a proof of this method at high redshifts
(z > 2), we applied it to the most distant X-ray detected cluster
CLJ1001 (Wang et al. 2016, see Fig. E.1). CLJ1001 is uniquely
suited for this, as it is at a high redshift of z = 2.5 and has
both an X-ray and velocity dispersion calibrated halo mass. Our
NFW fitting yields a halo mass of Mh = (8 ± 2) × 1013 M�,
with concentration c = 54+25

−46 and scale radius Rs = 7+3
−6 kpc

(Fig. E.1). The recovered halo mass is in excellent agreement
with the X-ray and velocity dispersion halo masses of Mh =
(5.0± 2.3)× 1013 M�, and, the scale radius is consistent with the
one reported in Wang et al. (2016) Rs = 0+8

−0 kpc. Nevertheless,
similarly to Mh(1), (2a) and (2b), this method suffers from the
uncertainty on stellar masses and membership, and requires an
accurate constraint on the background density level. Moreover,
Mh(4) is also impacted by the uncertainty on the dark matter-to-
baryonic mass ratio and possible inconsistency between stellar
mass density profile and dark matter halo profile at high-z. We
also tested two methods for finding the exact centre of the group:
(1) using the position of the most massive central galaxy; and
(2) randomly shifting the centre position by up to a few arcsec-
onds, instead of calculating the distance to FIR-peak-weighted
barycentre. We find no significant changes in either the recov-
ered halo masses or recovered concentrations, nor in the uncer-
tainties of either values.

Method Mh(5) is a variant of Mh(4). It shares with Mh(4)
the assumption of the consistency between stellar mass density
profile and halo mass density profile. However, it is totally inde-
pendent of the stellar masses, as it purely relies on the shape of
the profile. This is a significant advantage with respect to other
methods. Notably, adopting this method with the number density
profile would further reduce the bias introduced by the stellar
mass estimate of the central galaxy, as the halo mass would be
solely based on the distribution of member galaxies. However,
this method has two major drawbacks: (1) it must assume a fixed
concentration parameter to break the degeneracy between scale
radius and concentration, while the fixed concentration is based
on simulation results with a prior halo mass, and neither are fully
tested by observations; (2) the profile fitting to the stellar mass
density is dominated by the central galaxy, fitting to the num-
ber density can remove this bias but requires a larger sample of
confirmed memberships. Another problem with both Mh(4) and
Mh(5) is the degeneracy between Mh, c, and Rs as they are all
co-dependent and influence the shape and scaling of the density
profile (Appendix I). We tried to limit this degeneracy by fix-
ing the concentration and purely fitting the scale radius without
directly incorporating the halo mass; however, this adds another
layer of uncertainty as the true concentration is unknown.

Overall, the self-consistency between different methods
shows encouraging prospects in halo mass estimates for high
redshift structures like these. Among these methods, the NFW
profile fitting Mh(4) and (5) are exploited for high-z groups for
the first time, showing potential for state-of-the-art in charac-
terizing dark matter halos. Nevertheless, thorough analyses and
tests with a large sample of low-z clusters are required to fully

explore the prospects of the profile fitting techniques, and then
exploit it towards high redshift, which is beyond the scope of this
paper.

6.2. Nature and fate: Are these structures clusters in
formation?

To understand the nature and fate of these structures, follow-
ing Jin et al. (2024), we compared our observations with cos-
mological simulations. First, we compared the estimated halo
masses with simulations of Coma- and Fornax-like clusters from
Chiang et al. (2013). We find all groups to have halo masses con-
sistent with progenitors of clusters with present day halo masses
of at least Mh(z = 0) > 1014 M� (Fig. 6). We also compared the
halo masses of this sample to clusters from the TNG300 simu-
lation (Montenegro-Taborda et al. 2023, Fig. 6); again, we find
that the halo masses of all groups are consistent with those of the
progenitors of z = 0 clusters (Mh(z = 0) > 1014 M�). Further-
more, we compared the stellar masses of the most massive group
galaxies with that of BCG progenitors in the TNG300 simulation
(Montenegro-Taborda et al. 2023), and again find they are con-
sistent (Fig. 6). This supports the idea that the eight groups are
real forming clusters, and their central galaxies are likely proto-
BCGs (Jin et al. 2024).

Another approach assessing the fate of massive struc-
tures is the observationally constrained large-scale simulations,
which has been recently performed by Ata et al. (2022) on
the z = 2.5 large-scale structure Hyperion (Cucciati et al.
2018). This simulation requires a highly complete spectro-
scopic survey of cluster members (Ata et al. 2022); hence, deep
spectroscopic follow-up observations on both the cores and
large-scale structure are essential. On the other hand, ded-
icated cluster simulations have been achieved, for example
Cluster-EAGLE (Barnes et al. 2017), Magneticum (Remus et al.
2023), FLAMINGO (Schaye et al. 2023), and TNG-Cluster
(Nelson et al. 2024). Further work comparing a large sample
with these simulations would provide new insights into galaxy
and cluster formation.

6.3. Baryonic accretion: Flattening or not?

In Fig. 5 we fit the BAR using both a quasi-linear single trend
and assuming flattening at Mstream > Mh. With double sample
size compared to Daddi et al. (2022b), we now find a signifi-
cant (4.5σ) slope compared with their 2.5σ fit. We excluded the
group from Coogan et al. (2023) as it remains a strong outlier
from the expected SFR from the BAR. The group is also a strong
outlier in terms of the proportions of stellar mass and SFR in the
BCG, suggesting that it might be caught in a short-lived starburst
connected to the formation of the BCG, or might signal a cool-
ing flow (Coogan et al. 2023). The scatter of our fit (0.40 dex)
is somewhat lower from 0.45 dex in Daddi et al. (2022b). The
data do not prefer the bending model or the linear model, with
nearly identical scatter of 0.40 dex and 0.38 dex, respectively.
Instead of using the updated Mstream definition in Daddi et al.
(2022a), adopting the Mstream definition from Dekel & Birnboim
(2006), does not change the scatter significantly. Because the
scatter in the cold-stream regime is more dependent on the halo
mass (Daddi et al. 2022b), we calculated the scatters in the hot
(Fig. 5-left, Mstream/Mh < 1) versus cold-stream (Fig. 5-left,
Mstream/Mh > 1) regimes and find a scatter of 0.30 dex in the
hot and 0.53 dex in the cold-stream regime. The expected scat-
ter in the BAR at fixed halo mass is 0.2 dex (Correa et al. 2015),
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Fig. 6. Dark matter halo mass (upper black
points) and stellar mass of BCG (lower grey
points) versus redshift. Overlaid are the halo
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(2013) and halo and BCG masses from the
TNG300 simulation (Montenegro-Taborda et al.
2023). The black and grey diamonds show
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from the NICE COSMOS sample. Other
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in the figure (Jee et al. 2009; Rosati et al.
2009; Brodwin et al. 2016; Newman et al.
2014; Trudeau et al. 2022; Gobat et al. 2019;
Strazzullo et al. 2018; Wang et al. 2016;
Miller et al. 2018; Rotermund et al. 2021;
Coogan et al. 2023).

and the scatter arising from the fraction of cold gas to total gas,
fcold, is 0.1 dex (Correa et al. 2018), adding these in quadrature
yields 0.3 dex in excellent agreement with our scatter in the hot
regime. In the cold-stream regime, the scatter from fcold is negli-
gible as all accreted gas is cold, leaving a scatter from the BAR
of 0.2 dex and from Mh of 0.3 dex, adding these in quadrature
yields 0.36 dex, significantly lower than the observed scatter.
This increased observed scatter is only from six points and would
require a larger sample to confirm; however, if real, this could
indicate that there is some intrinsic stochasticity, inefficiencies in
converting accreted baryonic matter into SFR, feedback mecha-
nisms, or a combination of these processes.

6.4. Interlopers in candidate members

Given the majority of candidate members are selected with
photometric redshifts, it is common that foreground and back-
ground interlopers can be included in the candidate members.
We quantified the contamination of possible interlopers in two
ways: (1) we measured the background number count in the
mass-complete photo-z selection in COSMOS2020 Classic LeP-
hare and calculated the expected number of interlopers that can
appear by chance in an aperture around the groups. We find pos-
sible mass-complete interloper fractions of 4−36% (median =
11.9%) within a r = 10′′ aperture, and the fractions increase
with larger aperture, which is 23−73% (median = 45.8%) within
30′′ (see Fig. H.1-left). (2) We tested our candidate selection
method in CLJ1001 (Wang et al. 2016) using the COSMOS2020
photo-z, and compare with the highly complete spectroscopic
redshift sample of Sun et al. (2024). We find two clear inter-
lopers and a total interloper fraction of 17−35% in a r = 30′′
aperture, which is largely consistent with the result of method
(1). Furthermore, we also tested the interloper contamination in
the total stellar mass budgets. We measured the background stel-
lar mass in the COSMOS2020 catalogue and compared it with
the total stellar mass of the groups, finding mass-complete frac-
tions of 2−10% (median = 3.7%) within r = 10′′ and 11−42%
(median = 17.3%) within r = 30′′, respectively (see Fig. H.1-
right). We note that the interloper contamination were accounted

for by subtracting them from the total stellar masses or overden-
sity when deriving halo masses.

6.5. Line-of-sight projection: Chance probabilities

To understand the probability of finding two line-of-sight pro-
jected groups, we calculated the chance probability of finding
two halos of Mh/2 within Rvir/2 and indistinguishable z-phot dis-
tributions (i.e. the redshift selection for halos are overlapping),
using halo mass functions calculated with hmf4 (Murray et al.
2013). We multiplied this chance probability by the total num-
ber of expected halos of mass Mh/2 in the entire COSMOS field.
The highest chance probability of this sample is the lowest red-
shift COS-SBC4, with pchance,los = 2 × 10−4, as seen in Table 6.
This is only assuming the case of twin halos, and possible com-
binations of triples or more halos are not considered; however,
this would not change the ballpark probabilities considerably.

In general, we find decreasing chance probability with
increasing redshift and halo mass. We explored the halo mass
limits in the COSMOS field (assuming a full redshift dispersion
in the structure of ∆z = 0.1), where the chance probability of
being a line-of-sight projection is <1% and <0.1%, as shown
in Fig. 7. At low redshift (z < 1.5) only massive halos with
log(Mh/M�) > 13.5 are unlikely to be line-of-sight projection
of two lower mass halos, whereas at z ∼ 3.5 the mass limit
decreases to log(Mh/M�) ∼ 12. As shown in (Fig. 7), the NICE
sample and Daddi et al. (2022b) sample are all above the lim-
its, with the majority of them significantly above the limits by
∼0.8 dex, indicating that they are unlikely line-of-sight projec-
tions, further supporting their massive group nature.

7. Summary and conclusions

We selected eight high-z group candidates based on the over-
density of red IRAC sources that have red Herschel colours. As
part of the NICE large programme, we followed up on these can-

4 https://github.com/halomod/hmf
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Table 6. Chance probabilities of a line-of-sight projection of two Mh/2
halos.

Structure pchance,los

HPC1001 9 × 10−16

COS-SBCX3 3 × 10−7

COS-SBCX4 8 × 10−8

COS-SBCX1 1 × 10−8

COS-SBCX7 3 × 10−8

COS-SBC3 3 × 10−6

COS-SBC6 6 × 10−6

COS-SBC4 2 × 10−4

1.0 1.5 2.0 2.5 3.0 3.5 4.0

z

11.5
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lo
g
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This work

Daddi et al. 2022b

Fig. 7. Halo mass limits as a function of redshift. The limits corre-
spond to the chance probability of finding two overlapping halos of
mass, Mh/2: pchance,los = 1% and pchance,los = 0.1%. We overplot the
halo masses of this work and the sample from Daddi et al. (2022b).

didates with NOEMA and ALMA observations. We summarize
the results as follows:

(1) We spectroscopically confirmed a sample of eight mas-
sive galaxy groups in the redshift range 1.65 ≤ z ≤ 3.61 in the
COSMOS field, in which 21 members were detected with CO
lines or Hα line emission (Kashino et al. 2019). Using photo-
metric redshifts in the COSMOS2020 catalogue, we selected a
total of ∼250 candidate members in these structures.

2) Utilizing Herschel and SCUBA2 data, we measured the
integrated FIR-to-radio photometry of the eight structures and
performed FIR SED fitting using dust and mid-IR AGN models.
Seven of the eight group SEDs are well fitted by a single dust
template. Only the group COS-SBC6 exhibits a significant radio
excess and a mid-IR AGN component, yielding a radio excess
fraction of 22% in the total NICE sample. This indicates that
these massive groups are presumably dominated by star forma-
tion and that strong AGN activity does not play a major role.

(2) We applied six methods for estimating the dark matter
halo mass of each structure, including the SHMR, galaxy over-
density with bias, and the NFW profile fitting technique. The
results from the different methods are overall consistent within
0.2–0.3 dex. Adopting the average results from different meth-
ods, our best estimate of the halo masses is log(Mh/M�) =
12.8−13.7. Using the NFW profile fitting technique, we found
that the stellar mass densities of the eight groups can be fitted
by a NFW profile, suggesting they are likely collapsed struc-
tures. We tentatively constrained the concentration parameters

of the halos, and the most massive groups are overall consis-
tent with predictions from the simulations (Ludlow et al. 2016),
albeit with a large scatter.

(3) Using scaling relations between dark matter halo masses,
the BAR, and the SFR, we calculated the expected BAR for
each structure. The expected SFRs from baryonic accretion in
all structures are in good agreement with the FIR-measured
integrated SFRs. Together with literature samples, we derive a
quasi-linear relation between SFR/BAR and Mstream/Mh, with
SFR/BAR = 10−0.46±0.22(Mstream/Mh)0.71±0.16 and a scatter of
∼0.4 dex. This supports the idea that the star formation in these
structures is fed by gas accretion. Specifically, HPC1001 and
COS-SBCX3 occupy the regime of cold gas streams in hot
media, which could make them ideal laboratories for studying
cold gas accretion in dense, z & 3 environments.

(4) By comparing these massive groups with simulations
(Chiang et al. 2013; Montenegro-Taborda et al. 2023), we find
that the former have halo masses and proto-BCG stellar masses
that are consistent with them being the progenitors of z = 0
clusters. This suggests that these structures are likely forming
clusters in the early Universe and that their central galaxies are
forming BCGs.

All these results point to these structures being forming clus-
ters and groups in the early Universe that, in turn, are growing
their masses via gas accretion. Future spectroscopic observa-
tions of the large-scale and central cores, combined with com-
prehensive complementary simulations, are essential to confirm-
ing their nature and further assessing their evolution. This work
serves as a pilot study of the NICE sample. In the near future we
will expand studies in this work with the full NICE sample and
investigate the properties of individual group galaxies to shed
light on the formation of structures and galaxies in dense envi-
ronments.
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Appendix A: Colour images and spectra

Fig. A.1. Colour images overlaid with ALMA Band 7 dust continuum, and ALMA (top) and NOEMA (bottom) spectra of COS-SBCX1. Photo-
metrically selected galaxies with 2.10 < zphot < 2.78 are marked with cyan circles. See the caption of Fig. 1.
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Fig. A.2. Colour images overlaid with ALMA Band 7 dust continuum and NOEMA spectra of COS-SBCX3. Photometrically selected galaxies
with 2.73 < zphot < 3.33 are shown as cyan circles. See the caption of Fig. 1.
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Fig. A.3. Colour images overlaid with ALMA Band 7 dust continuum and NOEMA spectra of COS-SBCX4. Photometrically selected galaxies
with 2.28 < zphot < 3.01 are marked by cyan circles. See the caption of Fig. 1.
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Fig. A.4. Colour images overlaid with ALMA Band 6 dust continuum and NOEMA spectra of COS-SBCX7. Photometrically selected galaxies
with 2.17 < zphot < 2.68 are marked by cyan circles. See the caption of Fig. 1.
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Fig. A.5. Colour images overlaid with ALMA Band 3 dust continuum and ALMA spectra of COS-SBC3. Photometrically selected galaxies with
2.03 < zphot < 2.70 are marked by cyan circles. See the caption of Fig. 1.
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Fig. A.6. Colour images overlaid with ALMA Band 7 dust continuum of COS-SBC4. Photometrically selected galaxies with 1.39 < zphot < 1.92
are marked with cyan circles. ALMA spectra are not shown, as no emission lines fall within the frequency coverage. See the caption of Fig. 1.
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Fig. A.7. Colour images overlaid with ALMA Band 7 dust continuum and ALMA spectra of COS-SBC6. Photometrically selected galaxies with
1.99 < zphot < 2.66 are marked with cyan circles. See the caption of Fig. 1.
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Appendix B: Multi-wavelength cutouts

Fig. B.1. 90′′ × 90′′ size cutouts of HPC1001.

Fig. B.2. 90′′ × 90′′ size cutouts of COS-SBCX1.

Fig. B.3. 90′′ × 90′′ size cutouts of COS-SBCX3.

Fig. B.4. 90′′ × 90′′ size cutouts of COS-SBCX4.

Fig. B.5. 90′′ × 90′′ size cutouts of COS-SBCX7.

Fig. B.6. 90′′ × 90′′ size cutouts of COS-SBC3.

Fig. B.7. 90′′ × 90′′ size cutouts of COS-SBC4.

Fig. B.8. 90′′ × 90′′ size cutouts of COS-SBC6.
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Appendix C: Physical properties of individual galaxies

Tables C1 to C8 are only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (ftp://130.79.128.5/)
or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
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Appendix D: Redshift probability density functions
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Fig. D.1. Line identification for sources in the HPC1001 pointing. For each source we show the PDF(z) from COSMOS2020 Classic LePhare
as a grey shaded area, and mark its 16th, 50th, and 84th percentile with vertical grey lines. The red shaded areas show the spectral coverage of
the observations. Dot-dashed magenta and black curves show the observed frequencies of CO and CI lines as a function of redshift. The blue line
marks the observed frequency of the detected line. We highlight the best redshift solution, zspec, with a vertical golden line. The identified emission
lines are highlighted in green.
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Fig. D.2. Same as Fig. D.1 but for COS-SBCX1.
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Fig. D.3. Same as Fig. D.1 but for COS-SBCX3.
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Fig. D.4. Same as Fig. D.1 but for COS-SBCX4.
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Fig. D.5. Same as Fig. D.1 but for COS-SBCX7.
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Fig. D.6. Same as Fig. D.1 but for COS-SBC3.
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Fig. D.7. Same as Fig. D.1 but for COS-SBC6.
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Appendix E: CL-J1001 dark matter profile
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Fig. E.1. Projected density profile of CLJ1001 (Wang et al. 2016). We
fit a NFW profile to the radial stellar mass density. Green circles mark
the projected stellar mass density, with the field level shown as a dashed
black line. The red curve shows the best-fit NFW profile with uncer-
tainty as the red shaded area, and the blue line indicates the derived
virial radius (Goerdt et al. 2010) with uncertainty as the blue shaded
area. The zspec, fitted halo mass, and fitted concentration parameters are
indicated in text. Upper limits are at 3σ significances.
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Appendix G: NFW Concentrations

Table G.1. Concentration parameters for all groups.

Structure Concentration Predictiona

HPC1001 44+21
−42 21 ± 4

SBCX3 13+16
−10 20 ± 4

SBCX4 55+23
−39 15 ± 3

SBCX1 55+23
−44 13 ± 3

SBCX7 33+21
−15 13 ± 3

SBC3 46+26
−46 13 ± 3

SBC6 28+22
−21 13 ± 3

SBC4 60+19
−35 10 ± 2

Notes:apredicted concentration using concentration, halo mass, and red-
shift relation from Ludlow et al. (2016).

σ=0.28 dex
µ=-0.4 dex

100 101 102

c Ludlow et al. 2016

100

101

102

c
M

h
(4

)

Fig. G.1. Comparison between the concentration parameter obtained
from profile fitting and the predicted concentration parameters from
Ludlow et al. (2016).
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Appendix H: Interloper fractions
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Fig. H.1. Interloper fractions as a function of the adopted mass cut and radius cut. We show one here as an example, for the structure COS-SBCX7.
The white line shows finterloper = 10%, and the dashed red and blue lines show the completeness of quiescent galaxies and star-forming galaxies,
respectively, in the COSMOS2020 catalogue. The green line shows the estimated virial radius. Left: Stellar mass interloper fraction. Right:
Number interloper fraction.
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Appendix I: Projected NFW profiles

Formulae for projected NFW profiles in a flat Universe, adapted from cluster_toolkit (McClintock et al. 2019)5.
First we define the critical density of a flat Universe at z:

ρcrit(z) =
3

8πG

(
H0

√
Ωm(1 + z)3 + ΩΛ

)2
,

where H0 is the Hubble constant, G is the gravitational constant, Ωm is the matter energy fraction, ΩΛ is the vacuum energy fraction,
and Ωm + ΩΛ = 1.
Then use this to define the matter density of the universe at z:

ρm(z) = Ωmρcrit(z).

Then we define the overdensity of dark matter halo:

δc =
∆ c3

3

log(1 + c) − c
1+c

,

where c is the concentration parameter of the dark matter halo, and ∆ is the overdensity constant.
Next, we define the radius where the dark matter halo is ∆ times denser than the matter density of the Universe:

R∆ = 3

√
M∆

4
3πρm∆

,

where M∆ is the mass contained within a sphere of R∆ with density ρm∆.
Then we define the scale radius connecting R∆ and c of the halo:

Rs =
R∆

c
.

Next we define the shape of a line-of-sight-projected NFW profile:

g(r) =



1− 2√
1−( r

Rs )2
tanh−1

(√
1− r

Rs
1+ r

Rs

)
(

r
Rs

)2
−1

r < Rs

1− 2√
( r

Rs )2
−1

tan−1
(√ r

Rs
−1

1+ r
Rs

)
(

r
Rs

)2
−1

r ≥ Rs.

Finally we combine all these parameters to define the surface density profile at radius r:

Σ(r) = 2Rsδcρmg(r).

And the cumulative surface density profile:

Σ̄(< R) =
2

R2

∫ R

0
dR′R′Σ(R′).

5 https://github.com/tmcclintock/cluster_toolkit/
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