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ABSTRACT

Context. Galaxy groups with total masses below ∼1014 M� and up to a few tens of members are the most common galaxy environment, marking
the transition between the field and the most massive galaxy clusters. In this framework, identifying and studying groups plays a crucial role in
understanding structure formation and galaxy evolution. Despite the challenges in detecting such relatively small structures, modern deep surveys
allow us to build well-characterized samples of galaxy groups up to the regime where the structures we observe today were taking shape.
Aims. We aim to build the largest deep catalog of galaxy groups to date over the COSMOS-Web field effective area of 0.45 deg2.
Methods. We leveraged the deep imaging, high resolution, and high-quality photometry from the James Webb Space Telescope observations of
the COSMOS-Web field. We used the recent COSMOS-Web photometric catalog with sky position, photometric redshift, and magnitude in a
reference band for each selected galaxy. We performed the group search with the Adaptive Matched Identifier of Clustered Objects (AMICO)
algorithm, a linear matched filter based on an analytical model for the cluster/group signal. This algorithm has already been tested in wide and
deep field surveys, including a successful application to COSMOS data up to z = 2. In this work, we tested the algorithm’s performances at even
higher redshift and searched for protocluster cores and groups at z > 2. To benchmark this relatively unexplored regime, we compiled a list of
known protoclusters in COSMOS at 2 ≤ z ≤ 3.7 and matched them with our detections. We studied the spatial connection between detected cores
through a clustering analysis. We estimated the purity and the completeness of our group sample by creating data-driven mocks via a Monte Carlo
approach with the SinFoniA code and linked signal-to-noise to purity levels to define desired purity thresholds.
Results. We detected 1678 groups in the COSMOS-Web field up to z = 3.7 with a purity level of ∼77%, providing a deep catalog of galaxy
members that extends nearly two magnitudes deeper than the previous application of AMICO to COSMOS. Around 670 groups have been detected
with a purity of 90%. Our catalog includes more than 850 groups whose photometric redshift was confirmed by assigning robust spectroscopic
counterparts.
Conclusions. This catalog of galaxy groups is the largest ultra-deep group sample built on JWST observations so far and offers a unique opportunity
to explore several aspects of galaxy evolution in different environments spanning ∼12 Gyr and study groups themselves, from the least rich
population of groups to the formation of the most massive clusters.

Key words. galaxies: clusters: general – galaxies: evolution – galaxies: groups: general – galaxies: high-redshift –
galaxies: luminosity function, mass function – large-scale structure of Universe

1. Introduction

Galaxies are distributed in a complex structure known as the
cosmic web, where the densest regions are connected by fil-
aments and walls (e.g., Bond et al. 1996). Groups of galax-
ies, which reside in this large-scale environment, host the bulk
of galaxies and play a crucial role in the understanding of
their evolution, but also of the formation and evolution of
structures like massive galaxy clusters themselves (e.g., Tully
1987; Eke et al. 2004; Lovisari et al. 2021) and their cosmolog-
ical impact (e.g., see the review by Allen et al. 2011). Galaxy
groups represent the transition range in halo masses from mas-
sive galaxies to galaxy clusters and show different physical
properties and evolutions with respect to galaxy clusters (e.g.,
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Giodini et al. 2009; McGee et al. 2009; McCarthy et al. 2010;
Gaspari et al. 2011). Despite there being no universally defined
threshold to separate groups and clusters, they are generally dis-

tinguished in the literature by using limits, for instance, in mass
at around ∼1014 M� or in the number of galaxy members at

around 50 galaxies (e.g., Paul et al. 2017; Lovisari et al. 2021).

Galaxies hosted in groups are believed to evolve in a different
way with respect to galaxies in the field, undergoing substan-

tial alteration, for instance, in star formation rate (SFR) (e.g.,
Scoville et al. 2013; Darvish et al. 2014, 2016; Taamoli et al.
2024), morphology (e.g., Mandelbaum et al. 2006; Capak et al.
2007a; Bamford et al. 2009), and gas and metal content (e.g.,
Catinella et al. 2013; Chartab et al. 2021). This occurs via
interactions (Hausman & Ostriker 1978), ram-pressure stripping
(Gunn & Gott 1972) and a variety of other mechanisms (see e.g.,
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Boselli & Gavazzi 2006, for a review). Although some environ-
mental effects are observed to be more efficient in dense mas-
sive clusters, some phenomena are strongly affecting galaxies in
lower-density environments such as groups (e.g., Bianconi et al.
2018; Lietzen et al. 2012; Vulcani et al. 2018), and even fila-
ments (e.g., Laigle et al. 2018).

Environmental effects in galaxy groups have been widely
explored at z . 1.5 (e.g., Wilman et al. 2005; George et al.
2012; Salerno et al. 2019; Balogh et al. 2021; McNab et al.
2021; Reeves et al. 2021; Baxter et al. 2023; Kukstas et al. 2023;
Gozaliasl et al. 2024). However, the understanding of galaxy
groups and galaxy evolution in groups becomes more compli-
cated and unexplored at z & 1.5 where the classical morphology-
density relation observed in the local universe (Dressler 1980)
seems to fade and group and cluster galaxies exhibit properties
more consistent with those of the field galaxies, in terms, for
example, of SFRs and morphologies (e.g., Brodwin et al. 2013;
Alberts et al. 2016). In addition to this, the interval z = 1.5−2.0
marks the transition between virialized objects observed locally
(z < 1.5) and the maturing phase of protoclusters (2.0 < z < 3.5),
the progenitors of galaxy clusters (e.g., Shimakawa et al. 2018).
The study of high-redshift galaxy groups and protostructures is
key to understanding the evolution and star formation history
of galaxies, their connection to the dark matter distribution, and
the impact of physical processes such as AGN feedback (e.g.,
Tanaka et al. 2012; Zhang et al. 2020; Kiyota et al. 2025).

In the COSMOS field, several group catalogs have been
produced over the years, like the X-ray-selected samples by
Finoguenov et al. (2007) and George et al. (2011), which used
the XMM-Newton data (Hasinger et al. 2007) to robustly iden-
tify galaxy groups up to z ∼ 1.0. In a more recent effort,
Gozaliasl et al. (2019) revised the X-ray catalogs by incorporat-
ing all available X-ray observations from Chandra and XMM-
Newton in the 0.5−2 keV band and using photometric and
spectroscopic data for the optical counterparts (e.g., Ilbert et al.
2009; McCracken et al. 2012; Laigle et al. 2016). Several other
works have leveraged the availability of spectroscopic red-
shifts (Lilly et al. 2007, 2009) to detect groups up to z ∼ 1
(e.g., Knobel et al. 2012) and proto-groups up to z ∼ 3 (e.g.,
Diener et al. 2013).

In this work, we made use of the deepest contiguous
0.54 deg2 galaxy catalog available to create the largest deep
galaxy group catalog created to date, extending from z = 0
up to z = 3.7. We used the COSMOS-Web photometric cata-
log of galaxies (Shuntov et al., in prep.), which is the result of
the largest contiguous imaging of the sky performed with the
James Webb Space Telescope (JWST). The COSMOS-Web sur-
vey (Casey et al. 2023) is a unique combination of the unprece-
dented depth and spatial resolution of JWST and the coverage
and data availability of the COSMOS field (Scoville et al. 2007),
making it a key resource for the study and definition of the
large-scale structures in the cosmic web over around 50 mil-
lion Mpc3 (Casey et al. 2022). The JWST NIRCam near-infrared
(NIR) photometric coverage, combined with more than 30 pho-
tometric bands available for the COSMOS field (from ultraviolet
to infrared) allows for high-quality photometric redshift (photo-
z, hereinafter) estimation, with precision below ∼0.03 even at
the faintest magnitudes in the redshift range we are interested
in Arango-Toro et al. (2025), Shuntov et al. (2025). This enables
the creation of robust samples up to the protocluster regime
(z & 2) and a detailed study of structures potentially up to z = 7
and beyond (e.g., Morishita et al. 2023, 2025).

In order to create such a deep galaxy group catalog we made
use of the Adaptive Matched Identifier of Clustered Objects

(AMICO; Bellagamba et al. 2018; Maturi et al. 2019), an algo-
rithm based on a linear optimal matched filter (Maturi et al.
2005; Bellagamba et al. 2011) which extracts signal maximiz-
ing the signal-to-noise ratio (S/N) and without any explicit color
selection of galaxies. Without requiring spectroscopic informa-
tion or galaxy colors, AMICO is able to detect clusters and
groups up to high redshift and down to low masses (e.g., up
to z = 2 and down to less than 1013 M� as it was shown by
Toni et al. 2024). In its simplest application, AMICO detection
is based on the spatial and luminosity distribution of galax-
ies in clusters without using color information, which limits
the possibility of biases related to the presence (or absence) of
the cluster red sequence, particularly important when moving
to high redshifts. The algorithm is one of the two cluster find-
ers selected for the ESA’s Euclid mission (Laureijs et al. 2011;
Mellier et al. 2018), given its performances in terms of com-
pleteness and purity when tested on Euclid-like mock catalogs
(Euclid Collaboration: Adam et al. 2019). AMICO has already
been validated and successfully applied to several surveys such
as the Kilo Degree Survey (KiDS; Maturi et al. 2019) and the
miniJPAS (Maturi et al. 2023).

More recently, Toni et al. (2024) utilized the AMICO algo-
rithm to produce a cluster and group catalog containing 1269
candidates in total in the range 0.1 < z < 2.0. This catalog was
the result of three independent AMICO runs performed using
the magnitude in three different photometric bands as reference
galaxy property, and to compute the luminosity function of clus-
ters. 490 candidates were consistently detected in all three runs.
A comparative analysis of the three runs suggested a possible
cut in signal-to-noise to define a more robust sample. X-ray
properties were assigned to these detections by cross-matching
with the group sample by Gozaliasl et al. (2019). For unmatched
detections, the X-ray properties were estimated using the same
Chandra and XMM-Newton data. The final catalog includes 622
candidate clusters and groups with optical properties, X-ray flux
estimates, and estimates of mass. This large sample of candidates
with assigned X-ray properties enabled the calibration of scaling
relations between two AMICO mass proxies (i.e., richness and
amplitude) and X-ray mass, permitting the study of their red-
shift dependence and the selection of the most stable photomet-
ric bands.

In the work we present in this paper, we leveraged the
insights and experience gained from the successful AMICO-
COSMOS group search described in Toni et al. (2024) com-
bined with the high-accuracy, deep photometric redshifts pro-
vided by the COSMOS-Web survey to present the largest deep
galaxy group sample detected to date, produced by applying the
AMICO algorithm to the COSMOS-Web data. Figure 1 shows
the impressive resolution of the JWST color-composite image
overlaid with the X-ray extended emission (Gozaliasl et al.
2019), for one of the richest and most massive groups in the
COSMOS field.

This paper is structured as follows. Section 2 introduces the
COSMOS-Web data, the galaxy catalog, and the selection crite-
ria applied to create a robust input dataset for the group search.
Section 3 outlines the main steps of the detection process and the
core principles of the AMICO algorithm. In Sect. 4, we present
the results of the group search, first by introducing the group cat-
alog and then by discussing the creation of realistic mocks and
the evaluation of the purity of the sample. In Sect. 5, we examine
detections at z > 2, compare them to known objects, and ana-
lyze their clustering properties. Finally, Sect. 6 summarizes our
key findings, their implications, and the potential future research
based on this work.
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Throughout this paper, we use the term “group” to refer
to our candidate detections, given that only a few objects in
the analyzed field are expected to have masses larger than
1014 M� or more than 50 members according to previous detec-
tions performed in the COSMOS field (e.g., Knobel et al. 2012;
Gozaliasl et al. 2019; Toni et al. 2024). We assume a standard
concordance flat ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7,
and h = H0/(100 km/s/Mpc)= 0.7.

2. Data

2.1. Photometric catalog

The COSMOS-Web Survey (PIs: J. Kartaltepe and C. Casey;
Casey et al. 2023), is a 255-hour Cycle 1 observation program
conducted using JWST. The survey spans 0.54 deg2 and utilizes
four NIRCam filters (Rieke et al. 2023), achieving a 5σ point-
source depth between 27.5 and 28.2 mag. Observations were
carried out using the F115W, F150W, F277W, and F444W fil-
ters (Casey et al. 2023) and for a non-contiguous 0.19 deg2 area
imaged in the F770W MIRI filter (Wright et al. 2022), with a 5σ
point-source depth between 25.3 and 26.0 mag.

The COSMOS field (Scoville et al. 2007; Capak et al.
2007b) benefits from a rich legacy of multi-wavelength data,
from X-rays to radio (e.g., Civano et al. 2016; Hasinger et al.
2007; Smolčić et al. 2017). Optical data include the u-band
observations from CFHT’s MegaCam (Sawicki et al. 2019), the
high-resolution data from the Hubble Space Telescope (ACS-
HST) in the F814W band (Koekemoer et al. 2007), the Hyper-
Suprime-Cam (HSC) imaging in the g, r, i, z, and y bands, in
addition to the 13 intermediate and narrow bands of Subaru
Suprime-Cam (SC) (Taniguchi et al. 2015). The UltraVISTA
survey (McCracken et al. 2012; Moneti et al. 2023) completes
the coverage at NIR-wavelengths with the Y , J, H, and Ks bands,
which are complementary to JWST’s NIRCam and MIRI.

The new COSMOS-Web photometric catalog has been
developed, targeting specifically the portion of the COSMOS
field observed by JWST, succeeding previous COSMOS galaxy
catalogs (e.g., Ilbert et al. 2013; Laigle et al. 2016; Weaver et al.
2022). More than 784 000 sources have been detected over the
0.54 deg2 area, using a PSF-homogenized χ2 detection image,
which combines all NIRCam filters. Source extraction is chal-
lenging due to the variation in PSF sizes across space- and
ground-based facilities, ranging from 0.05 to 1.0 arcseconds. To
address this, SourceXtractor++ (Bertin et al. 2022) has been
used to model Sérsic surface brightness profiles (Sérsic 1963) at
NIRCam resolution, followed by photometric extraction in each
band. The resolution of JWST images enables the separation of
previously blended sources (Arango-Toro et al. 2025). A more
detailed description of the COSMOS-Web photometric catalog
used in this study is provided by Shuntov et al. (in prep.) and
Arango-Toro et al. (2025).

2.2. Photometric redshifts

Accurate photometric redshift estimation is crucial for reli-
ably detecting galaxy groups, as the precision of these red-
shifts directly affects the identification and characterization
of such structures. Photometric redshifts in the COSMOS-
Web source catalog are computed with the template-fitting
code LePhare (Arnouts et al. 2002; Ilbert et al. 2006), with an
expanded parameter space for the template library allowed by
the depth and coverage offered by this field. The template library
consists of 12 templates based on stellar population synthesis

models (Bruzual & Charlot 2003), with 42 different ages and
including various star formation histories (SFHs) and metallici-
ties (Z = 0.008 Z�, 0.02 Z�) as outlined by Ilbert et al. (2015).

In order to assess photometric redshift accuracy, the
COSMOS-Web redshifts have been compared to more
than 11 000 spectroscopic redshifts (spec-zs, hereinafter),
with confidence level >97%, from the compilation cre-
ated by Khostovan et al. (2025) (e.g., Lilly et al. 2007,
2009; Kartaltepe et al. 2010, 2015; Silverman et al. 2015;
Kashino et al. 2019). The photometric redshift precision is
around 0.01 for mF444W < 24, with a 2% rate of catastrophic
failures1. Even for the faintest galaxies at 26 < mF444W < 28
and for high redshifts in the interval we are interested in (z <
4), the precision remains better than 0.03 with ∼10% failure
(Arango-Toro et al. 2025; Shuntov et al. 2025).

2.3. Data cleaning and visibility mask

We cleaned the data set by keeping only galaxies (includ-
ing active galaxies) based on LePhare classification. We
removed masked objects limiting the selection to both
FLAG_STAR_JWST=0 and FLAG_STAR_HSC=0 to ensure not only
the availability and reliability of JWST photometry but also of
the external ground-based photometry which is used to estimate
photometric redshifts. Removing unsafe regions for ground-
based data implies a loss of area of around 10% compared to
the area selected only considering JWST photometry quality. We
decided to sacrifice this area in exchange for the improvement in
photo-z uncertainties and in physical properties resulting from
SED fitting that including good-quality ground-based photom-
etry ensures (see Shuntov et al. 2025, and in prep., for further
details). A cleaned and high-quality sample is crucial for the
study of the clustering of galaxies in three dimensions, while on
the contrary, the inclusion of badly characterized galaxies with
uncertain and inaccurate photo-zs can contaminate the sample
with spurious detections, for instance, in correspondence with
artifacts. For this reason, we additionally kept only the galaxies
with the best photo-z quality flag, LP_warn_fl=0, to reject arti-
facts like snowballs and sources with inconsistent photometry
between different bands. We then cut the catalog at the mode of
the magnitude distribution in the F150W band, which we chose
as the reference band (see Sect. 3). This minimizes the introduc-
tion of noise and spurious detections in the catalog and defines
the depth of the galaxy catalog, that is mF150W = 27.3. As a
reference, this catalog is almost 2 magnitudes deeper than the
one we used in Toni et al. (2024) and more than 3 magnitudes
deeper than the cluster search performed in KiDS (Maturi et al.
2019, and in prep.). To further reduce the contamination of the
galaxy sample due to poor classification, we removed all objects
with an extremely small radius, choosing as a threshold radius
∼0.01′′, which is the value that divides into two distinct groups
the sources in the mF150W–radius plane. The total number of
selected galaxies used for the group detection is 389248. The
redshift and magnitude distribution of the cleaned input galaxy
catalog is shown in Fig. 2.

In order to include in our group detection the information
about the footprint of the survey and the areas of the field that
are inaccessible or potentially contaminated during the obser-
vation phase, we need to generate a so-called visibility mask.

1 Photometric redshift performance is estimated in terms of the σNMAD

indicator, that is σNMAD = 1.48×median[(|∆z−median(∆z)|)/(1+zspec)],
where ∆z = zphot−zspec, the difference between photometric and spectro-
scopic redshift. Galaxies are defined as outliers if |∆z| > 0.15(1 + zspec).
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Fig. 1. JWST rgb (F444W as r, [F150W, F277W] as g, F115W as b) color-composite image of the most massive group in the COSMOS-Web
field. The JWST image is overlapped with the X-ray extended emission (pink) from the combined XMM-Newton and Chandra 0.5−2 keV wavelet-
filtered image. (Credits: ESA/Webb, NASA & CSA, G. Gpzamoasm, K. Virolainen, A. Koekemoer, M. Franco.)

Using a visibility mask as input in the detection process has
a twofold purpose: it filters out unsafe sources excluding them
from the input catalog and it allows the detection algorithm
to account for inaccessible areas during the detection proce-
dure. We based the visibility mask on the input galaxy cata-
log, using an approach similar to that used in Toni et al. (2024).
In particular, we created the visibility mask starting by assign-
ing the value 1 (masked) to all mask pixels devoid of galax-
ies in the selected catalog described above. This ensures areas
lying outside the field and areas affected by bright star halos are
accounted for. Then, we built polygons to cover areas that may
be affected by star spikes. To do this, we used the Incremen-
tal Data Release of the HSC bright-star masks by Coupon et al.
(2018), extracted from Gaia DR2 (Gaia Collaboration 2018),
with magnitude G < 18. The spike and halo size follow an

exponential relation with the magnitude of the star, with the
same approach presented by Coupon et al. (2018), and the poly-
gons were converted to binary masks using the venice code
(Coupon 2018). Besides these polygons, we visually inspected
the galaxy density maps in different redshift bins and manu-
ally masked areas with possible artifacts close to the star halos
and/or field borders. During the visual inspection, due to sus-
piciously shaped overdensities at z > 2, we also discarded the
area occupied by the central galaxies of a z ∼ 0.1 known group
in COSMOS, which is listed, for instance, by Gozaliasl et al.
(2019) as ID20149. This makes this known bright object unde-
tectable but improves purity at higher redshifts. This masking
procedure ensures our galaxy catalog is as clean as possible from
spurious or bad-photometry detections, especially for high-z
detections.
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Fig. 2. Distribution in magnitude (top panel) and redshift up to z = 4
(bottom panel) of the cleaned galaxy catalog used as input for the group
search.

The resulting composite visibility mask yielded an effec-
tive area in which the group search was performed of about
0.45 deg2.

3. Detection of groups with AMICO

AMICO (Bellagamba et al. 2018; Maturi et al. 2019) detects
galaxy clusters and groups in photometric galaxy catalogs using
position, photometric redshift, and any additional galaxy prop-
erty. The algorithm is based on a linear optimal matched filter
(e.g., Maturi et al. 2005) that extracts a signal for which we have
an a priori model. The galaxy density can be described as the
sum of a signal component and a noise component, representing
the cluster and the field galaxies, respectively. The signal com-
ponent S is expressed by S (x) = AMc(x) where Mc(x), is the
a priori cluster model and a function of the n galaxy properties
contained in the vector x. The factor A, the signal amplitude,
is retrieved as a convolution of the data with an optimal filter
defined via constrained minimization and is related to the cluster
richness. AMICO generates a three-dimensional amplitude map
and selects detections at the peaks with the highest signal-to-
noise ratios. Then, it attributes membership probability to galax-
ies whenever a candidate is identified. This probability is then
used to compute the apparent richness, λ, as the sum of all mem-
ber probabilities, and the intrinsic richness, λ?, considering only
members restricted to m? + 1.5 and inside R200, where m?, the
luminosity function knee magnitude, and R200, the virial radius,
are model parameters, as we describe below and in Toni et al.
(2024). In this paper, we focus on the specific characteristics of
this particular application of AMICO to the new COSMOS-Web
data. Therefore, for a complete description of the mathematical
formalism and working principle of AMICO, we refer the reader
to Bellagamba et al. (2011, 2018) and Maturi et al. (2019).

For this specific application, we adopted the same amplitude-
map resolution used for the AMICO-COSMOS catalog
(Toni et al. 2024), that is ∆r = 0.3′ (on the sky plane) and
∆z = 0.01. We used AMICO with a single galaxy property,
which we chose to be the magnitude in the JWST F150W band
(simply m, hereinafter). This photometric band, in addition to
having good resolution and low background noise with respect

to other bands, was proven to be stable to the calibration of the
mass-proxy scaling relation at high redshift observed in the H-
band run described in Toni et al. (2024). For what concerns the
redshift probability distribution p(z) of each galaxy, we decided
to rely on an analytical Gaussian distribution that peaks at the
redshift with the highest probability for each galaxy with its 1σ
uncertainties.

Cluster model. To describe the expected distribution of clus-
ter galaxies, we built an analytical model with a trun-
cated Navarro-Frenk-White profile (Navarro et al. 1997) and a
Schechter luminosity function (Schechter 1976). We used the
following parameters from the literature: normalization as esti-
mated by Hennig et al. (2017), concentration parameter from
Ragagnin et al. (2021) and faint-end slope of the luminosity
function from Andreon et al. (2014). The characteristic magni-
tude of the luminosity function, m?, was estimated using evo-
lutionary synthesis models with GALEV (Kotulla et al. 2009).
We used the same GALEV configuration as in Toni et al. (2024),
evolving a massive (∼1011 M�) elliptical galaxy. Figure 3 shows
the redshift evolution of m? overlapped with the selected galax-
ies (orange density contours) for a model with formation red-
shift, z f = 8 and an exponentially declining star formation burst
(purple line), and one with z f = 5 and without burst (light blue
line). The former marks the exponential cut-off in the number
of galaxies and better describes the magnitude evolution trend
of the data set up to at least z ∼ 3.7, redshift to which we
extended our search. This first m? evolution trend was chosen
to build the cluster model. We adopted a resolution in magnitude
of ∆m = 0.5 for the model and the noise describing group and
field galaxies, respectively. This ensures sufficient galaxy statis-
tics in each magnitude bin.

Noise model. We estimated the noise, which describes the distri-
bution of field galaxies, by approximating it to the general dis-
tribution of the whole galaxy sample. Given the small area cov-
ered by this group search, we investigated the impact of group
galaxies on the noise and observed visible peaks localized in red-
shift, which could be due to physical overdensities. We cleaned
the noise model from the group galaxy contamination by divid-
ing the field into four non-overlapping quadrants of roughly the
same area and by taking the median noise value of each corre-
sponding noise bin for the four quadrants as the final one. This
cancels out the contribution of localized overdensities that are
present in a specific quadrant and not in the others. Additionally,
we performed a regularization of the noise model similar to the
one described in Toni et al. (2024), attributing a large value to
empty bins and those with m < m? − 3.

4. Catalog of galaxy groups

We performed a group search with AMICO over the effective area
of 0.45 deg2 in the COSMOS-Web field, as previously described.
We ran the code down to (S/Nnocl)min = 6.0, where S/Nnocl is the
AMICO signal-to-noise ratio, which does not include shot-noise
from cluster/group members in the amplitude variance. When
taken as a reference, this was proved to yield a more stable red-
shift dependence of the purity of the sample, with respect to the
standard S/N, that includes both background and member contri-
bution (Maturi et al., in prep.). For further details on the defini-
tion and on the difference between the two signal-to-noise ratios
in AMICO, we refer the reader to Bellagamba et al. (2018) and
Maturi et al. (2019). We then cut the catalog at λ? > 2, which is
a typical value to reject single and pairs of galaxies and minimize
the number of unrealistic and spurious detections. Additionally,
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Fig. 3. Magnitude and redshift of the galaxies of the input catalog
(orange density contours) and evolution with redshift of the character-
istic magnitude of the luminosity function, m?, for two different models
with different formation redshifts and star formation burst, as shown in
the legend. The model with z f = 8 and past burst is the one used for the
model in this work, marked by the solid purple line. This model better
describes the trend of magnitude with respect to the one represented by
the solid blue line. The dashed purple line indicates the same model,
but for m? + 1.5 which is the limit used in the definition of the intrinsic
richness.

we rejected detections falling into the first and last redshift bin
which might be affected by border effects. The final catalog we
produced contains 1678 detections in the range 0.08 ≤ z ≤ 3.7
and with S/Nnocl > 6.0. Despite AMICO has been widely used
at z < 1 (Bellagamba et al. 2018; Maturi et al. 2019, 2023)
and already tested (Euclid Collaboration: Adam et al. 2019), and
applied to real data (Toni et al. 2024) up to z = 2, the detec-
tion of groups and clusters at even higher redshift, where they
are still taking shape, is a quite unexplored regime, that we are
interested in addressing with this work. The possibility to detect
objects at z > 2 with AMICO and the resulting sample derived
from the application to the COSMOS-Web data are discussed in
more detail in Sect. 5. For what concerns the sample at z < 2, we
compared the detections in the COSMOS-Web field with the pre-
vious COSMOS catalog constructed with AMICO (Toni et al.
2024). We performed a three-dimensional matching with maxi-
mum radial separation dr= 1 Mpc/h and maximum redshift sep-
aration dz= 0.05(1+ z), equivalent to ∼200 cMpc at z = 2, which
are typical values for group/cluster matching. In the matching,
we allowed multiple associations in order not to exclude poten-
tial cases of fragmentation or over-merging of detections. For
this comparison, we worked on the common volume covered by
the two catalogs, which is defined by the interval 0 < z < 2 and
by the smallest effective area, namely the one of the COSMOS-
Web field. Therefore, we discarded masked detections2 from the
previous AMICO-COSMOS catalog according to the visibility
mask described in Sect. 2.3. We found good correspondence
between the two samples on the common volume, with a total
number of 847 groups matched for the COSMOS-Web sample
and 520 for the AMICO-COSMOS one. We explored the pos-
sibility for the difference in counts to signal fragmentation or
over-merging. However, we found that the impact of fragmenta-

2 However, we allowed matching with masked detections if these fall
within the tolerance of the matching.

tion is marginal. Since we have used two different definitions of
signal-to-noise as a lower limit to stop the detection process, we
repeated the matching considering only COSMOS-Web detec-
tions with S/N > 3.0 which was the minimum threshold of
the AMICO-COSMOS catalog. This yielded a more consistent
number of counts, with 400 matched detections for COSMOS-
Web and 397 for AMICO-COSMOS. The percentage of matched
detections for the AMICO-COSMOS catalog is around ∼97%
and increases to ∼98% when considering only detections with
S/N > 3.5, which was identified as the threshold for select-
ing the most robust sample, based on the comparison between
the detection performances in different photometric bands (see
Toni et al. 2024, for details).

In Fig. 4, we show the redshift distribution of all the objects
of this catalog and the cumulative signal-to-noise distribution,
marking with the orange line the distributions for the detections
with λ? > 10, a value to select the rich-end tail of the distri-
bution in λ? and identify the richest objects in the catalog. In
Fig. 5, we plot the intrinsic richness, λ? vs z in three intervals of
S/Nnocl. The trend of increasing intrinsic richness for increasing
redshift observed up to z ∼ 2 is expected, since the further we
observe, the harder it is to detect poor and faint objects. At z & 2,
overdensities and numerous low-λ? detections might be due to
the fact that AMICO detects cores and substructures of clumpy
extended protostructures rather than individual virialized clus-
ters/groups. Additionally, the redshift interval z ∼ 2.4−2.6 is
occupied in COSMOS by several large overdensities of galax-
ies known, for example, as Hyperion and Colossus protoclus-
ters (Cucciati et al. 2018; Lee et al. 2016, see Table 1 for further
details and references). Figure 6 shows four examples of detec-
tions at different redshifts. The final group catalog includes the
columns described in Appendix A and it is accompanied by the
list of member galaxies for each detection with membership and
field probability as assigned by AMICO. This galaxy member-
ship probability is calculated after AMICO detects candidates in
the 3D amplitude map, as briefly described in Sect. 3. In par-
ticular, the probability of the i-th galaxy belonging to the j-th
detection is expressed by

Pi, j = Fi

AMc(xi)p(z j)

AMc(xi)p(z j) + N
· (1)

Here, Fi is the probability of belonging to the field, which is
used as a scaling factor to consider any previous associations of
the galaxy. The field probability assumes a value of 1 for each
galaxy when the iterations start and decreases at each new asso-
ciation. The vector containing the galaxy properties as described
in Sect. 3, xi, contains here the sky position of the galaxy with
respect to the group center. The noise and the value of the galaxy
redshift probability distribution at the group redshift, z j, are
here expressed by N and p(z j). The galaxy member catalog and
the membership probability for each galaxy associated with a
detection are part of the output returned by AMICO. However,
this membership association is by definition a model-dependent
quantity. If one wants to study the properties of the clusters and
groups themselves, such as the luminosity function or the den-
sity profile in a model-independent way, one needs to rely on a
different method to identify possible members and field galax-
ies. For this reason, we included in our group catalog the pos-
sibility of retrieving statistical membership, as it was done for
example by Puddu et al. (2021) to study cluster luminosity func-
tions. We proceeded as follows: in the membership catalog, we
added a column named “FLAG_CYLINDER”, which we assigned
the value “1” for all galaxies located within a cylinder centered
in the center of each detection, with a radius of 0.5 Mpc/h and
depth 0.01(1 + z); we then assigned the flag value “0” to all
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Fig. 4. Redshift distribution (left panel) and normalized cumulative signal-to-noise distribution (right panel) for all the detections in the COSMOS-
Web group catalog. In orange, we show the richest detections, with λ? > 10.

Fig. 5. Intrinsic richness, λ?, for the sample of detected groups and its
trend with redshift, in three different S/Nnocl bins as indicated in the
plot.

galaxies which do not fall in any of the cylinders. These flags
help identify potential group and field galaxies without relying
on the AMICO association probability. Besides this, we also cre-
ated two three-dimensional maps of the volume covered by the
group search, marking the effective area (taking into account
only unmasked regions) inside or outside the cylinders, used
to easily retrieve the group and field volumes in a given red-
shift slice and perform background subtraction. This was done to
make the membership catalog usable for galaxy population and
group property studies. However, when referring to group galax-
ies in this paper, we will make use of the membership probabil-
ity directly returned by AMICO, selecting members as galaxies
associated with P > 50%, unless otherwise specified.

4.1. Purity and completeness of the sample with SinFoniA

We derived the purity and completeness of the sample by making
use of data-driven mock catalogs, produced with the Selection

Function extrActor (SinFoniA; Maturi et al. 2019). This method
has already been applied to wide-field surveys such as KiDS
(Maturi et al. 2019, and in prep.) and is currently part of the
implementation of the Euclid pipeline. The idea is to generate
mocks based on the input dataset used for the creation of our
candidate catalog, which is already divided into field and group
galaxies via the association probability returned by AMICO.
After this, the AMICO algorithm is applied to the mock galaxy
catalog in the same way as was done for the real data, and the
list of generated mock groups is used as a “truth table” to study
the resulting group catalog. Therefore, the reference catalog is
matched with the results of the search and used to estimate the
purity and completeness of the sample and the uncertainties on
the retrieved properties of the groups. The SinFoniA algorithm
exploits a Monte Carlo approach to create realizations of the uni-
verse and generate realistic mocks directly from the data. There-
fore, the generated mocks are not based on any model or assump-
tion, and they are able to reproduce the complexity of the real
data. This reduces the possibility of introducing biases due to
the cosmological assumptions, which are, for example, behind
numerical simulations. Here, we briefly describe the main steps
of the approach we adopted for this specific application and the
results of our comparison against realistic mocks. For a com-
plete description of SinFoniA, we refer the reader to Maturi et al.
(2019).

Mock catalog. To create a data-driven mock catalog we pro-
ceeded as follows. First, we derived the cumulative distribution
function (CDF) of a group sample identical to the original cata-
log, but extending down to S/Nnocl ∼ 0, and chose as reference
ranking quantity the S/Nnocl returned by AMICO. We did this
in redshift bins to account for a possible redshift dependence.
The CDF of this sample is shown in Fig. 7, with different col-
ors referring to different redshift bins. There is no significant
redshift dependence for this application, proving once again the
good quality of the photo-z estimation. Then, we extracted the
group detections using the CDF at their signal-to-noise ratios
as the probability to be extracted, since this can be interpreted as
the likelihood of the detection to correspond to a real group. This
was done to avoid a sharp cut in S/Nnocl when choosing which
detections to consider. The field probability of galaxies is then
recalculated by taking into account which detections have been
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Fig. 6. Four examples of detections present in the group catalog, at different redshifts. Circles indicate member galaxies, color-coded with mem-
bership probability and with their redshift printed next to each circle. Purple-to-yellow contours mark the density of galaxies and green contours
the X-ray emission from the combined XMM-Newton and Chandra mosaic image in the 0.5−2 keV band. White lines delimit masked areas. The
center of the group is marked with a red cross. In the top left panel, a group at z = 0.71 with λ? ∼ 78 and central AGN (the same group shown in
Fig. 1). In the top right panel, a group at z = 1.29 with λ? ∼ 14. In the bottom left panel, a group at z = 2.22 with λ? ∼ 24 and on the bottom right
panel one at z = 3.14 with λ? ∼ 28, flagged for being on the extended X-ray emission of a low-z group and for being at the edge of the field, as
visible on the top of the stamp. JWST rgb images are in the same filters as in Fig. 1.

rejected. Secondly, we extracted the field galaxies by using the
membership information. The probability of the galaxy belong-
ing to the field (Fi in Eq. (1)) is used as the probability for the
galaxy to be extracted as part of the mock field. For this appli-
cation, we kept the original position and redshift of the field
galaxies to maintain the noise spatial correlation and so the main
features of the large-scale structure. Then, we generated the list
of possible mock members. Once again, we extracted the possi-
ble members from the catalog created via rejection based on the
CDF.

All galaxies are then collected in bins of apparent richness
and redshift so that the mock groups can be built by drawing
from the full population in the corresponding bin. We used a

bin resolution of ∆λ = 10 and ∆z = 0.01 for apparent rich-
ness and redshift, respectively. With this approach, mock groups
are built with members extracted from stacks of different origi-
nal detections, using the membership probability (Pi, j in Eq. (1))
as the probability of being extracted as members. However, this
method tends to cancel out the intrinsic shape and orientation
of clusters/groups. To restore their scatter in physical shape, we
performed a coordinate transformation that does not affect den-
sity but introduces an ellipsoidal shape resembling that of dark
matter halos in simulations (Despali et al. 2017). Mock group
position and redshift are randomly shuffled, with maximum dis-
placement values of 0.25 Mpc/h and 0.01 in redshift. These val-
ues were chosen in order to introduce a perturbation that is
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Fig. 7. Cumulative distribution function (CDF) of S/Nnocl, in different
bins of redshifts (color bar on the right), used to select detections the
mocks are based on, instead of using a sharp signal-to-noise cut.

not large enough to alter the features and structures on large
scales, namely to preserve the three-dimensional spatial corre-
lation. Finally, we ran AMICO on the generated mock catalog
and used this as a reference to study the reliability of the original
detections. Maturi et al. (in prep.) discuss the negligibility of the
possible under-representation of small and blended objects in the
mocks.

Matching procedure and group observables. When assessing the
quality of detections through matching with a reference, it is
important to ensure the good quality of the matching procedure
itself. To do so, we performed an initial matching with relatively
loose tolerance, namely dz= 0.05(1+ z) and dr= 0.5 Mpc/h, and
used an a-priori sorting of the catalogs by richness to prioritize
richer groups with respect to the more numerous poor groups.
Then, we looked at the distribution of redshift and spatial separa-
tion between successfully matched detections, which is reported
in the left panel of Fig. 8. The majority of matched detections are
concentrated at ∆r < 0.2 Mpc/h and at |∆z|/(1 + z) < 0.01, sug-
gesting these might be more appropriate tolerance values to be
chosen for the matching in order to discard those likely to be ran-
dom matches (see Fig. 8). We estimated the number of random
matches by fitting the scatter distribution in redshift and position
with a function given by the product of two Gaussian distribu-
tions, plus a constant that represents the value of the background
consisting of random matches. We then repeated the same fit-
ting with Cauchy distributions, which better represent the tails of
the distribution. These tests showed that the background value is
negligible with respect to the density inside the selected rectan-
gle. We observed that typical scatter values in radial separation
assume realistic values (∆r = 0.2 Mpc/h) while for the redshift
separation, the scatter distribution is very narrow, with most of
the detections having their redshift matched within ∼0.005(1+z).
In the right panel of Fig. 8, we show the normalized distribu-
tion of scatter in redshift for the mock matching (dashed black
line) and for the comparison between photo-z and spec-z of the
detected groups with spectroscopic counterparts (solid purple
and green lines, for two redshift intervals). For details about the
spectroscopic counterpart assignment see Sect. 4.2. The shown
spec-z values correspond to the mean spectroscopic redshift of
members assigned with P > 90%. We also tested lower proba-
bility thresholds, but the scatter did not significantly change. It

is visible that the scatter in redshift in the mocks is significantly
smaller when compared to the spectroscopic scatter.

The matching against the true catalog allowed us to check
for possible biases in the estimation of group observables, like
the proxies of mass, amplitude, richness, and intrinsic richness.
The relative scatter of the true and detected observable quanti-
ties is shown in Fig. 9 for apparent richness, λ, intrinsic richness,
λ?, and amplitude, A. No significant bias is visible in any of the
observables and across the entire sample. As expected, the three
proxies of mass are highly affected by the Malmquist bias, which
is a selection effect and does not have to do with the detection
method. This selection effect is significant for the smallest detec-
tions, as visible in Fig. 9, indicatively for λ . 70, for λ? . 10,
and for A . 0.5, with a slight redshift dependence for the latter.

Purity and completeness. The purity of a detected sample in
reference to a true sample is defined as the ratio of the suc-
cessfully matched detections to the total number of detections;
the completeness is computed as the ratio of the successfully
matched detections to the total number of true objects. We esti-
mated the purity and the completeness of our sample against the
mock catalog produced with SinFoniA in bins of detected red-
shift and detected candidate properties, the two signal-to-noise
ratios, S/Nnocl and S/N and the two main mass-proxies returned
by AMICO, the amplitude A and the intrinsic richness, λ?, for
the purity and the two mass proxies for the completeness. The
values of purity and completeness at different redshifts and for
the different properties are shown in Figs. 10 and 11, respec-
tively. As expected from the previous analyses of AMICO clus-
ter and group samples (e.g., Maturi et al., in prep.), the S/Nnocl

value is the detection property with the best stability in redshift
when analyzing the purity of the catalog. This means that this
indication of signal-to-noise can be easily linked to a desired
purity threshold. We found that, for this application, a cut at
S/Nnocl ∼ 10 (selecting around 670 detections) would identify
a 90%-pure group sample, while a cut at S/Nnocl ∼ 7 (select-
ing around 1400 detections) would set purity at 80%. Figure 12
shows the signal-to-noise cut (horizontal axes) to be applied
to this group sample for each desired level of purity (vertical
axes). Concerning completeness, for this sample it resulted in
being less redshift-dependent for the intrinsic richness (bottom
panel of Fig. 11), with an 80% completeness reached at around
λ? ∼ 16.

4.2. Spectroscopic counterparts

We associated spectroscopic redshifts with our detections, using
the compilation of spectroscopic catalogs for the COSMOS field
by Khostovan et al. (2025). Public and private surveys included
are, for instance, Lilly et al. (2007, 2009), Kartaltepe et al.
(2015), Hasinger et al. (2018), Kashino et al. (2019) and many
others. Additional references can be found, for example, in
Gozaliasl et al. (2024), Table 2. We selected sources with high-
quality spectra, namely with a confidence level larger than
80%. This yields a spectroscopic sample with more than 66 000
galaxies with spectroscopic redshift in the COSMOS field. We
assigned spectroscopic counterparts to our galaxy members
identified by AMICO, via positional matching within 1′′, which
is the same separation used to assign counterparts from different
surveys in the compilation (Khostovan et al. 2025). Thanks to
the large spectroscopic coverage offered by the COSMOS field,
we were able to assign a spec-z to around 20% of the group
members assigned by AMICO (4300 members assigned with
P > 50% have a high-quality spectroscopic redshift). We defined
the quality of the spectroscopic association to the group as Q,
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Fig. 8. Left panel: Distribution of matched detections in the redshift scatter, |∆z|/(1 + z) – radial separation, ∆r [Mpc/h] plane for an initial
matching with maximum separation dz = 0.05(1 + z) and dr = 0.5 Mpc/h. Most of the matched detections are concentrated in the rectangular area
at ∆r < 0.2 Mpc/h and at |∆z|/(1 + z) < 0.01. Right panel: Distribution of the redshift scatter for the mock matching (dashed black line) compared
to the scatter between group photo-z and group spec-z estimated as the mean of spec-members with P > 90%, in two intervals of redshift (solid
purple and green lines). The distributions are normalized to 1.0 to better compare scatters.

Fig. 9. Relative scatter of the three observables (O, i.e., λ, λ? and A, from left to right) between the detected observables, Odet, and the true
observables as in the mocks, (Otrue). The scatter is here expressed by ∆O = Odet − Otrue. Different colors mark different redshift bins as indicated
in the plot on the right. Points with a scatter larger than 3.0 and the detection in Fig. 1 (which is much richer than the rest of the sample) are not
shown for better visualization of scatters and biases.

which is the ratio of the sum of the membership probabilities of
the spectroscopic members to the number of spectroscopic mem-
bers, Q =

∑
i Pi/Ngal. We found that 535 detections in total have

at least three members with a spec-z. 948 detections have at least
one galaxy member with spec-z and Q > 70%. A total of 1075
detections have at least 3 spectroscopic members or an associ-
ation with Q > 70%. Among these, around 80% of the group
candidates have the redshift assigned by AMICO that is consis-
tent with zspec. Here, zspec is defined as the mean spectroscopic
redshift of the associated members. The consistency criterion is
met when the relative difference between the two redshifts is less
than 3%, that is, |∆z|/(1 + zspec) < 0.03, which is around the
largest σ of the photo-z uncertainty (see Sect. 2). By assigning
spectroscopic counterparts to our group members, we were able
to exclude the presence of any significant general z-dependent
bias between photo-zs and spec-zs, namely between AMICO
redshift (based on galaxy photo-zs) and spectroscopic redshift of
the group, estimated as the average redshift of the available spec-
troscopic members. This kind of bias was, for instance, found
in the KiDS sample at low redshift and consequently corrected

(Maturi et al., in prep.). The mean bias of the sample with more
than 3 spectroscopic members is ∆z/(1+zspec) = −0.011±0.051.

However, even if a significant mean bias characterizing the
sample is not visible, individual detections may show an incon-
sistency between the redshift assigned by AMICO and the one
based on the available spectroscopic members. Therefore, we
studied and marked with a dedicated flag all the detections
that have a spectroscopic inconsistency of redshifts. For this
analysis, we used only groups with at least 4 spectroscopic
members or with spectroscopic quality Q > 95%. The flag
is assigned to all detections that have relative redshift scat-
ter, |∆z|/(1 + zspec) > 0.15, which is the same limit chosen
to compute outlier fractions for galaxies in the COSMOS-Web
galaxy catalog (see e.g., Casey et al. 2023; Shuntov et al. 2025).
Only 30 detections are affected by spectroscopic mismatch as
just described. This confirms the already assessed good photo-
z quality of COSMOS-Web data used for this group search
(Shuntov et al. 2025; Arango-Toro et al. 2025). In this work, we
also leveraged the availability of a large compilation of spec-zs to
test the AMICO algorithm on a hybrid galaxy sample using also
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Fig. 10. Purity of the group sample evaluated against the mock catalog
produced with SinFoniA. The four panels show the redshift dependence
of (non-cumulative) purity referred to four different reference detection
properties: signal-to-noise ratio without cluster contribution, with clus-
ter contribution, amplitude, and intrinsic richness (from top to bottom).

the spectroscopic redshifts, when available. This application is
described in Appendix B.

Fig. 11. Completeness of the group sample evaluated against the mock
catalog produced with SinFoniA. The two panels show the redshift
dependence of completeness referred to two different proxies of mass
returned by AMICO: amplitude (top) and intrinsic richness, λ? (bot-
tom).

4.3. Detection flags

Besides flagging the detections in our catalog without spectro-
scopic members and those with spectroscopic members with red-
shift not compatible with the photometric one, we added useful
flags to help filter the sample depending on the study that has
to be performed with this catalog. Our flagging system is based
on a list of base-2 flag bits referring to the following properties,
ordered starting from the least severe:

1. lack of spectroscopic members
2. less than 3 arcmin from a border edge
4. X-ray projection or proximity flag3

8. masked fraction larger than 25%
16. central X-ray selected AGN (obtained via matching with the

X-ray sources in COSMOS-Web or COSMOS2020)
32. spectroscopic mismatch (see Sect. 4.2)
64. low intrinsic richness (λ? < 5).

In our detection catalog, we introduced the flag
“DETECTION_FLAG” which represents the sum of all these
detection flag bits. Thus, if more than one criterion is present,
the flags are summed together; for example, a group without
spectroscopic members and λ? = 3 will be flagged with 65.

3 In the same way as it was done in Toni et al. (2024) to clean the
sample for the calibration of scaling relations, this flag marks detections
within 0.02 deg from the center of a rich detection or lying on their
extended X-ray emission.
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Fig. 12. Relation between minimum S/Nnocl and purity of the sample.
In correspondence with some reference values of purity, we report the
number of selected detections.

According to this flagging system, around 67% of the entire
sample down to S/N = 6.0 is flagged with a value smaller than
20, which is an example of how to select robust detections based
on their individual properties.

5. Candidates at z ≥2

The depth of this catalog and the availability of high-quality
photometric redshifts make this application ideal for testing the
AMICO algorithm in the relatively unexplored regime of high-
redshift groups, protogroups, and protoclusters.

5.1. COSMOS protocluster compilation

In order to benchmark our results in this challenging regime, we
first collected literature about structures already known in the
COSMOS field. We created a compilation of all currently known
clusters, groups, protoclusters, or protocluster cores in the range
2.0 . z . 4.0, which is the interval we are interested in for this
comparison.

The collected detections with relative references and sam-
ple properties, like position and redshift, are summarized in
Table 1. It should be noted that for this application of the
AMICO algorithm to the COSMOS-Web field, we made use
of a cluster model, as described in Sect. 3, so we are rely-
ing on our knowledge of how galaxies are distributed in clus-
ters and groups at low redshift, which might not be what we
actually see at z > 1.5. According to currently favored sce-
narios for cluster formation, present-day galaxy clusters and
groups are the aftermath of the assembling, growing, and matur-
ing of protocluster cores (see e.g., Shimakawa et al. 2018). In
this high-z group search, we expect the algorithm to detect cores
or possibly virialized substructures of protoclusters which may
extend for several tens of Mpcs. For this reason, to perform
a consistent comparison of our high-z sample with the known
structures in the literature, we considered peaks and substruc-
tures inside extended protoclusters as individual objects. Just
as an example, the 10 density peaks of Elentari (Forrest et al.
2023) and the 7 peaks of Hyperion (Cucciati et al. 2018) are
counted as 17 different objects in our protocluster compila-
tion (see Table 1). In this compilation, we included not only

objects detected as overdensities of photometric or spectro-
scopic redshifts (e.g., Chiang et al. 2014; Diener et al. 2013;
Sarron & Conselice 2021), but also discovered with several
other approaches and methods, using, for example, the emis-
sion from distant galaxies or radio-galaxies (e.g., Geach et al.
2012; Castignani et al. 2014; Daddi et al. 2022), the mapping
of Lyman α forest (e.g., Lee et al. 2014) and the group X-
ray emission (e.g., Wang et al. 2016; Gozaliasl et al., in prep.).
Since this protocluster compilation might be used as a reference
also in other studies beyond the comparison in this work, we
included all detections in the COSMOS field, and not only in
the COSMOS-Web portion of it. In case the object falls outside
the COSMOS-Web field, we make that explicit in Table 1. Addi-
tionally, we did not perform internal matching to discard pos-
sible double detections, since it is not straightforward to define
the spatial limits of protoclusters. However, if the discovery of a
structure is generally attributed to more than one work, we report
the corresponding references (see Col. 6 of Table 1).

5.2. Our candidates in the COSMOS-Web field

We ran a three-dimensional matching between our catalog and
the compilation, in which we allow an AMICO detection to have
more correspondences in the compilation, given that we did not
discard objects potentially detected multiple times, as previously
mentioned. The matching was run as follows: for each AMICO
detection, we attributed a successful match with every other
known object that lies within a cylinder of radius dr= 1.0 Mpc/h
and redshift depth dz= 0.05(1 + z). These values are similar to
scatter values chosen in literature for matching clusters/groups
at very high redshift (see e.g., Sarron & Conselice 2021). In
this procedure, we used an a priori sorting of the AMICO cat-
alog by (S/N)nocl. In the last column of Table 1, the matched
protoclusters are indicated with a checkmark. Whenever the
reference detection is not a single object but a catalog or a
structure with multiple peaks, we indicate next to the check-
mark the percentage of matched peaks or detections over the
total number of objects falling in the available area accord-
ing to our visibility mask (described in Sect. 2.3). We suc-
cessfully matched 205 of our groups to be compatible with
detected protoclusters or substructures of protoclusters at z ≥ 2
already known in literature, like the Hyperion protocluster struc-
ture (Cucciati et al. 2018; Casey et al. 2015; Wang et al. 2016),
Elentari (Forrest et al. 2023), CC2.2 (Darvish et al. 2020), and
others. We identified a total number of 316 new high-z objects4

with 2 ≤ z ≤ 3.7. These are interesting candidate protoclus-
ter cores and protogroups that do not match to any of the struc-
tures we collected from the literature in the field. Two examples
of new high-z detections are shown in Fig. 13, one object is at
z = 2.47 and one at z = 3.40.

As mentioned above, at such high redshifts, we detected with
AMICO groups that might be cores or density peaks of more
extended protoclusters. For this reason, we explored the pos-
sibility of identifying protoclusters made of multiple AMICO
detections by applying a 3D clustering algorithm. We treated our
high-z detections as points with 3D coordinates and performed
a clustering analysis with the sklearn algorithm for Density-
Based Spatial Clustering of Applications with Noise (DBSCAN;
Ester et al. 1996). We used a minimum of two members per clus-

4 During the revision phase of this paper, a catalog of overden-
sity peaks was published by Hung et al. (2025). This catalog includes
objects compatible with ∼49% of our new detections. The overall
matching rate is ∼93%.
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Fig. 13. Two examples of high-z detections not known in the literature. Stamps are JWST color-composite images, annotations are the same as
described in the caption of Fig. 6. Left: Candidate at z = 2.47 with λ? ∼ 11. Right: Candidate at z = 3.40 with λ? ∼ 25.

Fig. 14. AmicOne protocluster candidate, consisting of fourteen cores
(AMICO detections) with z ∈ [2.5, 3.09] (black points) clustered
together in the same large-scale structure, according to our clustering
analysis. In the background, the amplitude map returned by AMICO at
the redshift slice of the detection marked by the green circle, namely at
z = 2.65. Detections (black points) have different redshifts in the range,
this is why they are not all lying on an amplitude peak. The amplitude
peaks at their individual redshifts. The white crosses mark the position
of the protogroups found by Diener et al. (2013). The size of the points
is proportional to the redshift.

ter, to allow any cluster size down to pairs of detections, and a
clustering scale of 0.05 deg as angular separation and 0.02(1+ z)
as maximum redshift separation. This analysis resulted in 111
potential large-scale protoclusters, with a maximum size of 14

detections in the same object. We show the largest of these struc-
tures in Fig. 14, to which we gave the name of AmicOne (pro-
nounced [a"mikone] or [a"mikw2n]), the first and largest proto-
cluster candidate detected with AMICO. This structure is formed
by the clustering of 14 different cores, detected in the range
2.5 ≤ z ≤ 3.09, and it includes two groups consistent with
those (IDs 37 and 47 in our compilation, in Table 1) detected by
Diener et al. (2013). The diametral size of the structure is about
20 cMpc on the plane of the sky at z = 2.65 and it extends over a
wide range of redshifts, equivalent to ∼600 cMpc.

6. Conclusions

We produced a deep galaxy group catalog based on the new
COSMOS-Web photometric galaxy catalog down to F150W <
27.3. The detection procedure was performed with the AMICO
algorithm, a widely tested cluster detector currently used in
Euclid, KiDS, and other major surveys. The group search was
performed over an effective area of 0.45 deg2 and up to z = 3.7,
covering the transition from protoclusters to virialized objects
and their maturing phase. We detected 1678 groups with a
signal-to-noise ratio (S/Nnocl) larger than 6.0. For each detection
in our catalog, we provided information about position, redshift,
signal-to-noise ratio, mass proxies (like amplitude A and intrin-
sic richness, λ?), masked fraction, flags indicating detection fea-
tures, like spectroscopic counterparts, presence of AGNs, and
spectroscopic confirmation of redshift. In addition to the detec-
tion catalog, we also provide a list of members with their associ-
ation probability and the information needed to estimate statisti-
cal membership.

We evaluated the purity of our sample against realistic mocks
generated with the SinFoniA algorithm. This method allows for
the creation of mock catalogs, capturing the complexity of real
data, without relying on any a priori assumption. We found the
relationship between purity and S/Nnocl, which is the detection
property that yields the most redshift-independent relation with
purity. This makes it possible to establish cuts of the original
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Table 1. Compilation of protoclusters and high-redshift clusters and groups known in the literature for the COSMOS field.

ID Name RA [deg] Dec [deg] z Reference(s) Matched

1 ZFOURGE/ZFIRE 150.094 2.251 2.095 (1), (2) X

2 G237 150.507 2.312 2.160 (3)
311 – 150.474 2.328 2.160 (4) X

315 – 150.208 2.015 2.230 (5) X

3 CC2.2 150.197 2.003 2.232 (6) X

314 – 150.060 2.200 2.300 (7)
12–16 COSTCO [149.706, 150.129] [2.024, 2.275] [2.047, 2.391] (8), (9), (10) X (100%)
312 Colossus 150.060 2.310 2.440 (11), (7), (12), (13)
313 – 150.130 2.373 2.470 (14) X

310 CL J1001+0220 150.250 2.333 2.506 (15) X

5–11 Hyperion [149.958, 150.331] [2.112, 2.404] [2.423, 2.507] (16) X (100%)
341–345 LATIS1-D2 [149.532, 150.347] [1.988, 2.274] [2.457, 2.685] (17) X (100%)
91–266 – [149.409, 150.749] [1.628, 2.793] [2.000, 2.840] (18) X (82%)
4 QO-1000 150.043 1.694 2.770 (19) (�)

335–340 – [149.601, 150.620] [1.593, 2.289] [2.010, 2.900] (20), (21) X (100%) (∗)

316 VPC-1000 150.068 1.967 2.900 (22) X

17–55 – [149.870, 150.588 ] [1.766, 2.603] [2.013, 2.957] (23) X (82%)
267–297 – [149.509, 150.693] [1.707, 2.674] [2.070, 3.080] (24) X (92%)
334 MAGAZ3NE 150.429 2.506 3.120 (25) X

321–326 – [149.583, 150.346] [1.967, 2.603] [2.194, 3.295] (26), (27) X (80%)
317–320 CCPC [149.980, 150.070] [2.110, 2.280] [2.098, 3.303] (28) X (100%)
308–309 MAGAZ3NE [149.850, 150.117] [2.333, 2.564] [3.367, 3.380] (29) X (100%)
298–307 Elentari [149.732, 150.424] [2.275, 2.583] [3.248, 3.409] (30) X (100%)
56–90 – [149.410, 150.616] [1.543, 2.794] [2.000, 3.500] (31) X (82%)
327–333 – [149.706, 150.751] [1.798, 2.762] [2.323, 3.613] (32) (?)

Notes. The table shows arbitrary identification numbers in our compilation (ID), name of the protocluster or the survey, if available (Name),
coordinate in degrees or range of coordinates (RA, Dec), redshift or range of redshifts (z), reference(s) and whether or not the objects are matched
with one of our detection (and in which fraction if the reference is a catalog or list of objects). (�)Outside the COSMOS-Web field; (?)all outside
the COSMOS-Web field except for one object, which is unmatched; (∗)all outside the COSMOS-Web field except for two objects, both matched.
(1) Spitler et al. (2012); (2) Yuan et al. (2014); (3) Polletta et al. (2021); (4) Koyama et al. (2021); (5) Geach et al. (2012); (6) Darvish et al.
(2020); (7) Lee et al. (2016); (8) Ata et al. (2022); (9) Dong et al. (2023); (10) Edward et al. (2024); (11) Lee et al. (2014); (12) Diener et al.
(2015); (13) Chiang et al. (2015); (14) Casey et al. (2015); (15) Wang et al. (2016); (16) Cucciati et al. (2018); (17) Newman et al. (2022);
(18) Sarron & Conselice (2021); (19) Ito et al. (2023); (20) Castignani et al. (2014); (21) Castignani et al. (2019); (22) Cucciati et al. (2014);
(23) Diener et al. (2013); (24) Chiang et al. (2014); (25) McConachie et al. (2025); (26) Daddi et al. (2021); (27) Daddi et al. (2022); (28)
Franck & McGaugh (2016); (29) McConachie et al. (2022); (30) Forrest et al. (2023); (31) Gozaliasl et al. (in prep.); (32) Sillassen et al. (2024).

catalog based on the desired purity level. For example, we found
that a cut at S/Nnocl ∼ 10 would correspond to selecting a sample
of around 670 objects with purity above 90%.

We leveraged the successful application to COSMOS data up
to z = 2 presented in Toni et al. (2024) and the good quality of

the photometric redshift and depth of the COSMOS-Web survey
to create this deep catalog of galaxy groups and to explore the

possibility of detecting protocluster cores with AMICO at z ≥
2. We successfully detected 316 new objects at z ≥ 2 and 205
compatible with being part of protoclusters and high-z groups

known in the literature. To perform this comparative analysis, we
created a compilation of known objects at z > 2 in COSMOS and

matched them with our detections. In total, our catalog contains
509 candidate groups and protocluster cores in the range 2 ≤ z ≤
3.7, of which around 400 are not isolated but lie within 111 Mpc-

scale structures we found by performing a 3D clustering analysis
with a minimum cluster size of 2, with the DBSCAN algorithm.
Among these structures, the one including the highest number of

substructures (14 cores) is a large protocluster candidate found at
redshift z ∼ 2.5−3.0 and we have assigned it the name AmicOne.

Such a deep and well-characterized sample of groups,
extending over a wide range of richness and redshift, is an impor-
tant resource for the study of group and cluster assembly and

evolution, from high-z cores to the massive objects we observe
today. Additionally, it makes it possible to study several aspects
of galaxy populations in different environments. For instance,
it provides information about the numerous but relatively unex-
plored population of low-mass groups, and about galaxies in the
outskirts of groups and clusters.

Data availability

The group and member catalog is available at the CDS via
anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/
A+A/697/A197
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Table A.1. Descriptions of columns for the group and member catalog.

Catalog Column Name Description Range

Group catalog ID (1) Group identification number 1–1816
RA (2) Right Ascension (R.A.) in degrees 149.66–150.56
DEC (3) Declination (Dec.) in degrees 1.73–2.67
Z (4) AMICO group redshift 0.08–3.70
SN (5) S/N (incl. background + cluster) 1.28–6.65
SN_NOCL (6) S/Nnocl (S/N incl. only background) 6.00–43.11
AMP (7) Signal amplitude 0.12–2.51
MSKFRC (8) Masked fraction 0.03–0.79
LAMBDA (9) (Apparent) richness 14–456
LAMBDA_STAR (10) (Intrinsic) richness (m < m∗ + 1.5, r < R200) 2.0–77.6
DETECTION_FLAG (11) Detection flag (see Sect. 4.3) 0–120
Z_SPEC (12) Mean spectroscopic redshift (if available) 0.08–3.80
N_SPEC (13) Number of members with spectroscopic redshift 0–103
ZPHYS_SIGM (14) 1σ lower uncertainty on redshift 0.004-0.281
ZPHYS_SIGP (15) 1σ upper uncertainty on redshift 0.000-0.192

Member catalog GALID (1) COSMOS-Web galaxy identification number 0–783999
FIELD_PROB (2) Probability to belong to the field 0–0.995
ID (3) Group identification number 1–1816
ASSOC_PROB (4) Probability to belong to the group indicated in "ID" 0.005–1

Appendix A: Structure of the catalog

We summarize the structure of the group catalog with the
description of each column in Table A.1.

Appendix B: AMICO run with spectroscopic

redshifts

The availability of almost 100 spectroscopic surveys cover-
ing the COSMOS field and collected in the compilation by
Khostovan et al. (2025) makes this an ideal chance to test clus-
ter and group detection with AMICO, including the information
coming from spectroscopic redshifts.

In Sect. 4.2, we performed a simple a-posteriori association
of spectroscopic counterparts to the member galaxies retrieved
with the AMICO detection described in Sect. 3, which is entirely

based on photometric redshifts. In this Appendix, we describe
instead a group search done with AMICO by using not only pho-

tometric redshifts but also spectroscopic redshifts when avail-
able. First of all, we associated spectroscopic redshifts with the
full cleaned input galaxy catalog. This yielded a galaxy sample
with spectroscopic redshift available for almost 20,000 galax-
ies, which is 5% of the initial input catalog. Besides these, we
kept all galaxies with the photo-z, only creating a hybrid input
catalog. We built this hybrid catalog by selecting galaxies with
spec-z and by shifting their redshift to the spectroscopic values.
Then, we added a 1σ error, compatible with the size of the cho-
sen AMICO redshift resolution, namely ∆z = 0.01(1 + z). We
then run AMICO detection on the hybrid catalog with the same
parameters described in Sect. 3. This run resulted in a catalog of
1559 candidate clusters and groups in the range 0.03 ≤ z ≤ 3.7
and with λ? > 2. Among these, a total of 595 groups are detected
with S/Nnocl > 10.0. We compared the results of this run with the
one based only on photo-z by matching the two catalogs within
dz= 0.05(1+z) and dr= 1 Mpc/h. For simplicity, we refer to the
standard catalog described in Sect. 4 as PhotoCat and to the
results of this run with hybrid redshifts as SpecCat. The com-
parison between the two catalogs resulted in 1501 successfully
matched candidates in total, of which 1404 had 0.03 ≤ z ≤ 3.7
and λ? > 2, that is ∼ 90% and ∼ 83% of SpecCat and Photo-

Cat, respectively. Then, we looked for possible unmatched detec-
tions that have significantly changed their redshift by introduc-
ing spec-zs but are still detected above the minimum signal-to-
noise. To do so, we matched unmatched detections from Spec-
Cat and PhotoCat, without using the redshift, within a sky sep-
aration of 1 arcmin. There are 62 detections in the considered
redshift range that are compatible with having the same posi-
tion in the sky but having a different redshift. We then compared
the assigned members to clean from random matches. Among
the 62 matches, we found only 4 detections sharing more than 5
associations with P > 20% changing their redshift of a scatter
larger than 0.07(1 + z), so we attribute most of them to random
matches. Then, we analyzed the possibility of redshift fragmen-
tation, namely the possibility that a given detection with a suf-
ficient number of members with spectroscopic redshifts and a
sufficient number of members with only photometric redshifts
ends up being split into the spectroscopic and photometric com-
ponents, resulting in two distinct detections aligned along the
line of sight. This can be studied by looking at the possible
correspondence on the sky plane (without redshift information)
between a couple of matched detections and an unmatched spec-
troscopic detection since this would indicate that the photometric
component is still successfully identified but it also gave origin
to a new detection at a different redshift due to the spectroscopic
galaxies. Among the list of 151 sky matches within 1 arcmin,
we found 42 detections that share at least three members with
P > 50%. However, the selected pairings have a redshift scatter
between the matched couple and the only-spectroscopic detec-
tion smaller than the average photo-z error. Therefore, in our
sample, the redshift fragmentation does not affect the group
detection. Finding several examples of pairs coupling with a
third detection in the SpecCat may instead indicate that introduc-
ing spectroscopic redshifts possibly contributes to reducing over-
merging, and the algorithm can more easily distinguish between
close-by objects.
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