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ABSTRACT

We present a comprehensive study of the structural evolution of Brightest Group Galaxies (BGGs) from redshift z ≃ 0.08 to z = 3.7 using
the James Webb Space Telescope’s 255h COSMOS-Web program. This survey provides deep NIRCam imaging in four filters (F115W, F150W,
F277W, F444W) across ∼ 0.54 deg2 and MIRI coverage in ∼ 0.2 deg2 of the COSMOS field. High-resolution NIRCam imaging enables robust
size and morphological measurements, while multiwavelength photometry yields stellar masses, SFRs, and Sérsic parameters. We classify BGGs
as star forming and quiescent using both rest-frame NUV–r–J colors and a redshift-dependent specific star formation rate (sSFR) threshold. Our
analysis reveals: (1) quiescent BGGs are systematically more compact than their star-forming counterparts and exhibit steeper size–mass slopes;
(2) effective radii evolve as Re ∝ (1 + z)−α, with α = 1.11 ± 0.07 (star-forming) and 1.40 ± 0.09 (quiescent); (3) star formation surface density
(ΣSFR) increases with redshift and shows stronger evolution for massive BGGs (log10(M∗/M⊙) ≥ 10.75); (4) in the Σ∗–sSFR plane, a structural
transition marks the quenching process, with bulge-dominated systems comprising over 80% of the quiescent population. These results highlight
the co-evolution of structure and star formation in BGGs, shaped by both internal and environmental processes, and establish BGGs as critical
laboratories for studying the baryonic assembly and morphological transformation of central galaxies in group-scale halos.
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1. Introduction

Galaxy groups occupy a unique position in the hierarchy of cos-
mic structures, bridging the gap between isolated galaxies and
massive clusters. Although clusters (with halo masses Mhalo ≳
1014 M⊙) are often the focus of studies in extreme environments,
groups (typically 1013 ≲ Mhalo ≲ 1014 M⊙) are far more abun-
dant and contribute ∼30%–50% of the total mass budget in the
universe (e.g., Cui 2024; Pillepich et al. 2021; Bocquet et al.
2019). Their intermediate mass scale and low velocity disper-
sion (∼ 100 − 500 kms−1) make them a crucial environment for
probing hierarchical structure formation, as physical processes
such as galaxy mergers, gas accretion, and quenching operate
in a distinct regime compared to both isolated galaxies and rich
clusters.

Brightest Group Galaxies (BGGs), the most massive and lu-
minous galaxies residing at the centers of these groups, serve
as key tracers of co-evolution between galaxies and their dark
matter halos. Forming early and growing via a combination of
gas accretion, satellite mergers, and feedback-driven quenching,
BGGs occupy the bottom of their group’s potential well, mak-
ing them sensitive probes of large-scale structure assembly and

⋆ email: ghassem.gozaliasl@aalto.fi

the environmental processes shaping galaxy evolution (Darragh
Ford et al. 2019; Jung et al. 2022; Saeedzadeh et al. 2023; Goza-
liasl et al. 2016, 2018, 2020, 2024; Einasto et al. 2024).

Although the structural evolution of Brightest Cluster Galax-
ies (BCGs) has been studied extensively beyond z > 1 redshifts
(e.g. Stott et al. 2011; Yang et al. 2024), BGGs have remained
comparatively less explored, particularly in the distant universe.
This discrepancy may arise because BCGs, typically residing in
dense clusters, are more easily identified in observations than
BGGs in less massive groups at higher redshifts. However, un-
derstanding BGGs is crucial, as they bridge the evolutionary tra-
jectory between central galaxies in isolated halos and those em-
bedded in massive clusters. Studies have shown that the sizes of
BCGs and massive elliptical galaxies evolve with redshift, often
exhibiting more compact morphologies at earlier epochs (Nel-
son et al. 2002; Bernardi 2009; Ascaso et al. 2014). However,
the extent to which BGGs follow similar trends and how their
size evolution correlates with star formation activity and stellar
mass remains an open question.

Quiescent (or quenched) galaxies—defined by their heavily
suppressed specific star formation rates (SFR/M∗) relative to the
star-forming “main sequence” (e.g., Daddi et al. 2007; Noeske
et al. 2007)—host approximately half of the stellar mass in the
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local universe (Baldry et al. 2004), and have been observed in
large numbers out to z ∼ 2 (e.g., Ilbert et al. 2013; Muzzin et al.
2013; Davidzon et al. 2017). These galaxies are characterized
not only by their low sSFRs but also by compact morphologies,
with effective radii (Re) typically ∼ 30–50% smaller than star-
forming galaxies of comparable mass (e.g., Shen et al. 2003;
Cibinel et al. 2015), and exhibit more prominent spheroidal com-
ponents (Sérsic indices n ≳ 2–4).

BGGs are particularly interesting in this context, as they are
predominantly quiescent systems, with studies showing ∼ 70–
90% quiescent fractions at z ≲ 1 (Gozaliasl et al. 2016). Their
early quenching timescales and structural parameters (e.g., high
stellar mass surface densities Σ∗ ≳ 109 M⊙ kpc−2) suggest they
may represent the progenitors of today’s BCGs, with their size
evolution (Re ∝ (1+ z)−1.0±0.3) potentially driven by minor merg-
ers (Lidman et al. 2012). This connection makes BGGs crucial
for understanding the formation of the most massive galaxies,
like BCGs, in the universe.

At the highest stellar masses (M∗ ≳ 1011M⊙), this population
is dominated by central galaxies in group-scale halos, which ex-
hibit particularly strong quenching signatures (Peng et al. 2012;
Weinmann et al. 2006). The observed properties of these galax-
ies are shaped by two key processes: (1) the passive evolution of
their stellar populations after quenching, characterized by grad-
ual dimming and reddening as stars age (Tacchella et al. 2015;
Carollo et al. 2016), and (2) their distinct formation history
through early dissipative collapse (Dekel et al. 2009) followed
by hierarchical growth via satellite accretion. These evolutionary
paths are fundamentally governed by their environmental con-
text, as clearly demonstrated in their observed scaling relations
(e.g., van der Burg et al. 2014; Kravtsov et al. 2018; Gozaliasl
et al. 2014). This dual dependence on both internal evolution and
environmental factors makes these systems particularly valuable
for studying galaxy-halo co-evolution.

Observations indicate that massive galaxies undergo signifi-
cant structural evolution, with their effective radii increasing by
a factor of ∼ 2 − 3 from z = 2 to z = 0 (e.g., Williams et al.
2010; Belli et al. 2015). For star-forming disks, this growth is
linked to gradual gas accretion and inside-out assembly (e.g.,
Mo et al. 1998; Oesch et al. 2010; Mosleh et al. 2012; Shibuya
et al. 2015), while for quiescent galaxies, gas-poor mergers are
the dominant channel of size and mass growth (e.g., Toft et al.
2007; Belli et al. 2014; Kriek et al. 2009). Several studies have
noted a threshold mass near log(M⋆/M⊙) ∼ 11, above which dis-
sipationless (dry) mergers become increasingly important in size
growth (Peng et al. 2010; Poggianti et al. 2013), whereas below
this mass, the size increase of the quiescent population is pri-
marily due to the continuous addition of larger galaxies that have
been quenched at later epochs (Carollo et al. 2013; Cassata et al.
2013; Saracco et al. 2014). This phenomenon is also supported
by the stellar age differences between compact (older) and ex-
tended (younger) quiescent galaxies at fixed mass (Saracco et al.
2011; Belli et al. 2015; Fagioli et al. 2016).

These structural and demographic changes imply that differ-
ent quenching mechanisms operate across the mass spectrum.
While gradual quenching through gas depletion may preserve
galaxy morphology, rapid mechanisms such as gas-rich merg-
ers can induce morphological compaction and starbursts within
short (∼100-200 Myr) timescales (e.g., Barro et al. 2013; Zolo-
tov et al. 2015). The majority of simulations and models agree
that AGN feedback plays a critical role in quenching massive
galaxies, both by suppressing star formation and driving the de-
velopment of elliptical morphologies (e.g., Dubois et al. 2015;
Choi et al. 2015, 2017). Identifying the relative contributions

of these physical processes (mergers, gas depletion, AGN feed-
back) remains a major challenge in observational cosmology
(e.g., Birnboim & Dekel 2003; Croton et al. 2006; De Lucia et al.
2012; Tacchella et al. 2016; Dekel & Burkert 2014). Morpho-
logical and structural indicators such as provide essential con-
straints on this evolutionary route.

By combining deep JWST/NIRCam imaging (probing rest-
frame optical morphologies even at z > 4) with multiwavelength
photometry and structural modeling, we robustly quantify the
size–mass relation for BGGs across cosmic time. Although NIR-
Cam enables detection of galaxies up to z ∼ 7 − 8, our analysis
is limited to z < 4 for BGGs due to: (1) the challenge of re-
liably identifying group halos and their central galaxies in the
epoch of initial group assembly (z > 4), and (2) the requirement
for sufficient sample sizes to statistically characterize the size–
mass relation. This redshift cutoff ensures robust environmental
classification while capturing the critical phase of BGG growth
from peak star formation to quenching.Yet, this redshift range
surpasses what was previously accessible for studying BGGs be-
fore the JWST launch.

Recent work by Yang et al. (2025) used the COSMOS-
Web survey to measure rest-frame optical sizes of galaxies from
2 < z < 10, revealing that star-forming galaxies maintain a
nearly constant size–mass slope and surface density relation,
while quiescent systems show steeper structural scaling and a
clear compactness threshold at logΣ∗ ∼ 9.5–10 M⊙ kpc−2.

In parallel, Faisst et al. (2017) examined the structural
evolution of both star-forming and quiescent massive galaxies
(log(M⋆/M⊙) > 11.4) using the COSMOS/UltraVISTA survey.
They found a remarkably uniform size evolution across cos-
mic time, supporting a scenario where rapid quenching below
z ∼ 2 is accompanied by significant structural transformations
including central starbursts and compactification. This compact
phase is subsequently followed by post-quenching size growth,
predominantly through dry minor mergers—a process particu-
larly efficient in massive systems due to their satellite-rich en-
vironments and AGN-mediated gas depletion. However, alterna-
tive mechanisms such as AGN feedback-induced “puffing up”
of stellar cores or tidal stripping in group environments may also
contribute to size evolution. The mass-dependence of these pro-
cesses reveals a critical transition scale above log(M⋆/M⊙) ∼
11.4, where internal processes (AGN feedback, mergers) and en-
vironmental effects dominate over secular evolution.

van der Wel et al. (2014) used 3D-HST and CANDELS
data to study the size–mass relation of galaxies from z = 0
to 3, finding that early-type galaxies are more compact than
late-types at all redshifts. They reported a steeper size evolu-
tion for early types (Reff ∝ (1 + z)−1.48) compared to late types
(Reff ∝ (1+z)−0.75), and a steeper size–mass slope for early types.
We compare our BGG sample with their results to explore how
group environments influence galaxy structure.

In this study, we build on our COSMOS-Web galaxy group
catalog (Toni et al. 2025), which we constructed using deep,
high-resolution JWST/NIRCam imaging with covering an area
of 0.54 deg2. Excluding masked regions (like bright stars), we
utilized the AMICO algorithm (Maturi et al. 2019a) over 0.45
deg2 to identify 1678 galaxy groups (halo masses < 1014M⊙)
up to z = 3.7, achieving a highly pure and complete JWST-
based group catalog, the largest and most comprehensive so far.
This data set provides a unique foundation for studying BGGs
in the ∼ 12 Gyr of cosmic history in a wide range of envi-
ronments. We investigate how their structural properties evolve
over z ∼ 0.08 − 3.7. We focus on measuring rest-frame opti-
cal sizes, separating star-forming and quiescent galaxies based
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on both color–color diagnostics (Ilbert et al. 2013) and specific
star-formation rate (sSFR) thresholds (Pacifici et al. 2016; Yang
et al. 2025). We explore the evolution of the size–mass relation,
quantify the size growth as a function of redshift at fixed stellar
mass, and study the star formation rate surface density (ΣSFR) as
a complementary probe of compactness and star formation effi-
ciency.

This paper is organized as follows. In Section 2, we de-
scribe the data, sample selection, and structural measurements.
In Section 3, we outline our methodology for classifying the
computation of structural properties. In Section 4, we present
our main results on the size evolution, scaling relations, and
ΣSFR. Finally, Section 5 summarizes our conclusions. Through-
out this paper, we adopt a flat ΛCDM cosmology with param-
eters H0 = 67.66 km s−1 Mpc−1, Ωm,0 = 0.30966 and ΩΛ,0 =
0.68884) consistent with Planck2018 (Aghanim et al. 2020), and
All magnitudes are expressed in the AB system (Oke 1974), for
which a flux fν in µJy (10−29 erg cm−2s−1Hz−1) corresponds to
ABν = 23.9 − 2.5 log10( fν/µJy).

2. Galaxy and group dataset

2.1. The COSMOS-Web survey

The COSMOS-Web survey represents the largest observational
program undertaken with JWST during Cycle 1, covering a to-
tal area of 0.54 deg2 with the Near-Infrared Camera (NIRCam)
in four filters: F115W, F150W, F277W, and F444W. In addi-
tion, it includes 0.19 deg2 of Mid-Infrared Instrument (MIRI)
imaging in the F770W band (PI: Kartaltepe & Casey; Casey
et al. 2023). The NIRCam imaging reaches 5σ depths for point
sources of 26.6–27.3 mag (F115W), 26.9–27.7 mag (F150W),
27.5–28.2 mag (F277W), and 27.5–28.2 mag (F444W), mea-
sured within 0.15′′-radius apertures. MIRI observations achieve
depths of 25.33–25.98 mag within 0.3′′-radius apertures.

A detailed summary of the data reduction is provided in
Franco et al. (2024), with full descriptions forthcoming in Franco
et al. (in prep) and Harish et al. (in prep).

Observations were carried out across three main epochs: Jan-
uary 2023, April 2023, and December 2023 to January 2024,
with additional pointings completed in April/May 2024. The fi-
nal NIRCam mosaics1 are available at three pixel scales: 20 mas,
30 mas and 60 mas. In this study, we use high-resolution 30 mas
mosaics for structural measurements.

2.2. COSMOS-Web photometric catalog

The construction of the COSMOS-Web multiwavelength photo-
metric catalog is described in detail by Shuntov et al. (in prep).
Here we briefly summarize the aspects relevant to our analysis.

Photometric extraction is performed using the SourceXtrac-
tor++ (SE++) package (Bertin et al. 2020; Kümmel et al. 2020),
an advanced version of the widely adopted SExtractor software
(Bertin & Arnouts 1996). SE++ applies parametric Sérsic pro-
file fitting to all detected sources simultaneously across 33 fil-
ters spanning ground- and space-based imaging. The fits enforce
a consistent structural model across bands, yielding robust flux
measurements and average morphological parameters across the
full wavelength range.

To complement these measurements and facilitate the anal-
ysis of wavelength-dependent morphology, an alternative struc-
tural catalog (Yang et al., in prep) provides independent Sérsic

1 https://cosmos.astro.caltech.edu/page/cosmosweb

fits in each of the four NIRCam bands. This work uses these
measurements to derive rest-frame structural parameters, as de-
scribed in Section 3.

Spectral energy distributions (SED) and physical parameters
for all sources are derived using the LePHARE template-fitting
code (Arnouts et al. 2002; Ilbert et al. 2006), based on photom-
etry from the SE++ extraction. The SED models are built from
Bruzual & Charlot (2003) stellar population synthesis templates
with a variety of star formation histories, ages, and dust attenu-
ation laws (Calzetti et al. 2000; Arnouts et al. 2013; Salim et al.
2018). Emission lines and intergalactic medium (IGM) absorp-
tion are modeled using the prescriptions of Saito et al. (2020),
Schaerer & de Barros (2009), and Madau (1995). Photometric
redshifts are computed from the redshift probability distribution
functions, with the median value adopted for each source. Phys-
ical properties such as stellar mass and star formation rate (SFR)
are subsequently derived at the fixed redshift.

A comparison with spectroscopic redshifts from the field
(Khostovan et al. 2025) confirms the high accuracy of the Le-
PHARE redshifts, with a normalized median absolute deviation
(NMAD) scatter of σNMAD ≈ 0.013 for sources with F444W
magnitudes brighter than 25.0:

σNMAD = 1.48×median
(
|∆z −median(∆z)|

1 + zspec

)
, ∆z = zphot−zspec.

Further validation of stellar mass estimates is provided through
comparisons with results from CIGALE (Boquien et al. 2019),
which implements non-parametric star formation histories and
alternative dust attenuation models (Shuntov et al. in prep) and
Arango-Toro et al. (2024)). These comparisons, presented in
Shuntov et al. (2024), show consistent results across methods.

For this work, we adopt the stellar mass and SFR values de-
rived using LePHARE.

2.3. The COSMOS-Web galaxy groups catalog

This study uses the recently published COSMOS-Web galaxy
group catalog (Toni et al. 2025), the largest and deepest galaxy
group sample constructed to date, based on JWST Cycle 1 ob-
servations. The catalog spans in the full COSMOS Web area of
0.54 deg2 (an effective area of 0.45 deg2 excluding masked re-
gions) and covers the redshift range , allowing detailed studies
of the evolution of galaxies across ∼ 12 Gyr of cosmic time.

Group detection was performed using the Adaptive Matched
Identifier of Clustered Objects (AMICO) algorithm (Bellagamba
et al. 2018; Maturi et al. 2019b), a matched filter technique op-
timized for extracting clustered galaxy signals from photometric
data without reliance on color or spectroscopic priors. The algo-
rithm was applied to a cleaned and high-quality galaxy catalog
derived from the COSMOS-Web photometric catalog (Shuntov
et al. 2024), which benefits from deep JWST NIRCam imag-
ing (F115W, F150W, F277W, F444W) combined with extensive
multi-wavelength ground- and space-based data across over 30
bands.

Photometric redshifts were computed using the LePHARE
template-fitting code with high accuracy, achieving a precision
of σNMAD < 0.03 up to z ∼ 4 even at faint magnitudes (F444W <
28). Additional quality cuts were applied to ensure robust struc-
tural and SED-based measurements, resulting in a galaxy sample
of 389,248 sources used as input to the group detection.

The final catalog consists of 1678 group detections with
a signal-to-noise ratio S/Nnocl > 6.0, where S/Nnocl is a re-
fined metric that excludes shot noise from cluster/group mem-
bers (nocl indicates that no cluster members are included in the
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Fig. 1: The intrinsic richness, λ∗, for the sample of detected
groups and its trend with redshift, color-color classified BGGs
as quiescent and star-forming are shown in red and blue points,
respectively. Dashed horizontal orange line represents the level
of λ∗ limit we apply in this study.

S/N measurement). Detections cover a broad range of masses,
with intrinsic richness (λ⋆) values extending to include low-mass
systems. Intrinsic richness (λ⋆) is defined as the sum of the mem-
bership probabilities of galaxies, considering only those within
the virial radius (R200) and restricted to a luminosity range of
m⋆ + 1.5, where m⋆ represents the magnitude of the luminosity
function of the knee. The purity and completeness of the catalog
were rigorously validated using data-driven mock simulations
through the SinFoniA framework (Maturi et al. 2023), demon-
strating a purity exceeding 80% for S/Nnocl > 9.5. Figure 1 il-
lustrates the intrinsic richness of the group against the redshift,
we apply a λ⋆ = 4 limit for our group sample used in this study.
Points indicate groups with star-forming and quiescent BGGs,
which are discussed later.

Each group entry includes key observables such as photo-
metric redshift, sky position, amplitude, richness proxies, mem-
bership probabilities, and flags for spectroscopic validation and
data quality. More than 500 groups have been spectroscopically
confirmed through cross-matching with a comprehensive compi-
lation of redshifts in the COSMOS field (Khostovan et al. 2025).
Importantly, this catalog pushes group detection into the proto-
cluster regime, identifying over 300 new structures in z > 2 and
assembling over 100 candidate large-scale systems through 3D
clustering of high-z protocluster cores.

2.4. Selection of brightest group galaxies

Traditionally, BCGs and BGGs have been identified through
either luminosity-based selection (choosing the most luminous
galaxy in a given band, typically r-band) or stellar mass-based
selection (selecting the most massive galaxy in the system) (De
Lucia & Blaizot 2007; Koester et al. 2007; Gozaliasl et al. 2019).
Notably, in defining fossil groups, the r-band magnitude deter-
mines the gap between the magnitudes of the two brightest mem-
bers(Ponman et al. 1994). We identified BGGs in the COSMOS-
Web galaxy group catalog (Toni et al. 2025) using a hybrid se-
lection method that combines stellar mass and luminosity crite-
ria. Building on Gozaliasl et al. (2019, 2020), we address two
key limitations of traditional approaches: (1) the spatial offset of
BGGs from group centers in low-mass systems, and (2) the con-
tamination by starburst galaxies in luminosity-based selections.

Our methodology processes galaxies within fixed apertures
of 250 kpc and 500 kpc (also tested at 750 kpc) from the group
centers, implementing a two-stage selection algorithm. First, we
filter the galaxy sample by applying a redshift constraint, requir-
ing ∆z < 0.05(1+z) relative to the group candidate, to ensure the
selection remains confined to the vicinity of the group in redshift
space. Among this filtered sample, we identify the luminosity-
selected BGG as the galaxy with the lowest apparent magnitude
m in the F150W band, unless the magnitude difference between
the first- and second-brightest galaxies is less than 0.5 mag; in
that case, we choose the one with the highest membership prob-
ability.

In parallel, we repeat the selection using the median stellar
mass derived from LePhare instead of magnitude. Here, we se-
lect the most massive galaxy as the mass-selected BGG, unless
the logarithmic mass difference between the most massive and
the second-most massive galaxy is smaller than 0.25 dex; in that
case, we again select the one with the higher membership proba-
bility. For all detections, we store both the first and second candi-
dates according to these criteria. This approach ensures that each
group has both a mass-selected and a luminosity-selected BGG,
providing a robust cross-check of group-centric galaxy identifi-
cation.

For each group, we evaluated two primary candidates: the
galaxy with the highest median stellar mass and the brightest
galaxy. We then compare the stellar mass and r-band luminosity
of both candidates for a given group. The selection incorporates
aperture-dependent corrections, preferentially choosing 250 kpc
candidates when: (a) for mass-selected BGGs, the mass differ-
ence is ≤ 0.1 dex; and (b) for luminosity-selected BGGs, the
magnitude difference is ≤ 0.15 mag relative to 500 kpc candi-
dates.

The final hybrid selection applies a tiered decision tree:

1. Selects the mass-dominant galaxy if its stellar mass exceeds
the luminosity-selected candidate by ≥ 0.1 dex

2. Chooses the luminosity-dominant galaxy if it is brighter by
an equivalent mass margin

3. Defaults to the brighter galaxy when mass differences are <
0.1 dex, weighting recent star formation

Validation includes cross-matching with a master galaxy cat-
alog to eliminate spurious detections, producing three output cat-
alogs: pure mass-selected, pure luminosity-selected, and hybrid-
selected BGGs. A total of 1,294 BGGs were selected on the ba-
sis of stellar mass, ensuring the identification of the most mas-
sive galaxies within each group. Additionally, 384 BGGs were
selected using a luminosity-based criterion, which identifies the
brightest galaxies. For a more comprehensive selection that ac-
counts for both mass and luminosity, we included 803 BGGs
selected within a 250 kpc radius from the group center, and 875
BGGs selected within a 500 kpc radius. This combined approach
ensures a more accurate representation of the BGG population,
minimizing selection biases and capturing galaxies with both
high stellar mass and luminosity.

As shown in Fig. 2, a luminosity-based selection at the low
stellar mass end misses some true BGGs, whereas our hybrid
method ensures a more complete sample by balancing both cri-
teria. The accompanying histograms demonstrate how smaller
apertures (250 kpc) bias selections toward lower luminosity and
mass values, frequently misidentifying satellites as BGGs. By
combining mass and luminosity metrics across multiple aper-
tures, we significantly reduce selection biases and more accu-
rately represent the true BGG population across diverse group
environments, from compact to loosely bound systems.
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Each galaxy group in the catalog is detected using the AM-
ICO algorithm, and galaxies are assigned membership probabil-
ities based on their photometric redshifts and spatial distribu-
tion. We consider galaxies with a group membership probability,
ensuring a high-confidence sample of true group members. For
further information on determining the group membership and
assigning a membership probability for each group galaxy we
refer the reader to Toni et al. (2025).

To further ensure the robustness of our group and the selec-
tion of BGG, we restricted our analysis to groups rich in bio-
diversity λstar > 4 (see also Fig. 1 ), corresponding to groups
with enough mass members to minimize contamination and
projection effects. We also apply a stellar mass threshold of
log(M∗/M⊙) > 9 to ensure completeness across the redshift
range.

Fig. 2: Selection and characterization of BGGs in the COSMOS-
Web galaxy group catalog. The top panels show histograms
of the number of groups as a function of log stellar mass
(log10(M∗/M⊙) and absolute magnitude (MR), comparing selec-
tions based on two different aperture sizes: 250 kpc (blue) and
500 kpc (orange). The bottom panel displays a scatter plot of ab-
solute magnitude (MR) versus log stellar mass (log10(M∗/M⊙),
with points color-coded by selection method: mass-selected
(blue circles), magnitude-selected (red squares), and hybrid-
selected (green triangles). The solid lines represent the medi-
ans for each selection type: mass-selected (blue), magnitude-
selected (red), and hybrid-selected (black). The shaded regions
around the median lines show the corresponding confidence
bands. The figure illustrates how the hybrid selection method
balances stellar mass and luminosity to better capture the true
BGG population, especially at the high-mass end.

2.5. Classification of BGGs: star-forming and quiescent

To investigate the evolutionary trends of BGGs, we classify them
into SFGs and QGs using a combination of rest-frame color-
color selection and sSFR thresholds. This dual approach allows
for a more robust classification by accounting for both photo-
metric and physical star formation indicators.

To investigate the structural and evolutionary differences be-
tween star-forming and quiescent BGGs, we classify our sample
using three complementary approaches: (i) a rest-frame color–
color diagram, (ii) a redshift-dependent sSFR threshold, and (iii)
a consensus method combining both criteria. This multitiered
classification ensures robustness against contamination by dusty
star-forming galaxies and transitional systems.

2.5.1. Color–color classification: NUV–r–J diagram

We employ the rest-frame MNUV−Mr versus Mr −MJ (NUV–r–
J) color–color diagram to separate passive from active systems.
Following Ilbert et al. (2013), a galaxy is considered quiescent if
it satisfies both of the following conditions:

MNUV − Mr > 3(Mr − MJ) + 1
and MNUV − Mr > 3.1. (1)

This method effectively distinguishes red, passively evolving
systems from those dominated by ongoing star formation or
dust-reddened emission. The classification is calibrated and most
reliable within the redshift range 0 < z < 4, where the photomet-
ric bands and derived rest-frame colors are well constrained by
the available multiwavelength data.

2.5.2. sSFR Selection: Redshift-dependent threshold

To complement the color-based classification and mitigate con-
tamination from dust-obscured star-forming galaxies, we apply a
redshift-dependent threshold on the sSFR, following the formal-
ism of Pacifici et al. (2016). A BGG is classified as quiescent if:

log10(sSFR) < log10

(
0.2

tobs(z)

)
, (2)

where tobs(z) is the age of the Universe at the galaxy’s redshift,
expressed in Gyr, and sSFR is in units of yr−1. This thresh-
old evolves with cosmic time and reflects the declining global
star formation rate, providing a more physically motivated and
redshift-aware definition of quiescence.

Figure 3 illustrates the evolution of the sSFR threshold as
a function of cosmic time (bottom axis) and redshift (top axis),
based on the adoptedΛCDM cosmology. The threshold becomes
more stringent at earlier epochs, reflecting the higher star for-
mation activity of galaxies in the early Universe. At later times
(lower redshifts), the sSFR threshold declines steadily, consis-
tent with the cosmic decline in star formation rate density.

2.5.3. Consensus classification: combined color and sSFR

Although the NUV–r–J diagram and the sSFR threshold each
provide effective classification schemes, discrepancies can arise
due to photometric uncertainties or atypical dust attenuation.
Therefore, we define a final high-confidence classification based
on consensus.
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Fig. 3: Redshift-dependent sSFR threshold used to classify
BGGs as quiescent, defined as log10(sSFR) < log10(0.2/tobs).
The bottom x-axis shows cosmic time in Gyr, while the top x-
axis shows the corresponding redshift. The threshold decreases
smoothly from early to late cosmic epochs, tracing the decline in
global star formation efficiency.

– Quiescent BGGs (QGs): must satisfy both the color–color
and sSFR quiescent criteria.

– Star-Forming BGGs (SFGs): must fail both criteria.

– BGGs meeting only one criterion are excluded from the final
classification to avoid ambiguity.

This conservative approach ensures a clean division between
star-forming and passive systems and enhances the reliability of
subsequent evolutionary analyses. Table 1 compares the number
of QGs and SFGs in different redshift bins among different clas-
sification methods.

2.5.4. Final classified sample

Applying the combined classification to our stellar-mass-
selected sample of BGGs (log M∗/M⊙ > 9 and λstar > 4), we
obtain a clean and conservative division into star-forming and
quiescent systems across the redshift interval 0.08 < z < 3.7.
This refined classification serves as the basis for our structural
analysis in subsequent sections. It allows us to explore the red-
shift evolution of the size–mass relation separately for SFGs and
QGs while minimizing the impact of classification uncertainties.

Figure 4 presents the distribution of BGGs in the rest-frame
NUV–r versus r–J color space across eight redshift bins from
z = 0.0 to z = 3.7.0 with ∆z = 0.5. Each galaxy is color-coded by
its log10(sSFR), providing insight into its recent star formation
activity. The magenta lines show the quiescent region, as defined
by the NUV–r–J criteria.

In each panel, we annotate the number of BGGs classified as
quiescent or star-forming according to the three distinct meth-
ods.

The open red and blue squares in each panel mark the BGGs
that meet both quiescent and star-forming definitions, respec-
tively, and represent the clean sample used for subsequent anal-
ysis. We also performed the analysis for two color-color and
redshift-dependent sSFR thresholds.

As seen in the panels:

– At higher redshifts (z ≳ 2), the majority of BGGs reside in
the star-forming region of the diagram and exhibit high sS-
FRs.

– Toward lower redshifts (z ≲ 1.5), an increasing number of
BGGs populate the quiescent region, indicating a buildup of
massive, quenched systems over cosmic time.

– The combined classification method (color+sSFR) filters out
transitional or dusty systems, ensuring a more secure divi-
sion of BGGs into star-forming and quiescent types.

The total number of BGGs identified as star-forming or qui-
escent in each redshift bin is as shown in Tab. 1.

This classification framework ensures a high-purity sample
of star-forming and quiescent BGGs, free from potential con-
tamination by dusty starbursts or intermediate systems. Robust
selection improves the reliability of subsequent structural ana-
lyzes, such as the size-mass relation and the size evolution pre-
sented in Sections 4.1 and 4.3.

3. The structural measurement of BGGs

3.1. The size of BGGs

To quantify the structural properties of BGGs, we perform
two-dimensional Sérsic profile fitting on JWST/NIRCam imag-
ing. For a comprehensive description of the size measurement
pipeline and validation, we refer the reader to Yang et al. (2025),
who conducted a systematic structural analysis of galaxies in the
COSMOS-Web survey. Here we summarize the most relevant
aspects of their methodology, which we adopt for this work.

The surface brightness distribution of each galaxy is modeled
using a single-component Sérsic function (Sersic 1968):

I(r) = I0 exp

−bn

(
r

Re

)1/n

− 1

 , (3)

where I0 is the central surface brightness, Re is the effective
(half-light) radius, n is the Sérsic index that defines the concen-
tration of the light profile, and bn is a normalization constant de-
pendent on n. The elliptical radius is defined as r =

√
x2 + y2/q2,

where q is the axis ratio of the light distribution.
We adopt the measurements from the COSMOS-Web struc-

tural catalog generated with the Galight software package
(Ding et al. 2020), which is built on the Lenstronomy lens mod-
eling framework (Birrer et al. 2021). This pipeline fits galaxy
light profiles while simultaneously modeling neighboring ob-
jects and incorporating accurate PSF convolution.

Following Yang et al. (2025), the PSF for each NIRCam filter
is constructed using empirical star stacks from the COSMOS-
Web field, achieving spatial precision down to ∼0.03 arcsec.
Galaxies are fit in all four NIRCam filters (F115W, F150W,
F277W, F444W), and rest-frame optical sizes are selected based
on redshift to ensure consistency across cosmic time. Postage
stamp images are extracted with a size of at least 5 × Re,SE
(measured from Source Extractor) to fully encompass the galaxy
light.

Only galaxies with high-quality fits are retained, based on
the following criteria from Yang et al. (2025): (1) no parameters
that reach the fitting limits, (2) reduced χ2 < 2, and (3) clean
morphological classification free of neighboring contamination.
The structural parameters are validated against high-resolution
size measurements from COSMOS HST ACS F814W mosaics
(Koekemoer et al. 2007), which provide a robust optical bench-
mark over the 1.64 deg2 COSMOS field. These HST observa-
tions offer a median point spread function (PSF) of ∼ 0.09′′,
allowing precise size determinations to reach faint magnitudes
(iAB ∼ 25). Extensive image simulations and cross-checks show
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Fig. 4: Rest-frame NUV–r versus r–J color–color diagram for BGGs across eight redshift bins from z = 0 to z = 4, each of width
∆z = 0.5. BGGs are color-coded by their log10(sSFR/yr−1). Magenta lines delineate the quiescent region defined by MNUV − Mr >
3(Mr − MJ) + 1 and MNUV − Mr > 3.1. In each panel, we report the number of quiescent and star-forming BGGs based on sSFR-
only, color-only, and the combined (color + sSFR) criteria. Open red and blue squares denote quiescent and star-forming BGGs,
respectively, that meet both thresholds. A clear redshift trend emerges: the fraction of star-forming BGGs dominates at high redshift
(z ≳ 2), while quiescent systems increase in prevalence at lower redshifts.

that the derived sizes from our analysis exhibit a typical un-
certainty in log(Re) of 0.1–0.2 dex and no significant bias as
a function of redshift, size or magnitude. This careful calibra-
tion ensures that the measured structural parameters are directly

comparable to legacy HST results and suitable for tracing galaxy
evolution across cosmic time.

The Yang et al. (2025) catalog provides robust, homogeneous
structural measurements across a wide redshift baseline, making
it ideal for studying the evolution of galaxy size–mass relations.
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Table 1: Number of BGGs classified as star-forming or quiescent using color, sSFR, and combined criteria presented in Sec. 2.5
across redshift bins.

Redshift bins SF(sSFR) SF(color) SF (color+sSFR) QG(sSFR) QG(color) QG (color+sSFR)

(0.0, 0.25] 6 6 6 11 11 11
(0.25, 0.5] 36 42 36 41 35 35
(0.5, 0.75] 59 68 59 77 68 68
(0.75, 1.0] 91 96 88 88 83 80
(1.0, 1.25] 115 124 114 62 53 52
(1.25, 1.5] 96 98 94 47 45 43
(1.5, 1.75] 109 109 104 35 35 30
(1.75, 2.0] 43 51 40 40 32 29
(2.0, 3.25] 304 321 294 61 44 34
(3.25, 4.0] 81 83 80 9 7 6

In our work, we extract BGG sizes directly from this catalog
and use them to analyze the morphological evolution of the most
massive galaxies in group environments.

The galaxy light profiles are fitted using cutouts from the
COSMOS-Web mosaics, adopting a 30 mas pixel scale. The
cutout size is typically five times the SE++-based source radius,
with a minimum of 30 pixels and a maximum of 200 pixels to
balance computational efficiency and coverage. Each cutout is
accompanied by a noise map derived from the ERR extension of
the JWST image, which accounts for background, readout, and
Poisson noise components.

To ensure robust modeling, contaminating sources near the
BGG are either masked or fitted simultaneously with additional
Sérsic components. The parameter space is constrained to phys-
ically meaningful ranges: Re between 0.01 arcsec and the image
size, n between 0.3 and 9, and q between 0.1 and 1. These bounds
accommodate the diverse morphologies of galaxies while avoid-
ing extreme or unphysical solutions.

The PSF is constructed using PSFEx (Bertin 2011) based on
empirical stars from the NIRCam images. Accurate PSF model-
ing is critical for deconvolving the intrinsic light distribution of
compact galaxies, particularly at high redshifts.

Fits with reduced χ2 > 15 or those that exceed parameter
boundaries are flagged as unreliable and excluded from further
analysis. To visually illustrate the quality and diversity of our
structural modeling, Figure 6 presents example S’ersic profile
fits for six representative BGGs in the F115W band. Each row
displays the original data image, the best-fit model, and the nor-
malized residuals, followed by radial surface brightness profiles
and fit residuals. These examples highlight the ability of our
method to accurately capture the light profiles of both regular
and disturbed galaxies across a broad redshift range. We find
that the majority of BGGs are well-modeled with a single S’ersic
component, while the residuals remain small and symmetric in
most cases, confirming reliable fits.

In Figure 5, we show a color composite of the central BGGs
in COSMOS-Web groups spanning redshifts from z = 0.22 to
z = 3.09. (same galaxies presented in Fig. 6) from COSMOS-
Web JWST/NIRCam imaging. For the BGG in the top panel,
we overlaid diffuse X-ray contours from Chandra and XMM-
Newton archival data on the JWST RGB band made using all
NIRCam bands (F115W, F150W, F277W, and F444W). The
lower panel reveals group cores populated by compact spheroids,
edge-on disks, and interacting or lensed systems. In the bot-
tom row, we display five zoomed-in examples that showcase
the diversity in morphology, structural concentration, and star-
forming features. These panels emphasize the importance of

high-resolution imaging in dissecting galaxy structures within
group environments.

For completeness, we include in the Appendix the corre-
sponding S’ersic fits for the same six BGGs in three addi-
tional JWST/NIRCam bands: F150W (Figure A.1), F277W (Fig-
ure A.2), and F444W (Figure A.3). These comparisons provide
a consistent view of BGG structures across the near-infrared
spectrum, enabling accurate rest-frame optical size estimates for
galaxies at different redshifts. The morphological integrity and
fit quality observed across these bands further demonstrate the
robustness of the Galight pipeline and confirm the fidelity of our
structural parameter measurements.

3.2. Rest-Frame optical size selection by redshift

A key objective of this work is to study the evolution of BGG
sizes in the rest-frame optical. Since JWST/NIRCam probes
different rest-frame wavelengths depending on redshift, we se-
lect the appropriate filter per galaxy to ensure consistent rest-
frame measurements. We adopt a rest frame wavelength of about
8000,Å. The filters are specified to redshift as shown in Figure 7.

We define rest frame optical-NIR size measurements by se-
lecting the NIRCam filter whose observed wavelength most
closely samples the rest-frame ∼7000–11000 Å range at the
galaxy’s redshift. Although this choice does not always cor-
respond to the optical spectrum of the canonical rest frame
(4000–6000,Å), it ensures uniform high signal-to-noise morpho-
logical measurements across a broad redshift range, utilizing the
deepest available imaging in COSMOS-Web. The rest-frame op-
tical is preferred over the UV for structural measurements be-
cause it traces the older stellar population and is less affected by
bright star-forming clumps or patchy dust, yielding more stable
and representative size estimates. Specifically, we adopt:

– F115W for 0.05 < z ≤ 0.4
– F150W for 0.4 < z ≤ 1.0
– F277W for 1.0 < z ≤ 3.0
– F444W for 3.0 < z ≤ 4.0

These filters correspond to observed frame wavelengths that
broadly sample the rest frame optical-NIR transition regime, al-
lowing consistent structural comparisons of BGGs over ∼ 12 bil-
lion years of cosmic time.

After applying our quality cuts and redshift-dependent fil-
ter selection, we obtain a high-quality sample of BGGs with
rest-frame optical size measurements across 0.08 < z < 3.7.
The sizes are converted from angular to physical units (kpc) us-
ing Planck18 cosmology (Aghanim et al. 2020). The resulting
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Fig. 5: Examples of JWST/NIRCam color composite of the BGGs in COSMOS-Web groups spanning redshifts from z = 0.22
to z = 3.09. The images display diverse morphologies and structural features, including compact spheroids, disturbed or merging
systems, and prominent lensing arcs in massive group cores.

dataset provides the foundation for our structural and evolution-
ary analysis of central galaxies in group environments.

4. Results

4.1. Size–Mass relation of star-forming and quiescent BGGs

We investigate the size–mass relation of BGGs over cosmic time
by dividing them into SF and QG populations using the com-
bined classification scheme (Section 2.5), which integrates both

Article number, page 9 of 27

https://orcid.org/0000-0002-0236-919X


A&A proofs: manuscript no. aanda

0

25

50

75

100

125

150

175

200

ID
16

71
00

_F
11

5W

1"

data

1"

model

1"

normalized residual
2 4 6 10 15 20 30 50 100

pixel
26

27

28

29

30

31

(m
ag

, p
ix

el
2 )

data
model (3 galaxy(s))

0.1 0.2 0.5 1.0 2.0
arcsec

0.50
0.25

0.00
0.25

10 4 10 3 10 2 10 1 10110 4 10 3 10 2 10 1 101 6 4 2 0 2 4 6

0

50

100

150

200

250

ID
38

75
52

_F
11

5W

1"

data

1"

model

1"

normalized residual
2 4 6 10 15 20 30 50 100

pixel

26

27

28

29

30

31

(m
ag

, p
ix

el
2 )

data
model (3 galaxy(s))

0.1 0.2 0.5 1.0 2.0
arcsec

0.50
0.25

0.00
0.25

10 4 10 3 10 2 10 1 10110 4 10 3 10 2 10 1 101 6 4 2 0 2 4 6

0

25

50

75

100

125

150

175

ID
40

88
29

_F
11

5W

1"

data

1"

model

1"

normalized residual
2 4 6 10 15 20 30 50

pixel

29

30

31

32

33

(m
ag

, p
ix

el
2 )

data
model (3 galaxy(s))

0.1 0.2 0.5 1.0 2.0
arcsec

0.50
0.25

0.00
0.25

10 4 10 3 10 2 10 1 10 4 10 3 10 2 10 1 6 4 2 0 2 4 6

0

50

100

150

200

ID
52

03
_F

11
5W

1"

data

1"

model

1"

normalized residual
2 4 6 10 15 20 30 50 100

pixel

27.5

28.0

28.5

29.0

29.5

30.0
(m

ag
, p

ix
el

2 )

data
model (3 galaxy(s))

0.1 0.2 0.5 1.0 2.0
arcsec

0.50
0.25

0.00
0.25

10 4 10 3 10 2 10 1 101 10 4 10 3 10 2 10 1 101 6 4 2 0 2 4 6

0

20

40

60

80

ID
59

45
72

_F
11

5W

1"

data

1"

model

1"

normalized residual
2 4 6 10 15 20 30 50

pixel

27

28

29

30

(m
ag

, p
ix

el
2 )

data
model (2 galaxy(s))

0.1 0.2 0.5 1.0
arcsec

0.50
0.25

0.00
0.25

10 4 10 3 10 2 10 1 10 4 10 3 10 2 10 1 6 4 2 0 2 4 6

0

100

200

300

400

500

600

ID
64

62
86

_F
11

5W

1"

data

1"

model

1"

normalized residual
2 4 6 10 15 20 30 50 100 150

pixel

25

26

27

28

29

30

(m
ag

, p
ix

el
2 )

data
model (3 galaxy(s))

0.1 0.2 0.5 1.0 2.0 5.0
arcsec

0.50
0.25

0.00
0.25

10 4 10 3 10 2 10 1 101 10 4 10 3 10 2 10 1 101 6 4 2 0 2 4 6

Fig. 6: F115W Band: Sersic fit for six galaxies across the band.

rest-frame NUV–r–J colors and redshift-dependent sSFR thresh-
olds. This enables a clean comparison of structural scaling rela-
tions across stellar mass and redshift, minimizing contamination
from transitional systems.

The size–mass relation of BGGs is modeled using a power-
law form:

log10(Re/kpc) = log A + α
[
log10(M∗/5 × 1010M⊙)

]
, (4)

where Re is the effective radius (half-light) in kiloparsecs,
and M∗ is the stellar mass. This relation is normalized at a pivot
mass of 5 × 1010M⊙, which minimizes the covariance between
the slope α and the intercept log A in the regression. The slope α
quantifies how rapidly the galaxy size scales with stellar mass. A
higher value of α indicates a steeper size growth with increasing
mass, while the intercept log A represents the logarithmic size at
the pivot mass and captures the characteristic scale of galaxies at
that mass.

The best-fit values of α and log A are obtained by Bayesian
MCMC inference, and the shaded bands in the figures represent
the 1σ posterior uncertainties from the marginalized distribu-
tions of these parameters. This approach provides robust esti-
mates of the size–mass relation and its intrinsic scatter in each
redshift bin for both SFGs and QGs.

Figure 8 presents the size–mass distributions in ten redshift
bins from z = 0 to z = 3.7, with blue circles representing SFGs

Fig. 7: Rest-frame wavelength probed by each COSMOS-Web
NIRCam filter as a function of redshift. The shaded region indi-
cates the (∼ 8000 Å, red) ranges.

and red circles indicating QGs. Solid (brown and blue) lines
show the best-fit power law relations with shaded bands marking
the 1σ uncertainties from the Bayesian fits.

Across the panels, we observe clear trends:

– At low redshift (z < 1), SFGs display systematically larger
effective radii than QGs at fixed mass, with shallower slopes
(α ∼ 0.1–0.2 for SFGs vs. α ∼ 0.4–0.5 for QGs), consistent
with disk-dominated versus spheroid-dominated structures.

– Between 1 < z < 2, the SFGs continue to show relatively flat
slopes, while QGs maintain steeper size–mass relations. The
difference in normalization persists, but the scatter increases.

– At high redshift (z > 2), the trends flatten for both popu-
lations, with larger dispersion and overlapping distributions.
The small QG sample in the highest bin (z > 3.25) limits firm
conclusions, but the results hint at compact, early-forming
quiescent systems.

We compare these trends with measurements from the lit-
erature. Cyan dashed-dotted and orange dotted lines show the
relations from Faisst et al. (2017), who focused on ultra-massive
galaxies (UMGs; log M∗/M⊙ > 11.4) using UltraVISTA/3D-
HST, while dashed lime (SFGs) and dashed magenta (QGs) lines
show the relations from van der Wel et al. (2014), based on CAN-
DELS and 3D-HST data.

Overall, the BGGs in our sample follow broadly similar
evolutionary trends, but tend to exhibit slightly smaller sizes
at fixed mass compared to field UMGs, especially among the
quiescent population. This offset may reflect environmental ef-
fects such as earlier assembly, denser merger histories, or sup-
pressed late-time accretion in central group environments. Im-
portantly, while Faisst et al. (2017) focused on the most mas-
sive galaxies, our BGG sample extends across a broader mass
range (log M∗/M⊙ ∼ 10–12), allowing a more detailed view of
the mass dependence within group central galaxies.

We also compare against the canonical relations from van der
Wel et al. (2014), widely used as a reference for the global galaxy
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population. Our SFGs and QGs generally lie close to these ref-
erence tracks, although QGs in particular show a tendency to-
ward more compact sizes at z < 2, reinforcing the idea that envi-
ronmental quenching leads to more compact quiescent systems
compared to field counterparts.

For completeness, we also compute size–mass relations
using the individual classification methods—(i) sSFR thresh-
olds and (ii) NUV–r–J color cuts—which yield broadly simi-
lar slopes and intercepts but with slightly elevated scatter, espe-
cially at intermediate redshifts (1 < z < 2) where classification
uncertainties from dust and photometric noise are higher. The
size mass relation for only the color-color and sSFR threshould
based classification of BGGs as SFGS and QGs are presented in
the Appendix B.

Taken together, these results demonstrate that BGGs follow
the general size–mass evolutionary patterns seen in the broader
galaxy population but show distinct signatures of environment-
driven evolution, particularly among quiescent centrals.

4.2. Redshift evolution of the size–mass relation slope and
intrinsic scatter

To quantify how the structural scaling of BGGs evolves over cos-
mic time, we track the slope α of the size–mass relation and
the intrinsic scatter σ(log Re) across eight redshift bins from
z = 0.08 to z = 3.7. These parameters were extracted from
Bayesian fits to the size–mass relation as described in Eq. 4. Ta-
ble 2 presents the best-fit parameter results.

Figure 9 shows the redshift evolution of both parameters for
star-forming and quiescent BGGs, classified using three meth-
ods: color–color, sSFR threshold, and the intersection of both
(consensus). The top panel displays the slope α(z), while the bot-
tom panel presents σ(log Re)(z), each as a function of redshift.

Slope evolution: Across all classification schemes, quiescent
BGGs exhibit significantly steeper size–mass relations than star-
forming ones, especially at intermediate to high redshifts (z ∼ 1–
3), where αQG consistently peaks around 0.5–0.7. This indicates
that at these epochs, more massive quiescent BGGs experience
relatively stronger size scaling compared to their lower-mass
counterparts, likely driven by efficient dry mergers or inside-
out growth mechanisms. In contrast, star-forming BGGs show
consistently shallow slopes, with α ∼ 0–0.2, across all red-
shifts, suggesting nearly mass-independent size growth. Inter-
estingly, the slope for SFGs shows a mild decline toward higher
redshifts, which may reflect more uniform and disk-dominated
structural configurations in the early universe, before significant
mass-driven differentiation set in.

Scatter evolution: The intrinsic scatterσ(log Re) increases with
redshift for both galaxy types, reaching ∼ 0.3–0.4 dex at z > 2.
Star-forming BGGs consistently show slightly higher scatter
than quiescent BGGs, particularly at z ≳ 2, likely reflecting
greater structural diversity due to clumpy star formation, irregu-
lar morphologies, or ongoing gas accretion. For quiescent BGGs,
the increase in scatter may arise from mixed evolutionary path-
ways, including compaction, quenching, and subsequent merger-
driven size evolution.

The divergent trends in slope and scatter between star-
forming and quiescent BGGs support a picture where quies-
cent systems undergo more mass-dependent, merger-driven size
growth, whereas star-forming systems follow more uniform evo-

lutionary tracks dominated by steady gas inflow and secular pro-
cesses. The increasing scatter at higher redshifts reinforces the
idea that BGGs at early times span a wider range of formation
histories and structural states, transitioning toward tighter and
more settled scaling relations in the local universe.

4.3. Size evolution of BGGs at fixed stellar mass

To investigate the redshift evolution of BGG sizes at fixed stellar
mass, we fit the relation:

log10(Re/kpc) = A − α log(1 + z) (5)

in eight redshift bins for galaxies with log(M∗/M⊙) = 10.7. In
Eq. 5, Re, z present the effective radius and redshift of the galaxy
and A and α are the intercept and slope, of the relation. We
perform this analysis separately for star-forming and quiescent
BGGs, defined using three different classification schemes: (1)
rest-frame NUV–r–J color diagram, (2) sSFR, and (3) a com-
bined color+sSFR criterion.

Figure 10 shows the best-fit size–redshift relations for each
population, with shaded bands representing the 1σ uncertainty
envelopes from the model fits. Our results demonstrate that
BGGs experience substantial size growth over cosmic time.
Across all classification schemes, quiescent BGGs show sys-
tematically steeper evolutionary slopes (larger α) compared to
star-forming counterparts, indicating stronger size growth since
high redshift. This suggests that while quiescent BGGs likely un-
derwent an early compaction phase followed by significant size
increase - possibly through dissipationless (dry) mergers — star-
forming BGGs exhibit a more moderate size evolution, likely
reflecting gradual growth through continued star formation and
gas accretion.

The best-fit slopes (α) for Re ∝ (1 + z)−α are summarized in
the tab. 3. Table 3 also determines the growth factor of the BGG
size (Re(zmin)/Re(zmax)) for both SFs and QGs.

We note a slight deviation between the model and the data
around z ∼ 0.6, particularly for star-forming BGGs. This may
hint at possible overfitting due to increased scatter or sam-
ple variance in that redshift interval. Future work incorporating
larger samples and improved error modeling will help clarify this
local discrepancy.

4.4. Size distribution of BGGs across cosmic time

To better understand the statistical nature and intrinsic scat-
ter of the size distribution of BGGs, we examine the one-
dimensional distribution of log10(Re/kpc) for star-forming and
quiescent BGGs within seven redshift intervals spanning 0 <
z ≤ 3.7. Figure 11 presents normalized histograms for both pop-
ulations, without binning by stellar mass, ensuring that the full
population-wide size distribution is represented at each epoch.

In each panel, SFGs are shown in blue, and QGs in red. A
skewed normal function is fitted to each distribution using max-
imum likelihood estimation, and the best fit parameters - mean
(µ), standard deviation (σ) and skewness (a) - are displayed in
the legend of each panel. The summary plot in the bottom right
panel tracks the evolution of µ and σ as a function of redshift.

At low redshift (z ≲ 1.5), the quiescent population exhibits
a more compact and narrower distribution (µ ∼ 0.7, σ ∼ 0.25),
while the star-forming BGGs tend to be larger and more broadly
distributed (µ ∼ 0.8–0.9, σ ∼ 0.3–0.35). The skewness param-
eter a suggests that QGs typically show low or moderate asym-
metry, while SFGs display stronger asymmetry or broadening
toward larger sizes.
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Table 2: Best-fit parameters of the size–mass relation for BGGs classified using color–color, sSFR, and combined (color+sSFR)
criteria. Columns: classification method, redshift bin, galaxy type, intercept (log A), slope (α), intrinsic scatter (σ(log Re)), and
number of galaxies.

Method Redshift Bin Type log A ∆ log A α ∆α σ(log Re) Ngal
Color–Color (0.0, 0.25] SF 0.667 0.205 0.136 0.267 0.300 17
Color–Color (0.0, 0.25] QG 0.519 0.043 0.227 0.094 0.210 26
Color–Color (0.25, 0.5] SF 0.685 0.035 0.291 0.063 0.231 80
Color–Color (0.25, 0.5] QG 0.444 0.024 0.433 0.070 0.165 53
Color–Color (0.5, 0.75] SF 0.675 0.026 0.202 0.054 0.220 108
Color–Color (0.5, 0.75] QG 0.426 0.020 0.440 0.054 0.150 75
Color–Color (0.75, 1.0] SF 0.678 0.022 0.206 0.045 0.205 115
Color–Color (0.75, 1.0] QG 0.364 0.023 0.456 0.061 0.199 91
Color–Color (1.0, 1.25] SF 0.456 0.020 0.132 0.045 0.214 137
Color–Color (1.0, 1.25] QG 0.204 0.024 0.696 0.074 0.164 56
Color–Color (1.25, 1.5] SF 0.445 0.034 0.071 0.064 0.306 114
Color–Color (1.25, 1.5] QG 0.154 0.028 0.607 0.084 0.190 47
Color–Color (1.5, 1.75] SF 0.409 0.025 0.113 0.059 0.255 114
Color–Color (1.5, 1.75] QG 0.129 0.038 0.594 0.109 0.219 38
Color–Color (1.75, 2.0] SF 0.324 0.049 0.064 0.096 0.310 51
Color–Color (1.75, 2.0] QG 0.015 0.042 0.688 0.124 0.204 31
Color–Color (2.0, 3.25] SF 0.304 0.019 0.069 0.040 0.331 349
Color–Color (2.0, 3.25] QG -0.010 0.047 0.551 0.148 0.299 46
Color–Color (3.25, 4.0] SF 0.083 0.041 -0.157 0.073 0.335 92
Color–Color (3.25, 4.0] QG -0.214 0.165 0.637 0.352 0.403 8
sSFR (0.0, 0.25] SF 0.666 0.203 0.137 0.265 0.300 17
sSFR (0.0, 0.25] QG 0.518 0.043 0.227 0.094 0.210 26
sSFR (0.25, 0.5] SF 0.707 0.041 0.311 0.070 0.224 70
sSFR (0.25, 0.5] QG 0.463 0.025 0.458 0.075 0.188 63
sSFR (0.5, 0.75] SF 0.684 0.032 0.214 0.063 0.226 97
sSFR (0.5, 0.75] QG 0.444 0.020 0.445 0.054 0.157 86
sSFR (0.75, 1.0] SF 0.687 0.023 0.224 0.048 0.205 109
sSFR (0.75, 1.0] QG 0.369 0.023 0.473 0.061 0.200 97
sSFR (1.0, 1.25] SF 0.462 0.019 0.090 0.043 0.191 126
sSFR (1.0, 1.25] QG 0.220 0.024 0.699 0.070 0.183 67
sSFR (1.25, 1.5] SF 0.439 0.037 0.084 0.069 0.324 111
sSFR (1.25, 1.5] QG 0.170 0.025 0.641 0.081 0.172 50
sSFR (1.5, 1.75] SF 0.418 0.024 0.126 0.056 0.245 114
sSFR (1.5, 1.75] QG 0.083 0.037 0.748 0.114 0.205 38
sSFR (1.75, 2.0] SF 0.344 0.062 0.093 0.112 0.326 42
sSFR (1.75, 2.0] QG 0.063 0.042 0.604 0.130 0.229 40
sSFR (2.0, 3.25] SF 0.305 0.020 0.052 0.041 0.326 330
sSFR (2.0, 3.25] QG -0.006 0.042 0.729 0.122 0.303 65
sSFR (3.25, 4.0] SF 0.089 0.043 -0.141 0.075 0.342 89
sSFR (3.25, 4.0] QG -0.165 0.126 0.627 0.357 0.357 11
Color+sSFR (0.0, 0.25] SF 0.667 0.203 0.136 0.265 0.299 17
Color+sSFR (0.0, 0.25] QG 0.518 0.043 0.227 0.094 0.211 26
Color+sSFR (0.25, 0.5] SF 0.714 0.041 0.317 0.069 0.223 69
Color+sSFR (0.25, 0.5] QG 0.443 0.025 0.436 0.072 0.167 52
Color+sSFR (0.5, 0.75] SF 0.684 0.031 0.215 0.063 0.226 97
Color+sSFR (0.5, 0.75] QG 0.425 0.020 0.441 0.054 0.149 75
Color+sSFR (0.75, 1.0] SF 0.699 0.023 0.223 0.047 0.197 105
Color+sSFR (0.75, 1.0] QG 0.359 0.025 0.462 0.065 0.201 87
Color+sSFR (1.0, 1.25] SF 0.461 0.019 0.087 0.043 0.191 125
Color+sSFR (1.0, 1.25] QG 0.200 0.024 0.692 0.073 0.162 55
Color+sSFR (1.25, 1.5] SF 0.451 0.034 0.056 0.064 0.299 108
Color+sSFR (1.25, 1.5] QG 0.165 0.026 0.568 0.085 0.169 44
Color+sSFR (1.5, 1.75] SF 0.423 0.026 0.120 0.058 0.247 109
Color+sSFR (1.5, 1.75] QG 0.082 0.039 0.732 0.117 0.203 33
Color+sSFR (1.75, 2.0] SF 0.353 0.065 0.090 0.115 0.332 40
Color+sSFR (1.75, 2.0] QG -0.036 0.042 0.846 0.126 0.182 29
Color+sSFR (2.0, 3.25] SF 0.315 0.020 0.057 0.041 0.321 320
Color+sSFR (2.0, 3.25] QG -0.007 0.054 0.538 0.160 0.294 36
Color+sSFR (3.25, 4.0] SF 0.093 0.043 -0.151 0.073 0.338 88
Color+sSFR (3.25, 4.0] QG -0.286 0.219 0.819 0.492 0.415 7
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Fig. 8: Size–mass relation of BGGs classified using the consensus (color+sSFR) method, shown across eight redshift bins from
z = 0 to z = 4 (∆z = 0.5). Blue circles represent star-forming BGGs, and red hexagons show quiescent BGGs. The dashed and
solid lines indicate best-fit power-law relations for SFGs and QGs, respectively, with shaded bands showing 1σ uncertainties. Cyan
dashed-dotted and orange dotted lines show comparison relations from Faisst et al. (2017), while dashed lime and dashed magenta
lines show van der Wel et al. (2014) results. The BGGs generally follow similar evolutionary trends but are slightly smaller at fixed
mass, especially among quiescent centrals, highlighting the impact of group environment on galaxy structure.

As redshift increases (z > 2), the number of quiescent BGGs
declines rapidly, and their distributions become sparse, making
reliable fits more challenging. In contrast, SFGs remain numer-
ous at high redshifts and retain a broad, right-skewed size distri-
bution, reflecting their continued structural diversity and active
assembly.

This analysis shows that star-forming and quiescent BGGs
occupy distinct structural regimes across cosmic time, with QGs

being significantly more compact and tightly distributed, while
SFGs maintain broader and more asymmetric size profiles. The
width and asymmetry of these distributions provide further evi-
dence of differing evolutionary pathways, likely shaped by dif-
ferences in gas accretion, star formation activity, and merger his-
tories.
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Table 3: Best-fit slopes (α) for Re ∝ (1 + z)−α in both star-forming and quiescent BGGs. Classification is based on color-color,
redshift-dependent sSFR, and both criteria, with a fixed stellar mass of log(M∗/M⊙) = 10.7.

Classification Galaxy Type A A Error Alpha Alpha Error Growth Factor
Color Star-forming 0.9 0.03 1.13 0.07 5.68
Color Quiescent 0.68 0.03 1.31 0.09 7.43
sSFR Star-forming 0.9 0.03 1.13 0.07 5.65
sSFR Quiescent 0.7 0.03 1.34 0.08 7.77
sSFR + color Star-forming 0.9 0.03 1.11 0.07 5.52
sSFR +color Quiescent 0.69 0.03 1.4 0.09 8.54

Fig. 9: Redshift evolution of the size–mass relation slope α (top
panel) and intrinsic scatter σ(log Re) (bottom panel) for BGGs
classified using color (solid lines), sSFR (dashed lines), and con-
sensus (dotted lines) methods. Star-forming and quiescent BGGs
are shown in blue and red, respectively. Quiescent BGGs display
consistently steeper slopes, especially at z ∼ 1–3, while star-
forming BGGs maintain nearly flat relations across redshift. The
scatter increases toward higher redshift for both types, indicating
greater structural diversity and formation variability in the early
universe.

4.5. Size distributions of BGGs across redshift and stellar
mass

To further explore the structural properties of BGGs, we investi-
gated the distribution of galaxy sizes within bins of redshift and
stellar mass. Figure 12 presents histograms of the effective log-
arithmic radius (log10(Re/kpc)) for BGG (SFG and QG), clas-
sified using the method that combines the color—-color– and
redshift–dependent rest frame sSFR criteria. The distributions
are shown for two stellar mass intervals (9.25 ≤ log10(M∗/M⊙) <
10.75 and 10.75 ≤ log10(M∗/M⊙) < 12.25), across six redshift
bins from z = 0 to z = 3.7.

0.5 1.0 1.5 2.0 2.5 3.0 3.5
Redshift (z)

100

R
e 

(k
pc

) a
t M

=
5×

10
10

M

SFGs (color):  = 1.14±0.07
QGs (color):  = 1.31±0.09
SFGs (ssfr):  = 1.13±0.08
QGs (ssfr):  = 1.33±0.09
SFGs (ssfr_color):  = 1.12±0.07
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QGs (ssfr)
SFGs (ssfr_color)
QGs (ssfr_color)

Fig. 10: Redshift evolution of the effective radius (Re) of star-
forming (blue) and quiescent (red) BGGs at fixed stellar mass
M∗ = 5 × 1010 M⊙. The BGGs are classified using three criteria:
rest-frame NUV–r–J color (solid lines), specific star formation
rate (dashed lines), and combined color+sSFR (dotted lines).
Curves show the best-fit relation Re ∝ (1 + z)−α, with shaded
regions indicating 1σ confidence intervals. Star-forming BGGs
show stronger size evolution than quiescent ones in all classi-
fication schemes. The slight offset seen at z ∼ 0.6 may reflect
sample scatter or minor overfitting effects in some models.

Each panel displays normalized histograms for SFGs (blue)
and QGs (red), overlaid with best-fit skew-normal probability
density functions. For each population and bin, we annotate the
fitted skewness parameters (a), location (µ) and scale (σ). These
provide a detailed statistical summary of the shape, width, and
asymmetry of the distribution across cosmic time.

At low redshifts (z < 1.5), quiescent BGGs show compact
and narrow size distributions, with peaks around µ ∼ 0.3–0.6,
consistent across both mass bins. In contrast, star-forming BGGs
show broader and more asymmetric distributions, especially in
the lower mass bin, often skewed toward smaller sizes. This re-
flects the structural diversity and clumpy star-forming morpholo-
gies in low-mass SFGs.

In the high-mass bin, a noticeable bimodality is observed be-
tween SFGs and QGs up to z ∼ 1.5, where the separation in
the median size becomes most distinct. Beyond z > 2, the qui-
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Fig. 11: Normalized size distributions of BGGs in log scale, shown across seven redshift bins from z = 0 to z = 3.7. Blue and
red histograms represent SFGs and QGs, respectively. Dashed lines show best-fit skewed normal functions to each population.
Fitted parameters—mean µ, standard deviation σ, and skewness a—are annotated in each panel. The summary panel tracks µ and
σ evolution with redshift. At low redshift, QGs are more compact and less scattered, while SFGs show broader, more asymmetric
size distributions. At high redshift, the QG population becomes sparse, while SFGs maintain a wide range of structural diversity.

escent population becomes sparse, particularly in the low-mass
bin, reflecting delayed quenching in less massive systems. At
these redshifts, SFGs dominate the sample and maintain broad,
right-skewed size distributions, reflecting active disk growth and
gas accretion.

Figure 13 summarizes the redshift evolution of the fitted µ
(mean log10 Re) and σ (scatter) parameters for each mass bin and
galaxy type. For both mass bins, the SFGs show systematically
higher mean sizes than the QGs at all redshifts. Both populations
show a decline in µ with increasing redshift, but the decline is
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steeper for SFGs, particularly in the high-mass bin. The scat-
ter σ increases modestly with redshift for both SFGs and QGs,
but the increase is more noticeable for SFGs, especially at z > 2,
indicating enhanced structural diversity in earlier epochs. In con-
trast, QGs maintain consistently narrower scatter across cosmic
time, reflecting their more homogeneous and settled morpholo-
gies. In summary, these findings emphasize the evolution of the
size of BGGs based on mass and type, showing a diverse, ex-
tended growth in SFGs, and initial compaction with later passive
size change in QGs.

For a complementary overview using two broad redshift bins
to boost statistical power, see Appendix C.

4.6. Evolution of star formation surface density

The star formation surface density, ΣSFR, serves as a key diag-
nostic of the compactness and efficiency of star-forming regions
in galaxies. Defined as

ΣSFR =
0.5 × SFR
πR2

e
, (6)

this parameter traces the local gas surface density and pro-
vides insight into the available fuel for star formation (Kenni-
cutt 1998). High ΣSFR values typically mark compact, intense
starburst regions, whereas lower values correspond to extended,
disk-like star-forming areas. Moreover, ΣSFR regulates feedback
processes such as stellar winds, supernova-driven outflows, and
radiation pressure, shaping the interplay between gas depletion,
star formation efficiency, and quenching.

Figure 14 shows the redshift evolution of logΣSFR for star-
forming BGGs, classified using the joint color–sSFR selection.
Individual BGGs are plotted as gray points.

We fit the global trend using a double power-law function
(Madau & Dickinson 2014) of the form:

logΣSFR = log
(

(1 + z)A

1 + [(1 + z)/z0]B

)
+C, (7)

which captures the rising and flattening behavior of ΣSFR across
cosmic time. The best-fit parameters are:

A = 2.82 ± 0.97,
B = −0.54 ± 1.97,
z0 = 1.99 ± 1.14,
C = −2.40 ± 0.37.

This model describes an initial rise in ΣSFR toward higher red-
shift, reflecting more compact and intense star formation at early
epochs, followed by a plateau or gentle decline around z ∼ 2–3.

For comparison, we overlay the linear relation from Yang
et al. (2025):

logΣSFR = (0.20 ± 0.08)z + (−0.65 ± 0.51), (8)

derived from a broader sample of SFGs with stellar masses span-
ning log M∗/M⊙ ∼ 8–12. While the two trends qualitatively
align, BGGs systematically fall below the general population,
highlighting the environmental suppression of star formation
surface densities in massive group environments.

Overall, the observed evolution of ΣSFR in BGGs supports a
picture of declining star formation efficiency over cosmic time,
likely tied to decreasing gas fractions, growing stellar masses,
and environmentally driven quenching within dense group halos.

To quantify how BGGs differ from the general population
of star-forming galaxies, we compare our best-fit double power-
law model for ΣSFR against the linear relation from Yang et al.
(2025), evaluated at five key redshifts. Table 4 summarizes the
predicted logΣSFR from both models, as well as the offset:

∆ logΣSFR = logΣBGG
SFR − logΣYang+2024

SFR . (9)

Table 4: Comparison between our BGG best-fit double power-
law model (DPL) and the Yang et al. (2025) linear fit, evaluated
at representative redshifts. The offset ∆ logΣSFR indicates how
much lower the BGG star formation surface densities are relative
to general SFGs.

Redshift z DPL Fit (dex) Yang+2025 (dex) ∆ logΣSFR (dex)

0.50 -2.24 -0.55 -1.69
1.00 -1.85 -0.45 -1.40
2.00 -1.31 -0.25 -1.06
3.00 -0.93 -0.05 -0.88
4.00 -0.64 0.15 -0.79

These results show that at low redshift (z = 0.5), the BGGs
are strongly suppressed, lying about 1.7 dex (a factor of ∼ 50)
below the general SFG relation. This offset decreases with in-
creasing redshift, reducing to 1.4 dex at z = 1, 1.1 dex at z = 2,
and 0.8–0.9 dex at z = 3–4.

This trend suggests that, while BGGs consistently exhibit
lower ΣSFR compared to typical star-forming galaxies across cos-
mic time, the suppression is strongest at late epochs and becomes
less significant at earlier times. This supports an evolutionary
scenario where BGGs at high redshift were still building up sim-
ilarly to field galaxies, but progressively diverged due to mass
quenching, gas depletion, and environmental suppression within
their growing group-scale halos.

4.7. Redshift evolution of the ΣSFR–M∗ relation

To investigate the dependence of star formation surface density
on stellar mass and cosmic time, we examine the relation be-
tween ΣSFR and stellar mass (M∗) for BGGs across eight red-
shift bins from z = 0 to z = 3.7. We divide the sample into
two mass bins, 9.25 ≤ log10(M∗/M⊙) < 10.75 and 10.75 ≤
log10(M∗/M⊙) < 12.25, to explore possible mass-dependent evo-
lutionary trends.

Figure 15 shows the median log10(ΣSFR) as a function of
log10(M∗/M⊙) for BGGs, with data points color-coded by red-
shift bin. Circles represent low-mass BGGs, while squares cor-
respond to high-mass BGGs. Error bars reflect the 1σ scatter in
both log10(ΣSFR) and log10(M∗).

We find a clear redshift dependence: at fixed stellar mass,
ΣSFR increases with redshift, consistent with the global rise in
cosmic star formation activity at earlier times. Notably, the low-
mass BGGs exhibit a steeper redshift evolution compared to their
high-mass counterparts, indicating more rapid growth in star for-
mation surface density over cosmic time. In contrast, the high-
mass BGGs show relatively flat or even declining ΣSFR trends
at the highest masses, suggesting that their star formation effi-
ciency has been more strongly suppressed, possibly due to ear-
lier quenching or feedback processes.

The separation between the two mass bins becomes partic-
ularly pronounced at z > 2, where low-mass BGGs continue to
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Fig. 12: Distributions of log10(Re/kpc) for BGGs classified using the combined color–sSFR consensus method. Panels show two
stellar mass bins (9.25 ≤ log10(M∗/M⊙) < 10.75 and 10.75 ≤ log10(M∗/M⊙) < 12.25) across eight redshift bins from z = 0 to
z = 3.7. Star-forming and quiescent BGGs (SFGs and QGs) are plotted in blue and red, respectively. Skew-normal fits (dashed
lines) are overlaid for each distribution, with fitted parameters (a, µ, σ) annotated. QGs exhibit compact, narrow distributions at low
redshift, while SFGs show broader and more skewed profiles, especially at high z. The absence of QGs at z > 2 in low-mass bins
reflects the delayed quenching of less massive BGGs.

rise sharply in ΣSFR, while high-mass BGGs appear to plateau.
This behavior may reflect differences in gas accretion, halo as-
sembly bias, or environmental regulation of star formation, with
lower-mass BGGs remaining more sensitive to gas supply and
feedback at late epochs.

Overall, these results highlight the importance of jointly con-
sidering stellar mass, halo mass, and redshift when analyzing the
structural and star-forming evolution of BGGs, pointing to dis-
tinct evolutionary pathways for systems across the mass spec-
trum.

4.8. Redshift evolution of ΣSFR in two stellar mass regimes

To investigate the cosmic evolution of the star formation surface
density (ΣSFR) in different mass regimes, we split the BGG pop-
ulation into two stellar mass bins: log10(M∗/M⊙) < 10.75 (low-
mass) and log10(M∗/M⊙) ≥ 10.75 (high-mass). We calculate the
median log10(ΣSFR) in each redshift bin, with uncertainties esti-
mated from the standard error of the mean.

Figure 16 shows the redshift evolution of logΣSFR for the
two mass bins, with red and blue curves representing the low-
and high-mass BGGs, respectively. We fit a power-law relation
of the form logΣSFR = a log(1+z)+b to both populations, shown
as solid (low-mass) and dashed (high-mass) lines, with shaded
bands representing the 1σ confidence intervals derived from the
fit covariances.

The best-fit parameters are:
– Low-mass bin (log10(M∗/M⊙) < 10.75): a = 2.46 ± 0.14,

b = −2.64 ± 0.06
– High-mass bin (log10(M∗/M⊙) ≥ 10.75): a = 3.34 ± 0.24,

b = −3.04 ± 0.11
These fits indicate that while both mass bins show an over-

all increase in ΣSFR with redshift, the high-mass BGGs exhibit
a somewhat steeper evolution compared to their low-mass coun-
terparts.

To statistically assess the difference between the two popu-
lations, we performed Kolmogorov–Smirnov (KS) tests compar-
ing the logΣSFR distributions between the low- and high-mass
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Fig. 13: Summary of the redshift evolution of the fitted mean (µ,
top) and scatter (σ, bottom) of log10 Re distributions for BGGs
in two stellar mass bins (9.25 ≤ log10(M∗/M⊙) < 10.75 and
10.75 ≤ log10(M∗/M⊙) < 12.25), classified using the consen-
sus method. Star-forming (SFG) and quiescent (QG) populations
are shown with blue and red lines, respectively. SFGs display
systematically higher mean sizes and larger scatter compared to
QGs at all epochs. Both populations show decreasing µ toward
higher redshift, but scatter increases more strongly in SFGs, re-
flecting enhanced structural diversity in the early universe.

BGGs in each redshift bin. These results suggest that while the
overall trends are similar across mass bins, significant differ-
ences emerge at intermediate redshifts (z ≈ 0.7–1.2), potentially
indicating transient mass-dependent effects during that epoch.

4.9. Structural transition and morphology-quenching
connection in BGGs

To explore the connection between galaxy structure and star for-
mation activity in BGGs, we examine their distribution in the
log10(Σ∗) vs. log10(sSFR) plane, with points color-coded by Sér-
sic index nsérsic. Here, Σ∗ = M∗/(2πR2

e) is the stellar mass surface
density within the effective radius Re, and sSFR is derived from
SED-based measurements. Galaxies with nsérsic > 2.5 are classi-
fied as bulge-dominated. We divide the galaxy sample into four
redshift bins: 0.08 < z < 1.0, 1.0 < z < 2.0, 2.0 < z < 3.0, and
3.0 < z < 4.0.
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Fig. 14: Redshift evolution of the star formation surface density,
logΣSFR [M⊙ yr−1 kpc−2], for BGGs classified as star-forming
using the combined color and sSFR criteria. Gray points show
individual BGGs, while black points and error bars mark the
median and scatter in redshift bins. The solid dark red line and
shaded band show the double power-law best fit with its 1σ un-
certainty. The dashed dark blue line and shaded band represent
the linear fit from Yang et al. (2025). The results indicate com-
pact, intense star formation at high redshift, transitioning to more
extended and diffuse star-forming regions at later cosmic times.

Morphological classification criteria. We further classify
BGGs into five morphological categories based on their struc-
tural parameters, using a combination of Sérsic index (nsérsic),
axis ratio (qratio), and effective radius (Re in arcseconds):

– Irregular Clumpy: Galaxies with nsérsic < 1.5 that show
asymmetric or irregular features, identified by either qratio <
0.4 or Re > 0.5′′.

– Disk-like: Galaxies with nsérsic < 1.5 but regular shapes
(qratio ≥ 0.4 and Re ≤ 0.5′′), as well as those with 1.5 ≤
nsérsic < 2.5.

– Compact Spheroid: Spheroid-dominated systems with
2.5 ≤ nsérsic < 3.0 and compact sizes (Re < 0.3′′).

– Intermediate Spheroid: Systems with 2.5 ≤ nsérsic < 3.0
and Re ≥ 0.3′′, or 3.0 ≤ nsérsic < 4.0.

– Elliptical: Bulge-dominated galaxies with nsérsic ≥ 4.0, con-
sistent with the profiles of classical ellipticals.

These definitions distinguish between irregular star-forming
disks, stable disk systems, compact quenching candidates, inter-
mediate spheroid–disk hybrids, and fully quenched ellipticals.
The axis ratio and size thresholds refine the separation, particu-
larly among low- and intermediate-Sérsic galaxies.

In Figure 17, we show the log10(Σ∗)–log10(sSFR) relation for
BGGs in the four redshift bins. The red dashed line marks
the quiescence threshold log10(sSFR) = log10(0.2/tobs), and
the blue dashed line identifies the transition region offset by
+1 dex. Bulge-dominated fractions are annotated within each
phase (star-forming, transition, quiescent), providing a quanti-
tative view of structural transformation over time.

We observe the expected L-shaped sequence, consistent with
the evolutionary compaction scenario proposed by Barro et al.
(2017). Star-forming BGGs predominantly occupy the lower Σ∗,
low-nsérsic region, while quiescent systems are more compact and
bulge-dominated. Transitioning galaxies bridge these regimes,
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Table 5: Summary of the median star formation surface density (logΣSFR) for BGGs separated by stellar mass at log10(M∗/M⊙) =
10.75 in each redshift bin. Reported are the median logΣSFR (in M⊙ yr−1 kpc−2) for low-mass (log10(M∗/M⊙) < 10.75) and high-
mass (log10(M∗/M⊙) ≥ 10.75) BGGs, along with their standard errors. The Kolmogorov–Smirnov (KS) test compares the logΣSFR
distributions between mass bins, reporting the KS statistic and p-value. P-values below 0.05 are considered statistically significant.

zbin Low-mass median High-mass median Low-mass err High-mass err KS stat KS p-val

0.25 -2.42 -2.67 0.10 0.02 0.71 0.21
0.71 -2.12 -2.36 0.05 0.08 0.31 0.03
1.18 -1.70 -1.82 0.05 0.04 0.22 0.03
1.64 -1.58 -1.54 0.06 0.05 0.16 0.21
2.10 -1.46 -1.61 0.08 0.09 0.24 0.21
2.56 -1.25 -1.22 0.06 0.09 0.16 0.33
3.03 -1.25 -1.04 0.07 0.15 0.25 0.20
3.49 -1.00 -0.75 0.07 0.24 0.27 0.26
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Fig. 15: Relation between stellar mass surface density of star for-
mation (ΣSFR) and stellar mass (M∗) for BGGs in eight redshift
bins from z = 0 to z = 4. Circles and squares represent median
values for low- and high-mass BGGs, 9.25 ≤ log10(M∗/M⊙) <
10.75 and 10.75 ≤ log10(M∗/M⊙) < 12.25, respectively. Error
bars denote the standard deviation in both log10(M∗/M⊙) and
log10(ΣSFR). Data points are color-coded by redshift. An increas-
ing trend of ΣSFR with redshift is observed at fixed stellar mass,
especially for low-mass BGGs.

indicating ongoing morphological transformation accompanying
quenching.

To complement this, Figure 18 presents the redshift evolution
of morphological fractions across the five classes. We calculate
the fractional contribution of each morphological type in redshift
bins of size ∆z = 0.5. We find that:

– Disk-like systems dominate across all redshifts but show
modest decline at lower redshift.

– Compact and intermediate spheroids increase in representa-
tion at intermediate redshifts (1 < z < 3), reflecting morpho-
logical transformation pathways.
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Fig. 16: Redshift evolution of the median star formation
surface density (logΣSFR) for BGGs split by stellar mass:
log10(M∗/M⊙) < 10.75 (red) and log10(M∗/M⊙) ≥ 10.75 (blue).
Solid and dashed curves show best-fit power-law relations, with
shaded areas representing 1σ confidence bands. The best-fit
slopes and intercepts are reported in the text. While overall
trends are similar, KS test results (Table 5) reveal significant
differences at z ≈ 0.7–1.2, indicating possible mass-dependent
effects during this period.

– Ellipticals rise in fraction toward lower redshifts, consistent
with cumulative quenching and structural settling.

These results support a picture of gradual transformation
from irregular and disk-dominated systems toward spheroid- and
elliptical-dominated morphologies, driven by compaction, inter-
nal instabilities, and quenching processes. Our findings align
with simulations by Shen et al. (2024) and observations by
Huertas-Company et al. (2024) and Carnall et al. (2023), which
highlight the role of central density buildup and morphological
change in regulating the shutdown of star formation in massive
galaxies.

4.10. BGG Catalog

We construct the BGG catalog by identifying the most massive
and luminous galaxy within each group in the COSMOS-Web
group sample as discussed in Sec. 2.4. Each group is charac-
terized by its central coordinates (RA_GR, DEC_GR), redshift
(Z_GR) from Toni et al. (2025), and an associated group radius
defined as the hybrid radius derived from the AMICO detection
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Fig. 17: Stellar mass surface density (log10 Σ∗) versus specific star formation rate (log10 sSFR) for BGGs in four redshift bins
(0.08 < z < 1.0, 1.0 < z < 2.0, 2.0 < z < 3.0, 3.0 < z < 4.0). Points are color-coded by Sérsic index nsérsic, with the colorbar at right.
The red dashed line marks the quiescent threshold, and the blue dashed line marks the transition range. Percentages indicate the
fraction of bulge-dominated systems (nsérsic > 2.5) in each phase and redshift bin, revealing a progressive increase in bulge fraction
from star-forming to quiescent galaxies.

Fig. 18: Evolution of the morphological fraction of BGGs across
redshift, separated into five classes: Irregular Clumpy, Disk-
like, Compact Spheroid, Intermediate Spheroid, and Elliptical.
Stacked bar heights represent the fractional contribution within
each redshift bin (∆z = 0.5). The increasing fraction of spheroid-
dominated and elliptical systems toward lower redshifts re-
flects the cumulative impact of morphological transformation
and quenching processes in the BGG population.

algorithm. The galaxy membership within each group is deter-
mined using proximity in both spatial and redshift dimensions.

The full physical properties of BGGs can be obtained from
the COSMOS2025 multiwavelength catalog (Shuntov et al.
subm.) through cross-matching with the SE++ catalog. We use
the unique galaxy identifier ID_COSMOS2025_SE++ for match-
ing.

The BGG catalog includes the following columns:

– Group_ID: Unique identifier of the galaxy group.
– RA_GR, DEC_GR: Right ascension and declination of the

center of the group (in degrees).
– Z_GR: Redshift of the group.
– Hybrid_radius: Estimated physical radius of the group in

arcminutes.
– ID_COSMOS2025_SE++: BGG source identifier from the

COSMOS2025 SE++ catalog.
– RA_DETEC, DEC_DETEC: Right ascension and declination of

the detected BGG (in degrees).
– logM: Stellar mass of the BGG, in units of log10(M⊙).
– MR: Absolute magnitude of the rest frame in the R-band.
– flag_type: A quality or classification flag indicating the

BGG selection type or ambiguity in group membership.

The BGG catalog is accessible at:
https://github.com/gozaliasl/
COSMOS-WEB-Brightest-Groups-Galaxies-.git.
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This catalog serves as the basis for our subsequent structural
and star-forming analyses of BGGs across cosmic time.

5. Conclusion

We have analyzed the structural and star-forming evolution of
∼1700 BGGs over 0.08 < z < 3.7 using COSMOS-Web NIR-
Cam imaging. Our main conclusions are as follows.

1. Size–mass scaling: BGGs follow distinct size–mass rela-
tions. Quiescent BGGs are more compact and exhibit steeper
slopes compared to star-forming counterparts, suggesting
different growth mechanisms and quenching routes.

2. Size growth with redshift: At fixed stellar mass ((M∗ =
5 × 1010M⊙), the effective radius evolves as Re ∝ (1 + z)−α,
with α = 1.31 ± 0.071 for star-forming galaxies and α =
1.40 ± 0.09 for quiescent galaxies. This differential growth
suggests gas-driven expansion in star-forming BGGs and
merger-driven evolution in quenched systems.

3. Redshift-dependent ΣSFR: Star formation surface density
increases with redshift for all BGGs, but low-mass systems
maintain elevated ΣSFR longer, implying more extended star
formation histories compared to their high-mass counter-
parts.

4. Mass-dependent quenching and structural transition:
Quiescent BGGs exhibit a high concentration in the Σ∗–sSFR
plane, with bulge-dominated morphologies making up 80%
of the population. This supports a compaction–quenching se-
quence linked to morphological transformation.

5. Robustness across classification methods: The observed
trends in morphology, ΣSFR, and size evolution persist across
NUV–r–J, sSFR-based, and joint classification schemes,
confirming the physical consistency of our results.

These findings emphasize the role of BGGs as testbeds for
understanding the interplay between environment, structure, and
star formation in galaxy evolution. The unprecedented depth and
resolution of JWST/COSMOS-Web open a new window into the
high-redshift group regime, enabling future studies of feedback,
satellite accretion, and baryonic assembly in group-scale halos.
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Appendix A: Multi-band Sérsic Fits for BGGs

To complement the structural modeling presented in the main
text, we show in this appendix the Sérsic profile fits for the same
six BGGs across three additional JWST/NIRCam filters: F150W,
F277W, and F444W. These figures provide visual confirmation
of the fitting quality and structural consistency across different
wavelengths.

Figures A.1–A.3 follow the same format as Figure 6 and in-
clude, for each galaxy: the original data cutout, the best-fit Sérsic
model, the normalized residual map, and the azimuthally aver-
aged radial profile comparison between data and model. Resid-
uals remain small and symmetric in most cases, indicating ro-
bust fits. The light profiles remain stable across filters, although
subtle differences in morphology and concentration are apparent
due to wavelength-dependent features such as dust attenuation
or star-forming clumps.

These multi-band fits allow us to trace rest-frame optical
sizes over a wide redshift range and ensure that our structural
parameters are not biased by single-band anomalies. Combined,
these figures demonstrate the reliability and consistency of the
structural measurements used in our analysis.
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Fig. A.1: F150W Band: Sersic fit for six galaxies across the
band.
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Fig. A.2: F277W Band: Sersic fit for six galaxies across the
band.

Appendix B: Size–Mass relations from alternative
classification methods

To assess the impact of galaxy classification on the measured
size–mass relations of BGGs, we present here the results ob-
tained using two individual classification approaches: (i) color–
color (NUV–r–J) selection and (ii) redshift-dependent sSFR
thresholds. These are displayed in Figures B.1 and B.2, respec-
tively.

In both figures, we show the effective radius Re as a func-
tion of stellar mass for BGGs in eight redshift bins from z = 0 to
z = 3.7. Blue circles denote star-forming galaxies, and red mark-
ers indicate quiescent systems. Dashed and solid lines represent
the best-fit power-law size–mass relations for star-forming and
quiescent BGGs, respectively. The shaded regions indicate 1σ
uncertainties derived from Bayesian posterior distributions.

While the overall trends are consistent with the consensus-
based classification (Figure 8), there are modest differences in
slope and normalization, particularly at intermediate redshifts
(1 ≲ z ≲ 2), where classification uncertainty and contamination
are higher. The sSFR-based classification tends to yield slightly
steeper slopes for quiescent systems, while color-based classifi-
cation shows a higher scatter among star-forming galaxies.
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Fig. A.3: F444W Band: Sersic fit for six galaxies across the
band.

These comparisons validate the robustness of our results and
highlight the improved purity and interpretability of the consen-
sus classification used in the main analysis.

Appendix C: Size Distributions in two redshift bins

To complement the detailed redshift-binned analysis presented
in Section 4.5, we investigate the overall size distributions of
BGGs using a simplified two-bin redshift division: 0 < z ≤ 1.5
(low redshift) and 1.5 < z ≤ 3.7 (high redshift). This approach
allows us to boost the statistical power, particularly for QGs at
high redshift, and to highlight the broad contrast between early
and late cosmic epochs.

Figure C.1 shows the distributions of log10(Re/kpc) for
BGGs split into two stellar mass bins (9.25 ≤ log10(M∗/M⊙) <
10.75 and 10.75 ≤ log10(M∗/M⊙) < 12.25). SFGs and QGs are
shown in blue and red, respectively, with skew-normal fits over-
laid. The legend in each panel reports the number of galaxies (N)
and best-fit parameters for the skewness a, mean µ, and standard
deviation σ.

At low redshift, both SFGs and QGs display relatively sym-
metric size distributions, with QGs typically more compact
(lower µ) and narrower (lower σ) than their star-forming coun-
terparts. In contrast, the high-redshift bin reveals notable asym-
metry and scatter, particularly among SFGs in the low-mass

bin, where the size distribution is strongly negatively skewed
(a ∼ −2.9). QGs at high redshift remain small and relatively
homogeneous, though their numbers are sparse, especially in the
low-mass regime.

Overall, this two-bin analysis reinforces the results from the
six-bin main analysis: BGG structural diversity increases at early
epochs, with SFGs driving the broad and asymmetric size distri-
butions, while QGs maintain compact, narrow profiles shaped by
early quenching and passive evolution.
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Fig. B.1: Size–mass relation of BGGs using color-only classification. Panels show BGGs across eight redshift bins from z = 0
to z = 3.7 (∆z = 0.5). Blue circles represent star-forming BGGs and red circles show quiescent BGGs, as identified using rest-
frame NUV–r–J colors. The dashed and solid lines represent best-fit size–mass relations for SFGs and QGs, respectively, with
shaded regions indicating 1σ uncertainties. SFGs show generally shallower slopes and larger sizes, while QGs are more compact,
especially below z ∼ 2. This classification is sensitive to dust reddening and intermediate colors. Results from Faisst et al. (2017)
are shown as cyan dashed-dotted (SFGs) and orange dotted (QGs) lines in matching redshift bins for comparison.While dashed lime
and dashed magenta lines show van der Wel et al. (2014) results.
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Fig. B.2: Size–mass relation of BGGs using sSFR-only classification. Each panel shows results for a redshift bin of width ∆z = 0.5
spanning z = 0 to z = 3.7. Star-forming and quiescent BGGs are identified based on whether their log10(sSFR) falls above or below
the redshift-dependent threshold log10(0.2/tobs), where tobs is the age of the universe in Gyr. As in previous figures, dashed (SFGs)
and solid (QGs) lines show best-fit power-law relations, and shaded regions represent 1σ confidence intervals. The sSFR-based
method yields similar trends but may misclassify dusty star-forming galaxies at intermediate redshift. Results from Faisst et al.
(2017) are shown as cyan dashed-dotted (SFGs) and orange dotted (QGs) lines in matching redshift bins for comparison. While
dashed lime and dashed magenta lines show van der Wel et al. (2014) results.
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Fig. C.1: Distributions of log10(Re/kpc) for BGGs in two stellar mass bins (9.25 ≤ log10(M∗/M⊙) < 10.75 and 10.75 ≤
log10(M∗/M⊙) < 12.25), split into two redshift bins (0 < z ≤ 1.5 and 1.5 < z ≤ 3.7). Blue and red histograms show SFG and
QGs, respectively, with skew-normal fits overlaid (dashed for SFGs, solid for QGs). The legend reports the number of galaxies,
best-fit skewness (a), mean (µ), and standard deviation (σ) for each population. This overview highlights the increased structural
diversity of SFGs and the persistently compact nature of QGs across cosmic time.
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