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ABSTRACT

We present the first 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 255-hour COSMOS-Web program. This survey provides deep NIRCam imaging in four filters (F115W, F150W,
F277W, and F444W) in ~ 0.54 deg?, allowing robust size and morphological measurements for ~1700 BGGs spanning ~12 Gyr of cosmic history.
High-resolution imaging enables consistent measurement of galaxy sizes in the rest-frame optical (red to near-infrared; ~6000-8000 A) across
cosmic time through redshift-dependent filter selection. We classified BGGs as star-forming and quiescent using both rest-frame NUV-r—J colors
and redshift-dependent specific star formation rate (sSFR) thresholds. Our structural analysis reveals that quiescent BGGs are systematically more
compact than their star-forming counterparts across all redshifts, exhibiting steeper size—mass slopes (@ ~ 0.6-1.2 vs. @sp ~ 0.0-0.3). The
effective radius evolves as R, « (1 + z)™%, with @ = 0.96 + 0.07 for star-forming BGGs and @ = 1.24 + 0.09 for quiescent BGGs, indicating
stronger size growth in quenched systems. The corresponding growth factor at fixed stellar mass (log M, = 10.7) from z = 3.7 to z = 0.08 is
~ 4.4 for star-forming and ~6.6 for quiescent BGGs. The intrinsic scatter in the size—mass relation increases toward higher redshift for both
populations, reaching ~0.3-0.4 dex at z > 2, reflecting greater structural diversity in the early universe. Compared to field galaxies, BGGs show
systematically smaller sizes at fixed stellar mass, particularly among quiescent systems, highlighting environmental effects on galaxy structure.
We further compare the evolution of the quiescent fraction, the Sérsic index, and ellipticity with those of field galaxies, finding consistent trends
that reinforce our main conclusions. These results establish the foundation for understanding how group-scale environments shape the structural
evolution of central galaxies and provide crucial constraints for models of galaxy formation in intermediate-mass dark matter halos.

Key words. galaxies: clusters: general — galaxies: evolution — galaxies: groups: general — galaxies: high-redshift — galaxies: star formation —
galaxies: structure

1. Introduction verse (Cui 2024; Pillepich 2021; Bocquet et al. 2019). Brightest
group galaxies (BGGs), the most massive and luminous galaxies
residing at the centers of these groups, serve as unique labora-
tories for studying galaxy evolution in intermediate-mass envi-
ronments. Unlike BCGs in massive clusters or isolated central
galaxies, BGGs experience a distinct regime of environmental
effects, including moderate merger rates, intermediate gas densi-
ties, and gradual assembly histories (Gozaliasl et al. 2016, 2018,
2020). The structural evolution of massive galaxies is governed

Understanding the structural evolution of galaxies across cos-
mic time is fundamental to unraveling the processes that gov-
ern galaxy formation and transformation. Although extensive
work has characterized the size evolution of field galaxies
(Williams et al. 2010; Belli et al. 2015) and brightest cluster
galaxies (BCGs) in the most massive halos (Stott et al. 2011;
Yang et al. 2024), the structural properties of galaxies in inter-

mediate environments remain relatively unexplored, particularly by several competing physical processes. Star-forming galax-

at high redshift. ies (SFGs) grow primarily through gas accretion and inside-

: 13 14
Galaxy Broups, Wéthbhalg masses 107 5 é”*fll s 10 Mg’ out assembly (Mo et al. 1998; Oesch et al. 2010; Mosleh et al.
represent a crucial and abundant component of the cosmic web, 2012), leading to relatively shallow size—mass scaling relations.

contributing ~30%-50% of the total mass budget in the Uni- In contrast, quiescent galaxies (QGs) exhibit more compact
morphologies and steeper structural scaling, consistent with

* Corresponding author: ghassem.gozaliasl@aalto. fi; formation through dissipative collapse followed by gas-poor
natalie.allen@nbi.ku.dk mergers (Toft et al. 2007; Belli et al. 2014; Kriek et al. 2009).
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The transition between these regimes is marked by a critical
stellar mass scale near log(M./My) ~ 11, above which
dry mergers become increasingly important for size growth
(Peng et al. 2010; Poggianti et al. 2013). Observations of mas-
sive galaxies reveal substantial size evolution, with effective
radii increasing by factors of ~2-3 from z = 2 to the present
(Williams et al. 2010; Belli et al. 2015). However, this evolution
is not uniform across galaxy types or environments. Early-type
galaxies show steeper size evolution (Reg o (1 + 2)™'*®) com-
pared to late-types (Reg oc (1+2)707%), reflecting different assem-
bly histories and quenching mechanisms (van der Wel et al.
2014). Similarly, ultra-massive galaxies (log M./M, > 11.4)
exhibit remarkably uniform size evolution across cosmic time,
suggesting efficient post-quenching growth through minor merg-
ers (Faisst et al. 2017).

The role of environment in shaping galaxy structure is well
established in the local Universe, where central galaxies in
groups and clusters are systematically more compact than field
galaxies of similar mass (van der Burg et al. 2014; Kravtsov
2018). However, the redshift evolution of these environmental
effects remains poorly constrained, particularly for BGGs, due
to the challenges of identifying group-scale structures at high
redshift with sufficient statistical power.

Recent work by Yangetal. (2025) used the COSMOS-
Web survey — part of the Cosmic Evolution Survey (COS-
MOS; Scoville et al. 2007) — to measure rest-frame optical
sizes of galaxies from z = 2 to z = 10, revealing that
SFGs maintain nearly constant size-mass slopes and surface
density relations, while quiescent systems show steeper struc-
tural scaling and a clear compactness threshold. These find-
ings provide a crucial reference for understanding how envi-
ronmental effects modify the general trends observed in field
galaxies.

The James Webb Space Telescope (JWST) has revolution-
ized our ability to study galaxy structure at high redshift, provid-
ing unprecedented resolution and sensitivity in the near-infrared.
The COSMOS-Web survey, the largest JWST program in Cycle
1 (Casey et al. 2023), offers an ideal dataset for investigating
BGG structural evolution by combining deep, high-resolution
imaging with the largest and most complete catalog of galaxy
groups at z > 1 assembled to date (Toni et al. 2025).

In this study, we present the first comprehensive analysis
of BGG structural evolution from z = 0.08 to z = 3.7 using
COSMOS-Web NIRCam observations. We investigate the size—
mass relation, quantify size growth at fixed stellar mass, and
characterize the intrinsic scatter and its evolution across cosmic
time. By comparing BGGs to field galaxy populations, we con-
strain the role of group-scale environments in shaping galaxy
structure and provide essential observational benchmarks for
theoretical models of galaxy formation.

This paper is organized as follows. In Section 2, we describe
the COSMOS-Web survey, the group catalog, and the BGG
selection methodology. Section 3 outlines our structural mea-
surement techniques and galaxy classification scheme. Section 4
presents our main results on size—mass scaling, size evolution,
and structural distributions. Section 5 discusses the implications
for galaxy formation models and compares our findings with pre-
vious work. Finally, we summarize our conclusions.

Throughout this paper, we adopt a flat ACDM cosmology
with parameters Hy = 67.66 km s~ Mpc~!, Q0 = 0.30966, and
Qao = 0.68884, consistent with Planck 2018 (Aghanim et al.
2020). All magnitudes are expressed in the AB system (Oke
1974).
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2. Galaxy and group dataset
2.1. The COSMOS-Web survey

The COSMOS-Web survey is the largest JWST Cycle 1 pro-
gram, covering 0.54 deg? with NIRCam in four filters (F115W,
F150W, F277W, and F444W) and 0.19 deg® with MIRI F770W
(Casey et al. 2023). NIRCam achieves 50 depths 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) within 0.15”apertures.
Observations span January 2023 to May 2024. We used high-
resolution 30 mas mosaics for structural measurements. Data
reduction is detailed in Franco et al. (2024, 2025), Harish et al.
(2025).

2.2. COSMOS-Web photometric catalog

We performed photometric extraction using
SOURCEXTRACTOR++ (SE++) (Bertin et al. 2020;
Kiimmel et al. 2020) with parametric Sérsic fitting across
33 filters. An alternative structural catalog (Yang et al. 2025)
provided independent Sérsic fits in each NIRCam band
for rest-frame analysis. We derived spectral energy distri-
butions (SEDs) and physical parameters from LEPHARE
template fitting (Arnouts et al. 2002; Ilbert et al. 2006), using
Bruzual & Charlot (2003) stellar population models with
various star formation histories and dust laws (Calzetti et al.
2000; Salimetal. 2018). Photometric redshifts achieve
onmap = 0.013 for F444W < 25.0 mag when compared to
spectroscopic redshifts (Khostovan et al. 2025). Validation of
the stellar mass through CIGALE comparisons (Boquien et al.
2019; Shuntov et al. 2024) confirms the consistency between
methods. The full details on COSMOS2025 and the photometric
catalog of galaxies can be found in Franco et al. (2025).

2.3. Galaxy groups and BGG selection

We used the COSMOS-Web galaxy group catalog (Toni et al.
2025), the largest JWST-based group sample covering 0.54
deg? (0.45 deg? effective) from z = 0.08 to z = 3.7. Groups
were detected using the AMICO (Adaptive Matched Identi-
fier of Clustered Objects) algorithm (Bellagamba et al. 2018;
Maturi et al. 2019), applied to 389,248 high-quality galaxies,
yielding 1678 groups with S/Np,q > 6.0. Purity exceeded
80% for S/Nyoa > 9.5 based on SinFoniA mock validation
(Maturi et al. 2023). Over 500 groups have spectroscopic con-
firmation (Khostovan et al. 2025). To identify BGGs, we intro-
duced a hybrid selection method that employed stellar mass and
luminosity criteria within 250-500 kpc apertures from group
centers. This approach addresses spatial offsets in low-mass sys-
tems and starburst contamination in luminosity-based selections.
The method first identifies both the highest stellar mass and the
brightest (F150W band) galaxy separately within 250-500 kpc
apertures from group centers. It applies a tiered decision tree:
(1) selects the mass-dominant galaxy if stellar mass exceeds
the luminosity-selected candidate by >0.1 dex; (2) chooses the
luminosity-dominant galaxy if brighter by an equivalent mar-
gin; (3) defaults to the brighter galaxy when mass differences
are <0.1 dex. We restricted the analysis to groups with 4, > 4
(see Fig. 1) to ensure completeness. The hybrid method achieves
77.1% agreement with mass-based and 71.6% with luminosity-
based selections, compared to 48.7% agreement between indi-
vidual methods alone. This yielded a robust sample of BGGs for
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Fig. 1. Intrinsic richness, A%, of detected groups and its trend with red-
shift. Bright group galaxies (BGGs), classified as quiescent or star-
forming based on color-color criteria, are shown with red and blue
points, respectively. The dashed horizontal orange line indicates the Ax
limit applied in this study.

structural analysis. Detailed selection methodology and valida-
tion are presented in the Appendix A.

2.4. Classification of BGGs: Star-forming and quiescent

To investigate the evolutionary trends of BGGs, we classified
them into SFGs and QGs using a combination of rest-frame
color-color selection and sSFR thresholds. This dual approach
allowed for a more robust classification by accounting for both
photometric and physical star formation indicators. To investi-
gate the structural and evolutionary differences between star-
forming and quiescent BGGs, we classified our sample using
three complementary approaches: (i) a rest-frame color—color
diagram, (ii) a redshift-dependent sSFR threshold, and (iii) an
integrated method combining both criteria. This multitiered clas-
sification ensures robustness against contamination by dusty
SFGs and transitional systems.

2.4.1. Color—color classification: NUV—r—J diagram

We employed the rest-frame Myyy — M, versus M, — M; (NUV-
r—J) color—color diagram to separate passive from active sys-
tems. Following Ilbert et al. (2013), a galaxy is considered qui-
escent if it satisfies both of the following conditions:

MNUV_Mr>3(Mr_Mj)+1
and Myyy — M, > 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 O < z < 4, where the photomet-
ric bands and derived rest-frame colors are well constrained by
the available multiwavelength data.

2.4.2. Specific star formation rate (sSFR) selection:
Redshift-dependent threshold

To complement color-color-based classification and mitigate
contamination from dust-obscured star-forming galaxies, we
applied a redshift-dependent threshold on the sSFR, following
the formalism of Pacifici et al. (2016). A BGG is classified as

Redshift (z)
9éé.OO 400 319 162 096 059 033 0.14 0.00 0.00
- T T T T T T T T

—— sSFR Threshold
-10.0 -

-10.2

-104

-10.6 |-

-10.8 |-

log10(SSFR threshold) [yr ]

2 4 6 8 10 12 14
Cosmic Time (Gyr)

-11.0 L
0

Fig. 2. Redshift-dependent sSFR threshold used to classify BGGs as
quiescent, defined as log,,(sSFR) < log;,(0.2/f,s). 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 if:

0.2
log(sSFR) < logy, (m) ’ (@)

where (sSFR) = SSFR
the age of the Universe at the galaxy’s redshift, in Gyr. This
threshold evolves with cosmic time and reflects the declining
global star formation rate, providing a more physically moti-
vated and redshift-aware definition of quiescence. Figure 2 illus-
trates the evolution of the sSFR threshold as a function of cosmic
time (bottom axis) and redshift (top axis), based on the adopted
ACDM cosmology. The threshold becomes more stringent at
earlier epochs, reflecting the higher star formation activity of
galaxies in the early Universe. At later times (lower redshifts),
the sSFR threshold declines steadily, consistent with the cosmic
decline in star formation rate density.

is given in yr~!, and f4,s(z) represents

2.4.3. Hybrid classification: Color-color and sSFR criteria

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.
— 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 improves the reliability of
subsequent evolutionary analyses.

2.4.4. Final classified sample

Applying the combined classification to our stellar-mass-
selected sample of BGGs (log M,./My > 9 and Ay, > 4), we
obtained 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
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Fig. 3. Rest-frame NUV-r versus r—J color—color diagram for all BGGs
combined across the full redshift range z = 0 to z = 4. Points are color-
coded by their log,,(sSFR/yr™!). Magenta lines delineate the quiescent
region defined by Myyy — M, > 3(M, — M;) + 1 and Mxyv — M, >
3.1. Open red and blue squares denote BGGs classified as quiescent
and star-forming, respectively, under both color and sSFR criteria. Star-
forming BGGs dominate at higher redshifts (z > 2), while the fraction
of quiescent systems increases at lower redshifts. Full redshift-binned
versions of this diagram (in Az = 0.5 steps) are available in Section 6.

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 3 presents the distribution of BGGs in rest-frame
NUV-r versus r—J color space across six redshift bins from z =
0.0 to z = 3.7.0. Each galaxy is color-coded by its log,,(sSFR),
providing insight into its recent star formation activity. The
magenta lines indicate the quiescent region, as defined by the
NUV-r—J criteria.

Each panel annotates the number of BGGs classified as qui-
escent or star-forming according to the three distinct methods.

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 using both color-color and
redshift-dependent sSFR thresholds.

As shown in the panels, at higher redshifts (z > 2), the major-
ity of BGGs reside in the star-forming region of the diagram
and exhibit high sSFRs. Toward lower redshifts (z < 1.5), an
increasing number of BGGs populate the quiescent region, indi-
cating 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 division 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 shown in Table B.1.

This classification framework ensures a high-purity sample
of star-forming and quiescent BGGs, free from potential contam-
ination by dusty starbursts or intermediate systems. The robust
selection improves the reliability of subsequent structural anal-
yses, such as the size-mass relation and the size evolution pre-
sented in Sections 4.1 and 4.3. To ensure that our results were
not affected by incompleteness, we applied a stellar mass cut of
M, > 10'° My, which guarantees mass completeness for both
quiescent and star-forming galaxies up to z = 3.75. This limit
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was derived using the method of Pozzetti et al. (2010), in which
the 30% faintest galaxies in each redshift bin were used to esti-
mate the limiting stellar mass, M., by scaling their F444W
magnitudes to the survey’s magnitude limit (27.4 mag). The
completeness limit corresponded to the 95" percentile of the
M. distribution in each bin. We verified that adopting the fixed
cut of 10'9 M, was more conservative than the calculated limits
across all bins.

All key results remain unchanged when the analysis is
restricted to this mass-complete subsample. The quiescent frac-
tion as a function of redshift for the mass-complete sample is
presented in Appendix F.

3. Structural measurements of BGGs
3.1. Sizes of BGGs

To quantify the structural properties of BGGs, we performed
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 adopted for this work.
We modeled the surface brightness distribution of each
galaxy using a single-component Sérsic function (Sersic 1968):

r 1/n
I(r) = Ipexp l_bn(E) - 1},

where I is the central surface brightness, R, is the effective
(half-light) radius, n is the Sérsic index that defines the con-
centration of the light profile, and b, is a normalization con-
stant dependent on n. The elliptical radius was defined as r =

VX2 + y2/q2, where g is the axis ratio of the light distribution.

We adopted measurements from the COSMOS-Web struc-
tural catalog generated with the Galight software package
(Ding et al. 2020), built on the Lenstronomy lens modeling
framework (Birrer et al. 2021). This pipeline fits galaxy light
profiles while simultaneously modeling neighboring objects and
incorporating accurate point spread function (PSF) convolution.

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

We retained only galaxies with high-quality fits, based on
the following criteria from Yang et al. (2025): (1) no parameters
that reach the fitting limits, (2) reduced XZ < 2, and (3) clean
morphological classification free of neighboring contamination.
We validated the structural parameters 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 deg® COSMOS field. These HST observa-
tions offer a median PSF of ~0.09”, enabling precise size deter-
minations of galaxies at faint magnitudes (iag ~ 25). Extensive
image simulations and cross-checks reveal that the derived sizes
from our analysis exhibit a typical uncertainty in log(R,) of 0.1—
0.2 dex and no significant bias as a function of redshift, size, or
magnitude. This careful calibration ensured that the measured

3
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Fig. 4. Sersic fit in the F115W band for the example BGG at z = 0.22, shown in the top-left panel of Fig. 5. The F150W, F277W, and F444W

bands are available in the attached pdf file through Zenodo in Sect. 6.

structural parameters were directly comparable to legacy HST
results and suitable for tracing galaxy evolution across cosmic
time.

The Yangetal. (2025) catalog provides robust, homoge-
neous structural measurements across a wide redshift baseline,
making it ideal for studying the evolution of galaxy size-mass
relations. In our study, we extracted BGG sizes directly from this
catalog and used them to analyze the morphological evolution of
the most massive galaxies in group environments.

We fit the galaxy light profiles using cutouts from the
COSMOS-Web mosaics, adopting a 30 mas pixel scale. Cutout
sizes were 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 was
accompanied by a noise map derived from the ERR extension of
the JWST image, which accounted for background, readout, and
Poisson noise components.

To ensure robust modeling, contaminating sources near the
BGG were masked or fitted simultaneously with additional Sér-
sic components. We constrained the parameter space to physi-
cally meaningful ranges: R, between 0.01 arcsec and the image
size, n between 0.3 and 9, and g between 0.1 and 1. These bounds
accommodate the diverse morphologies of galaxies while avoid-
ing extreme or unphysical solutions.

We constructed the PSF 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 y*> > 15 or those that exceed parameter
boundaries were flagged as unreliable and excluded from further
analysis. To visually illustrate the quality and diversity of our
structural modeling, Figure 4 presents example Sérsic profile fits
in four bands for one representative BGG. Each row displays
the original data image, the best-fit model, and the normalized
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 dis-
turbed galaxies across a broad redshift range. We find that the
majority of BGGs are well-modeled with a single S’ersic com-
ponent, while the residuals remain small and symmetric in most
cases, confirming reliable fits.

Figure 5 shows a color composite of the central BGGs in
COSMOS-Web groups spanning redshifts from z = 0.22 to z =
3.09. For the BGG in the top-left 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).

For completeness, we include in the appendix the corre-
sponding Sérsic fits for the example BGGs presented in the
top-right and lower panels of Fig. 5 (Figure C.1), (Figure C.2),
and (Figure C.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 param-
eter measurements.

3.2. Rest-frame optical size selection across redshift

A key objective of this work was to study the evolution of BGG
sizes in the rest-frame optical regime. Because JWST/NIRCam
probes different rest-frame wavelengths depending on redshift,
we employed a redshift-dependent filter selection strategy to
ensure consistency in rest-frame measurements. Our target rest-
frame wavelength was approximately 8000 A, which lies near
the red end of the optical spectrum.

To define rest-frame optical-to-NIR size measurements, for
each galaxy we selected the NIRCam filter whose observed
wavelength best samples the rest-frame ~7000-11 000 A range
at its redshift. While this does not always coincide with the
canonical rest-frame optical band (4000—-6000 A), it ensures high
signal-to-noise morphological measurements across a wide red-
shift interval, leveraging the deepest COSMOS-Web imaging
available.

Rest-frame optical imaging is preferred over the UV for
structural analysis because it traces older stellar populations and
is less affected by clumpy star formation and patchy dust, result-
ing in more robust and representative size estimates. Specifically,
we adopted the following filter selections:

- F115W for 0.05 <z <04
— FI50W for 0.4 <z< 1.0
- F277TW for 1.0 < £ < 3.0
— F444W for3.0 < 7 < 4.0

These observed-frame filters broadly correspond to rest-
frame optical and NIR wavelengths, enabling consistent struc-
tural measurements of BGGs over nearly 12 billion years of cos-
mic time.

After applying all quality cuts and the redshift-based filter
mapping, we obtained a high-quality sample of BGGs with rest-
frame optical size measurements spanning 0.08 < z < 3.7.
Angular sizes were converted to physical sizes in kiloparsecs
using the Planck18 cosmology (Aghanim et al. 2020).
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Fig. 5. Examples of JWST/NIRCam color composites of 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.

4. Results
4.1. Size—mass relation of star-forming and quiescent BGGs

We investigated the size—mass relation of BGGs over cosmic
time by dividing them into SF or QG populations using the com-
bined classification scheme (Section 2.4), which integrates both
rest-frame NUV-r—J colors and redshift-dependent sSFR thresh-
olds. This enabled a clean comparison of structural scaling rela-
tions across stellar mass and redshift, minimizing contamination
from transitional systems.

To ensure robust measurements when modeling the size-
mass relation, we applied a stellar mass cut of log(M./My) >
10.0 and excluded galaxies with unreliable size estimates, requir-
ing R, > 0.5 kpc. These thresholds were motivated by the com-
pleteness of the photometric catalogs, the PSF-limited resolu-
tion of NIRCam imaging, and the desire to minimize systematic
biases in the structural fits.

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

log;o(Re/kpe) = log A + a [log o(M. /5 x 10'°My)), )

where R, is the effective (half-light) radius in kiloparsecs, and
M. is the stellar mass. We normalized the relation at a pivot mass
of 5 x 1010 Mo, chosen to reduce covariance between the slope
a and the intercept log A during regression.

The slope a quantifies the degree to which galaxy size scales
with stellar mass, while log A characterizes the typical size at the
pivot mass. Together, these parameters provide insights into the
structural growth mechanisms of BGGs and their dependence on
star formation state and redshift.

The best-fit values of @ and log A were obtained by Bayesian
Markov Chain Monte Carlo (MCMC) inference, and the shaded
bands in the figures represent the 10~ posterior uncertainties from
the marginalized distributions of these parameters.
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Fig. 6. Rest-frame wavelength probed by each COSMOS-Web NIRCam
filter as a function of redshift. The shaded region indicates the approxi-
mate rest-frame optical window around 8000 A.

Figure D.1 presents the size-mass distributions in ten red-
shift bins from z = 0 to z = 3.7, with blue circles representing
SFGs and red circles indicating QGs. Solid (brown and blue)
lines show the best-fit power law relations with shaded bands
marking the 1o uncertainties from the Bayesian fits. The verti-
cal and horizontal dashed lines represent the stellar mass cut of
log(M../Ms) > 10.0 and the size cut of R, > 0.5 kpc.
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Fig. 7. Size-mass relation of BGGs classified using the consensus
(color+sSFR) method, shown here for the redshift bin z = 0.5-1.0. Blue
circles represent star-forming BGGs, and red hexagons show quiescent
BGGs. Solid and dashed lines indicate best-fit power-law relations for
QGs and SFGs, respectively, with shaded bands showing the 10 uncer-
tainties. Dash-dotted cyan and dotted orange lines show comparison
relations from Faisst et al. (2017), while dashed lime and magenta lines
show results from van der Wel et al. (2014). Vertical and horizontal gray
lines mark the stellar mass limit of log,,(M. /M) > 10 and size cut of
R, > 0.5kpc, which are applied when fitting the relations. While BGGs
follow similar evolutionary trends, they tend to be slightly smaller at
fixed mass-particularly among quiescent centrals-highlighting the influ-
ence of group environments on galaxy structure. The size-mass rela-
tions for all other redshift bins are available in Section 6.

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 (@ ~ 0.1-0.2 for SFGs
vs. @ ~ 0.4-0.5 for QGs), consistent with disk-dominated ver-
sus spheroid-dominated structures. Between 1 < z < 2, the
SFGs continue to show relatively flat slopes, while the QGs
maintain steeper size-mass relations. The difference in nor-
malization persists, but the scatter increases. At high redshift
(z > 2), the trends flatten for both populations, with larger
dispersion and overlapping distributions. The small QG sam-
ple in the highest bin (z > 3.25) limits firm conclusions, but
the results hint at compact, early-forming quiescent systems. We
compared these trends with measurements from the literature.
Dashed-dotted cyan and dotted orange 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 CANDELS
and 3D-HST data.

Overall, the BGGs in our sample follow broadly similar evo-
lutionary 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 effects such
as earlier assembly, denser merger histories, or suppressed late-
time accretion in central group environments. Importantly, while
Faisst et al. (2017) focus on the most massive galaxies, our BGG
sample extends across a broader mass range (log M../Mg ~ 10—
12), allowing a more detailed view of the mass dependence
within group central galaxies.

We also compared our results with the canonical relations
from van der Wel et al. (2014), widely used as a reference for
the global galaxy population. Our SFGs and QGs generally lie

close to these reference tracks, although QGs in particular show
a tendency toward more compact sizes at z < 2, reinforcing the
idea that environmental quenching leads to more compact quies-
cent systems compared to field counterparts.

For completeness, we also compute size-mass relations
using the individual classification methods: sSFR thresholds and
(i) NUV=r—J color cuts, which yield broadly similar slopes and
intercepts, but with slightly elevated scatter, especially at inter-
mediate redshifts (1 < z < 2) where classification uncertainties
from dust and photometric noise are higher.

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
cosmic time, we traced the slope « of the size-mass relation
and the intrinsic scatter o-(log R,) across ten redshift bins from
z = 0.08 to z = 3.7. These parameters were derived from
Bayesian fits (Eq. (4)) applied to BGGs with stellar masses
log(M./Ms) > 10.0. The best-fit values are listed in Table D.1
and their evolution is visualized in Fig. 8. Figure 8 presents the
redshift evolution of both parameters for star-forming and qui-
escent BGGs, classified using three schemes: rest frame color—
color selection, sSFR threshold, and their intersection. The top
panel shows the evolution of the slope a(z), while the bottom
panel shows o(log R, )(z).

Slope evolution. Across all classification methods, quiescent
BGGs consistently exhibit steeper size—mass slopes than their
star-forming counterparts. At intermediate to high redshifts (z ~
1-3), quiescent systems reach slopes of agg ~ 0.5-0.7, sug-
gesting stronger mass-dependent size growth, likely driven by
dry mergers and inside-out structural evolution. These values are
broadly consistent with earlier results from Faisst et al. (2017)
and van der Wel et al. (2014). Star-forming BGGs, on the other
hand, exhibit shallower and more uniform slopes (asg ~ 0-
0.2) across all redshifts. This supports a scenario in which
size growth in these systems is nearly mass independent, likely
reflecting disk-dominated morphologies and gradual gas accre-
tion. A mild decline in slope toward higher redshifts suggests a
more homogeneous structural state in early epochs, before sig-
nificant mass-driven morphological differentiation emerges.

Scatter evolution. The intrinsic scatter o(log R,) increases with
redshift for both types of galaxy, reaching ~0.3 —0.4 dex at z > 2.
Star-forming BGGs generally show higher scatter than quies-
cent ones, especially beyond z ~ 2, consistent with a broader
diversity in morphology and assembly histories, such as clumpy
star formation and disturbed stellar structures. In quiescent
BGGs, the increase in scatter likely reflects varied evolution-
ary paths involving compaction, rapid quenching, and merger-
driven size buildup. Compared to van der Wel et al. (2014), our
quiescent sample shows a systematically larger scatter, poten-
tially highlighting the role of halo mass and environment in
shaping the structural diversity of BGGs. Together, the evolving
slope and scatter suggest that quiescent BGGs undergo a more
mass-dependent, hierarchical assembly, while star-forming sys-
tems evolve along more regulated, secular growth tracks. The
increasing scatter at high redshift reflects a broader range of
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Fig. 8. Redshift evolution of the size—mass relation slope a (top panel)
and intrinsic scatter o-(log R,) (bottom panel) for BGGs classified using
color (solid lines), sSFR (dashed lines), and consensus (dotted lines)
methods. Star-forming and quiescent BGGs are shown in blue and red,
respectively. Quiescent BGGs display consistently steeper slopes, espe-
cially 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.

formation mechanisms, consistent with the transition from
dynamically active early phases to more settled structural rela-
tions 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 log(M.,. /M) = 10.7, we fit the relation

log,o(R./kpc) = A — alog(l + z), 5

where R, and z represent the effective radius and redshift of the
galaxy, respectively, and A and « are the intercept and slope
of the relation. We performed this analysis separately for star-
forming and quiescent BGGs, defined using three different clas-
sification schemes: (1) rest-frame NUV-r-J color diagram, (2)
sSFR, and (3) a combined color+sSFR criterion.

Figure 9 shows the best-fit size-redshift relations for each
population, with shaded bands indicating the 1o uncertainty
envelopes from the model fits. Our results demonstrate that
BGGs experience substantial size growth over cosmic time.
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Fig. 9. Redshift evolution of the effective radius (R,) of star-forming
(blue) and quiescent (red) BGGs at fixed stellar mass M, = 5x10'° M.
BGGs are classified using three criteria: rest-frame NUV-r-J color (solid
lines), sSFR (dashed lines), and combined color+sSFR (dotted lines).
Curves show the best-fit relation R, « (1 + z)™*, with shaded regions
indicating 1o~ confidence intervals. Star-forming BGGs exhibit stronger
size evolution than quiescent ones in all classification schemes. The
slight offset seen at z ~ 0.6 may reflect sample scatter or minor overfit-
ting effects in some models.

Table 1. Best-fit parameters of the size—mass relation for BGGs.

Class Type A A @ Qo Growth
color—color  SF 0.86 0.03 098 0.06 4.46
color—color QG 0.63 0.03 1.13 0.09 5.67
sSFR SF 0.85 0.03 096 0.07 4.38
sSFR QG 0.65 0.03 1.13 0.08 5.67
sSFR—color SF 0.86 0.03 096 0.07 4.35
sSFR—color QG  0.65 0.03 1.24 0.09 6.64

Notes. Fits assume R, o (M,/10'%7M)®. Columns: (1) classification
method; (2) galaxy type; (3) normalization A in kpc at log(M./My) =
10.7; (4) uncertainty in A; (5) slope a; (6) uncertainty in a; (7) inferred
size growth factor across cosmic time. Fits include only galaxies with
log(M../My) > 10.0.

Across all classification schemes, quiescent BGGs show sys-
tematically steeper evolutionary slopes (larger «) than their star-
forming counterparts, indicating stronger size growth since high
redshift. This suggests that while quiescent BGGs likely under-
went 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 (@) for R, o« (1 + z)™® are summarized
in Table 1. Table 1 also lists the growth factor of the BGG size
(Ro(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
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indicate overfitting due to increased scatter or sample variance in
that redshift interval. Future analyses incorporating larger sam-
ples and improved error modeling will help clarify this localized
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 examined the one-
dimensional distribution of log,,(R./kpc) for star-forming and
quiescent BGGs within seven redshift intervals spanning 0 <
7 < 3.7. Figure 10 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. We fit
a skewed normal function to each distribution using maximum
likelihood estimation, with the best-fit parameters — mean (u),
standard deviation (o) and skewness (a) — displayed in the leg-
end of each panel. The summary plot in the bottom-right panel
tracks the evolution of u and o as a function of redshift.

At low redshift (z < 1.5), the quiescent population exhibits
a more compact and narrower distribution (¢ ~ 0.7, o ~ 0.25),
while the star-forming BGGs tend to be larger and more broadly
distributed (u ~ 0.8-0.9, o ~ 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.

At higher redshifts (z > 2), the number of quiescent BGGs
rapidly declines 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.

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 redshift and stellar
mass bins. Figure 11 presents histograms of the effective loga-
rithmic radius (log,(R./kpc)) for BGGs (SFGs and QGs), clas-
sified using the combined rest-frame color—color— and redshift—
dependent sSFR criteria. The distributions are shown for two
stellar mass intervals (9.25 < log,,(M./Ms) < 10.75 and
10.75 < log,o(M./My) < 12.25), across six redshift bins from
z=0toz=3.7.

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 (1), and scale (o). 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 y ~ 0.3-0.6,
consistent across both mass bins. In contrast, star-forming BGGs
show broader and more asymmetric distributions, especially in

Galaxy Size Distribution: z = 0.2

1 L] T T 1 1 T
c 10.0.05 = & SF: a=4.48, p=0087, o=0.30
ze [0.0,0.5) — QG: a=-3.66, u=0.78, 00,28
4 d
3L = i
20| i
=
o
(] L
2+ al
1+ 4
-
=
0 1 L
0.0 02 0.4 0.6 0.8 1.0 1.2 1.4
logp (£, [kpcl)
Evolution of ¢ and & with Redshifi
09 T T T T T T
* -
-
e
08k 4
L '
Al Al
i i
07k ' \ J
Al Al
Al 1
Al 1
_bep b s 4
B ' 1
= \ 4
Zosk % % ]
5 .} '
B A =
£ . ]
0.4 & L -
i [ %
i L) e, o
° o y "
. ~ gy
03k . o, Tk » ]
. Yo Wy ’
g
LESS S— ol al -
02k b ¥y Sk ]
v , £y - -
. . -
-
0.l = 1 L L L I
o @ B Ne 2 B o N
Redshifi (z)

Fig. 10. Normalized size distributions of BGGs in log scale for the
z = 0.0-0.5 bin and a summary panel tracking the evolution of the fit-
ted parameters across all redshift bins. Star-forming galaxies (SFGs)
and quiescent galaxies (QGs) are shown as blue and red histograms,
respectively. Dashed lines indicate best-fit skewed normal functions,
with annotated parameters-mean g, standard deviation o, and skewness
a. At low redshift, QGs appear more compact and less scattered than
SFGs, which exhibit broader, more asymmetric distributions. The full
set of redshift-dependent size distributions is available in Section 6.

the lower mass bin, often skewed toward smaller sizes. This
reflects the structural diversity and clumpy star-forming mor-
phologies in low-mass SFGs.

In the high-mass bin, a noticeable bimodality is observed
between SFGs and QGs up to z ~ 1.5, where the separation in
the median size becomes most distinct. Beyond z > 2, the qui-
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 12 summarizes the redshift evolution of the fitted u
(mean log,, R.) and o (scatter) parameters for each mass bin and
galaxy type. For both mass bins, the SFGs show systematically
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Fig. 11. Distributions of log,,(R,/kpc) for BGGs classified using the
combined color-sSFR consensus method. Panels show two stellar mass
bins (9.25 < log,((M./My) < 10.75 and 10.75 < log;((M./My) <
12.25) for the full sample of BGGs across all redshifts. The same dis-
tributions are shown in six redshift bins from z = 0 to z = 3.7 in Fig. 10
(as presented in Zenodo) and in two redshift bins in Fig. E.1. 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, u, o) 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.

higher mean sizes than the QGs at all redshifts. Both populations
show a decline in u with increasing redshift, but the decline is
steeper for SFGs, particularly in the high-mass bin. The scatter o
increases modestly with redshift for both SFGs and QGs, but the
increase is more noticeable for SFGs, especially at z > 2, indi-
cating greater structural diversity in earlier epochs. In contrast,
QGs maintain consistently narrower scatter across cosmic time,
reflecting their more homogeneous and settled morphologies. In
summary, these findings emphasize the evolution of BGG sizes
based on mass and type, showing diverse, extended growth in
SFGs and initial compaction with later passive size changes in
QGs.

For a complementary overview using two broad redshift
bins to boost statistical power, see Appendix E. In addition to
sizes, we examined the redshift evolution of the Sérsic index
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Fig. 12. Summary of the redshift evolution of the fitted mean (u, top)
and scatter (o, bottom) of log,, R, distributions for BGGs in two stellar
mass bins (9.25 < log,,(M./My) < 10.75 and 10.75 < log,,(M./My) <
12.25), classified using the consensus method. Star-forming (SFG) and
quiescent (QG) populations are shown with blue and red lines, respec-
tively. Star-forming galaxies display systematically higher mean sizes
and larger scatter compared to QGs at all epochs. Both populations
show decreasing p toward higher redshift, but scatter increases more
strongly in SFGs, reflecting greater structural diversity in the early Uni-
verse.

and ellipticity for quiescent BGGs, following similar approaches
used in recent field and cluster studies (De Propris et al. 2016;
Mitsuda et al. 2017; Cerulo et al. 2017; Chan et al. 2018). Both
parameters show a slight evolution toward diskier morpholo-
gies at higher redshift, with BGGs remaining rounder (Ae ~
0.02 — 0.04) and more concentrated (An ~ 0.2 — 0.5) than
field quiescents at fixed z. The complete results are presented
in Appendix F.

5. Discussion and conclusions

We present the first comprehensive study of BGG structural
evolution from z = 0.08 to z = 3.7 using COSMOS-Web
NIRCam observations. Our results reveal that BGGs follow the
general size evolution trends observed in field galaxies, but
with systematic environmental modifications. The measured size
growth slopes (@ = 1.11-1.40) are consistent with previous
studies of massive galaxies (van der Wel et al. 2014; Faisst et al.
2017), confirming that the fundamental processes driving
size evolution operate similarly across environments. How-
ever, BGGs are systematically more compact than field galax-
ies at fixed mass, particularly among quiescent systems. This
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environmental effect likely reflects several mechanisms: (1) ear-
lier assembly in overdense regions, (2) suppressed late-time gas
accretion due to environmental heating, and (3) increased merger
activity within group-scale halos. The steeper size evolution
of quiescent BGGs (@ = 1.24) compared to star-forming sys-
tems (o = 0.96) supports a two-phase evolutionary scenario in
which quiescent BGGs underwent early compaction during their
active phase, followed by substantial size growth through minor
mergers after quenching. This interpretation is consistent with
the higher mass-dependence of their size-mass relations and
their systematically compact nature. Star-forming BGGs exhibit
more moderate size evolution, suggesting growth through grad-
ual processes such as gas accretion and disk assembly. The shal-
lower size—mass slopes and larger intrinsic scatter in this popula-
tion reflect ongoing structural evolution and diversity in forma-
tion pathways. Our measurements provide crucial constraints for
theoretical models of galaxy formation in group-scale environ-
ments, highlighting the importance of environmental effects in
semi-analytic models and cosmological simulations. The mass-
dependent size scaling we observe, particularly for quiescent
systems, suggests that merger-driven growth becomes increas-
ingly important above M, ~ 10'! M, aligning with theoretical
predictions for dry merger efficiency in massive halos. Our main
conclusions are as follows.

Systematic structural differences: Quiescent BGGs are more
compact than star-forming counterparts across all redshifts, with
steeper size—mass slopes indicating stronger mass-dependent
scaling. In addition to size evolution, we find that quies-
cent BGGs remain rounder and more centrally concentrated
than stellar-mass-matched field quiescents at all redshifts,
while both populations become modestly diskier toward high z
(Appendix F), consistent with earlier assembly and merger-
driven growth in group centrals.

Differential size evolution: At fixed stellar mass, quiescent
BGGs show steeper size evolution (@ = 1.40 = 0.09) than star-
forming systems (o = 1.11 + 0.07), suggesting different growth
mechanisms.

Environmental effects: BGGs are systematically smaller than
field galaxies at fixed mass, particularly quiescent systems, high-
lighting environmental suppression of size growth.

Increasing structural diversity: Intrinsic scatter in size rela-
tions increases toward higher redshift, reaching ~0.3-0.4 dex at
z > 2, reflecting greater formation pathway diversity in the early
Universe.

Robustness across methods: The results persist across dif-
ferent classification schemes, confirming the physical reality of
the observed trends. These findings establish BGGs as valuable
probes of environment-dependent galaxy evolution and provide
essential benchmarks for theoretical models. The unprecedented
statistical power and redshift baseline of COSMOS-Web enable
detailed characterization of structural scaling relations in group
environments for the first time. Future work will explore the con-
nection between structural properties and star formation activity
in BGGs, investigating how quenching processes drive morpho-
logical transformation and the role of the active galactic nucleus
(AGN) feedback in regulating galaxy growth. Combined with
upcoming surveys, these studies will provide a complete picture
of how environment shapes galaxy evolution across cosmic time.
A complete bulge-disk decomposition would help unravel the
contributions of disk star formation and bulge growth in BGGs.
However, such an analysis requires a spatial resolution and S/N
higher than those available for the full redshift range considered
here; we therefore defer this analysis to future work with next-
generation, deep, high-resolution imaging.

6. Data availability

Tables containing the COSMOS-Web BGG catalog are avail-
able at the CDS via https://cdsarc.cds.unistra.fr/
viz-bin/cat/1/A+A/703/A129.

The brightest group galaxy (BGG) catalog is available at
Zenodo. Additional analysis figures are provided as supplemen-
tary material at Zenodo.
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Appendix A: Detailed brightest group galaxies
selection methodology

A.1. Traditional BGG selection methods

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). In particular, in the definition of fossil groups, the mag-
nitude of the r band determines the gap between the magnitudes
of the two brightest members(Ponman et al. 1994).

A.2. Hybrid selection algorithm

We identified BGGs in the COSMOS-Web galaxy group catalog
(Toni et al. 2025) using a hybrid selection method that combines
stellar mass and luminosity criteria. 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 contamination by starburst galax-
ies in luminosity-based selections.

Our methodology processes galaxies within fixed aper-
tures of 250 kpc and 500 kpc (also tested at 750 kpc) from
the group centers, implementing a two-stage selection algo-
rithm. First, we filter the galaxy sample by applying a red-
shift constraint, which requires Az < 0.05(1 + z) relative to
the group candidate, to ensure that the selection remains con-
fined 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
probability.

In parallel, we repeat the selection using the median stel-
lar mass derived from LePhare instead of magnitude. Here, we
select 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

A.3. Selection results and validation

Validation includes cross-matching with a master galaxy cata-
log 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
basis of stellar mass, ensuring the identification of the most
massive galaxies within each group. Additionally, 384 BGGs
were selected using a luminosity-based criterion, which identi-
fies the brightest galaxies. For a more comprehensive selection
that accounts 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. A.1, 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.

Each galaxy group in the catalog is detected using the
AMICO algorithm, and galaxies are assigned membership prob-
abilities 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).

A.4. Selection method comparison

To assess the consistency and robustness of BGG identifica-
tion methods, we compared stellar mass- and luminosity-based
selection across our sample of galaxy groups. The two methods
agreed on the BGG in 48.7% of the systems. For the remain-
ing groups, the stellar mass difference between the selected
BGGs, Alog;y(M,), has a median of 0 and a standard deviation
of 0.46 dex, with 65. 7% of the groups exhibiting differences
less than 0.3 dex, and 5.7% showing catastrophic disagreement
(Alog;,(M,) > 1 dex). The difference in absolute magnitude of
the R band, AMg, shows a wider spread with a standard deviation
of 0.62 mag.

To mitigate inconsistencies between these two approaches,
we implemented the hybrid BGG selection strategy that com-
bines stellar mass and luminosity ranking. The hybrid selected
BGG matched the mass-based BGG in 77.1% of the groups and
the mag-based BGG in 71.6%, demonstrating improved over-
lap with both selection criteria. These findings confirm that,,
while mass and luminosity selections individually perform well
in many cases, a hybrid method offers a more robust and con-
sistent approach to BGG identification across a diverse range of
environments.

A summary of these comparisons is shown in Figure A.2,
which includes violin plots of the stellar mass distributions for
each selection method (left), cumulative distribution functions
(CDFs) of absolute differences in stellar mass and R-band mag-
nitude between mass- and mag-selected BGGs (center), and a
bar chart quantifying the agreement rates between the different
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Fig. A.1. Selection and characterization of BGGs in the COSMOS-Web
galaxy group catalog. The top and middle panels show histograms of
the number of groups as a function of log stellar mass (logo(M./Mg)
and absolute magnitude (My), comparing selections based on two dif-
ferent aperture sizes: 250 kpc (blue) and 500 kpc (magenta). The bot-
tom panel displays a scatter plot of absolute magnitude (M) versus
log stellar mass (log;o(M./Mg), with points color-coded by selection
method: mass-selected (blue circles), magnitude-selected (red squares),
and hybrid-selected (green triangles). The solid brown, blue dash-
dotted, and magenta dashed lines represent the medians for mass-
selected, magnitude-selected, and hybrid-selected methods. The shaded
regions around the median lines show the corresponding confidence
bands.

selection methods (right). The steep rise in the CDF at A = 0
reflects the significant number of exact matches, while the bar
chart highlights the strong alignment of the hybrid method with
both individual strategies.

To further ensure the robustness of our group and the selec-
tion of BGG, we restricted our analysis to groups rich in bio-
diversity Ag.r > 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

A129, page 14 of 20

log(M./Ms) > 9 to ensure completeness across the redshift
range.

A.5. 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. A. Each group is characterized
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 algo-
rithm. The galaxy membership within each group is determined
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.
2025) 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 log,,(Mo).

— 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.
This catalog serves as the basis for our subsequent structural

and star-forming analyses of BGGs across cosmic time.

Appendix B: BGGs classification as star forming or
quiescent

Table B.1 presents the number of BGGs classified as star-
forming (SF) or quiescent (QG) using three approaches: sSFR
threshold alone, rest-frame NUV-r—J color criteria alone, and
the combined consensus method requiring agreement between
both criteria. The consensus classification (color+sSFR) pro-
vides the most conservative sample by excluding galaxies that
satisfy only one criterion, effectively filtering out transitional or
ambiguous systems. Star-forming BGGs dominate at high red-
shift while quiescent systems become more prevalent toward
lower redshifts, reflecting the cosmic evolution of galaxy pop-
ulations in group environments.

Appendix C: 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
three other BGGs across four JWST/NIRCam filters: F115W,
F150W, F277W, and F444W. These figures provide visual con-
firmation of the fitting quality and structural consistency across
different wavelengths.

Figures C.1-C.3 follow the same format as Figure 4 and
include, for each galaxy: the original data cutout, the best-fit
Sérsic model, the normalized residual map, and the azimuthally
averaged radial profile comparison between data and model.
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Fig. A.2. Comparison of BGG selection methods. Left: Violin plots of stellar mass distributions for BGGs selected using mass-based, luminosity-
based, and hybrid criteria. Center: Cumulative distribution functions (CDFs) of the absolute differences in stellar mass (A log,,(M.)) and R-band
magnitude (AMp) between mass- and mag-selected BGGs, showing that ~65.7% of the sample has Alog,,(M,) < 0.3 dex, while ~5.7% exceeds 1
dex. Right: Agreement rates between selection methods. The hybrid BGG matches the mass-based and mag-based selections in 77.1% and 71.6%
of groups, respectively, while the mass and mag selections agree in only 48.7% of cases.

Table B.1. Number of BGGs classified as star-forming or quiescent using color, sSFR, and combined criteria presented in Sec. 2.4 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 71 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

Residuals remain small and symmetric in most cases, indicat-
ing robust 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 ata e e
parameters are not biased by single-band anomalies. Combined, E &
these figures demonstrate the reliability and consistency of the il ?
structural measurements used in our analysis. mn i

normalized residual | e,

Fig. C.1. Sersic fits for the BGG showin in lower right panel of Fig. 5
at z =0.71 across the four JWST band.
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Fig. C.2. Sersic fits for the BGG showin in lower left panel of Fig. 5 at
z= 0.81 across the four JWST band.
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Fig. C.3. Sersic fits for the BGG showin in top right panel of Fig. 5 at
z=3.09 across the four JWST band.

Appendix D: Impact of classification on size-mass
relations and best fit parameters

To examine the influence of galaxy classification method, Fig-
ures D.2 and D.3 show the size-mass relations using only color-
color and sSFR-based classifications, respectively. In both, we
plot R, versus stellar mass in ten redshift bins up to z = 3.7,
with best-fit relations for star-forming (blue) and quiescent (red)
BGGs.

The results broadly agree with those in the main text based
on the hybrid classification, but show modest differences in slope
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and scatter. This highlights the consistency of our findings and
the benefit of using a consensus scheme for cleaner separation of
galaxy populations. Table D.1 provides the complete set of best-
fit parameters for the size—mass relation log,,(R./kpc) = log A +
allog,y(M. /5 x 101°M,)] derived from Bayesian MCMC fitting
in each redshift bin. Parameters are shown for all three classifica-
tion methods to demonstrate the robustness of our results. Qui-
escent BGGs consistently exhibit steeper slopes (@) and lower
intercepts compared to star-forming systems across all meth-
ods and redshift bins, while intrinsic scatter generally increases
toward higher redshift for both populations.

7=(0.0, 0.5]
a4ir+ oo

| z=05.1.00 —
sefr+calar

R. (kpc)

={1.0, 1.5]

| z=015.20
afr+calor |
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(kpe}

R,
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| ¥={3.0.4.0]
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| . LE -
100 105 110 115 120 9.0 95 100 105 110 115 120
Ty (A, fAEL ) logo (M, /M)

Fig. D.1. Size-mass relation of BGGs classified using the consen-
sus (color+sSFR) method, shown across six redshift bins from z =
0.08 to z = 3.7. Blue circles represent star-forming BGGs, and red
hexagons show quiescent BGGs. The dashed and solid lines indi-
cate best-fit power-law relations for SFGs and QGs, respectively, with
shaded bands showing 1o~ 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. Gray vertical and horizontal lines represent the stellar mass limit
of logo(M./My) > 10 and size cut of R, > 0.5 kpc, applied when fit-
ting size-mass relation. 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 struc-
ture.
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Fig. D.2. Size-mass relation of BGGs using color-only classification.
Panels show BGGs across six redshift bins from z = 0to z = 3.7 (Az =
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 1o 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. D.3. Size-mass relation of BGGs using sSFR-only classification.
Each panel shows results for a redshift bin of width Az = 0.5 span-
ning z = 0 to z = 3.7. Star-forming and quiescent BGGs are identified
based on whether their log,,(sSFR) falls above or below the redshift-
dependent threshold log,((0.2/%.s), Where o is the age of the uni-
verse in Gyr. As in previous figures, dashed (SFGs) and solid (QGs)
lines show best-fit power-law relations, and shaded regions represent
1o confidence intervals. The sSFR-based method yields similar trends
but may misclassify dusty SFGs 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.

Appendix E: 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 E.1 shows the distributions of log,y(R./kpc) for
BGGs split into two stellar mass bins (9.25 < logo(M../My) <
10.75 and 10.75 < log,((M./My) < 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 (V)
and best-fit parameters for the skewness @, mean u, and standard
deviation o

At low redshift, both SFGs and QGs display relatively sym-
metric size distributions, with QGs typically more compact
(lower ) and narrower (lower o) than their star-forming coun-
terparts. In contrast, the high-redshift bin reveals notable asym-
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Table D.1. Best-fit parameters of the size—mass relation for BGGs classified using color—color, sSFR, and combined (color+sSFR) criteria.

Method Redshift Bin Type logA AlogA a A o(logR.) Ngi
Color—Color 0.0<z<0.5 SF 0.707  0.050 0.383 0.144 0.229 37

Color—Color 0.0<z<05 QG 0465 0.027 0392 0.074 0.154 44
sSFR 00<z<05 SF 0.747 0.052 0418 0.145 0.199 31

sSFR 00<z<05 QG 0475 0.028 0.394 0.080 0.179 50
Color+sSFR  0.0<z<0.5 SF 0.747 0.052 0418 0.145 0.199 31

Color+sSFR 0.0<z<05 QG 0465 0.027 0391 0.074 0.154 44
Color—Color 0.5<z<1.0 SF 0.694 0.017 0.228  0.055 0.199 144
Color-Color 05<z<1.0 QG 0399 0016 0433 0.043 0.164 147
sSFR 05<z<10 SF 0.702  0.021  0.267 0.065 0.208 130
sSFR 05<z<10 QG 0417 0.017 0432 0.044 0.171 161
Color+sSFR  0.5<z<1.0 SF 0.708  0.020 0.253 0.064 0.201 127
Color+sSFR  05<z<1.0 QG 0401 0.017 0427 0.044 0.165 144
Color—Color 1.0<z<1.5 SF 0461 0.018 0.171 0.051 0.236 187
Color-Color 1.0<z<15 QG 0.192 0.019 0.629 0.060 0.161 94
sSFR 1.0<z<15 SF 0463 0.018 0.128 0.052 0.230 175
sSFR 1.0<z<15 QG 0208 0.019 0.641 0.058 0.174 106
Color+sSFR  1.0<z<1.5 SF 0462 0.018 0.126 0.053 0.230 174
Color+sSFR  1.0<z<15 QG 0.189 0.019 0.626 0.059 0.160 93
Color—Color 1.5<z<20 SF 0393  0.021  0.115 0.065 0.245 133
Color—Color 15<z<20 QG 0.119 0.029 0533 0.083 0.195 62
sSFR 1.5<z<20 SF 0410 0.021  0.145 0.062 0.234 124
sSFR 1.5<z<20 QG 0107 0.028 0.585 0.088 0.201 71

Color+sSFR  1.5<z<20 SF 0418 0.022  0.123  0.066 0.236 117
Color+sSFR  1.5<z<20 QG 0.064 0.031 0.691 0.092 0.179 55
Color—Color 2.0<z<3.0 SF 0.373  0.018  0.090 0.046 0.272 230
Color—Color 2.0<z<30 QG 0044 0.053 0359 0.167 0.278 34
sSFR 20<z<3.0 SF 0.370  0.019  0.085 0.048 0.271 220
sSFR 20<z<30 QG 0.066 0.056 0.541 0.158 0.295 44
Color+sSFR  2.0<z<3.0 SF 0.380 0.019  0.087 0.048 0.268 212
Color+sSFR  2.0<z<3.0 QG 0.020 0.065 0382 0.195 0.291 26
Color—Color 3.0<z<3.75 SF 0.210 0.026  -0.098 0.062 0.242 103
Color-Color 3.0<z<375 QG 0.116 0.091 0.260 0.187 0.204 10
sSFR 30<z<375 SF 0.198  0.027 -0.150 0.064 0.233 96
sSFR 30<z<375 QG  0.110 0.068 0412 0.157 0.221 17
Color+sSFR  3.0<z<3.75 SF 0.198  0.027 -0.150 0.064 0.232 96
Color+sSFR  3.0<z<375 QG 0.116 0.092 0.258 0.189 0.203 10

Columns: classification method, redshift bin, galaxy type, intercept (log A), slope (@), intrinsic scatter (o(log R,)), and number of galaxies.

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.

Appendix F: Sérsic index and ellipticity evolution of
quiescent BGGs

We present the redshift evolution of the quiescent fraction, Sér-
sic index (n), and ellipticity (¢ = 1 — b/a) for BGGs com-
pared to a stellar-mass-matched field sample. The analysis fol-
lows the combined NUV-r—J + sSFR classification described in
Section 2.4, ensuring a clean separation between star-forming
and quiescent systems.
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The Sérsic indices and ellipticities are taken from the same
single-component (GALIGHT fits used for the size measurements
(Section 3.1), with the same PSF modeling and quality cuts
applied. For each redshift bin, we compute the median value and
the 16th—84th percentile range for QGs only.

Figure F.1 summarizes the results. The quiescent fraction
of BGGs and field galaxies for the mass-complete subsample
(M, > 10'° M) (bottom panel) declines strongly with red-
shift for both BGGs and field galaxies, with BGGs remaining
more quiescent by =58 percentage points at fixed redshift. The
trends are consistent with those found for the full sample, con-
firming that our conclusions are robust to stellar mass incom-
pleteness. For QGs, the ellipticity (middle panel) shows a mild
increase toward high z, consistent with diskier morphologies in
the early universe, while the Sérsic index (top panel) decreases
correspondingly (De Propris et al. 2016; Mitsuda et al. 2017,
Cerulo et al. 2017; Chanetal. 2018; George et al. 2025). At
fixed redshift, quiescent BGGs are systematically rounder (A€ ~
0.02-0.04) and more concentrated (An =~ 0.2-0.5) than their field
counterparts.
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Fig. E.1. Distributions of log,,(R./kpc) for Brightest Group Galaxies (BGGs) in two stellar-mass bins (9.25 < log,,(M./My;) < 10.75 and
10.75 < log,o(M./My) < 12.25), split into two redshift intervals (0 < z < 1.5 and 1.5 < z < 3.7). Star-forming galaxies (SFGs) and quiescent
galaxies (QGs) are shown as blue and red histograms, respectively, with skew-normal fits overlaid (dashed for SFGs, solid for QGs). Legends list
the number of galaxies and best-fit parameters a, y, and o.

These trends are consistent with the interpretation that group
central galaxies undergo earlier assembly and merger-driven
structural evolution, leading to more spheroidal and concentrated
morphologies compared to similar-mass QGs in the field.
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Fig. F.1. Redshift evolution of the median Sérsic index (n, top), median
ellipticity (¢ = 1 — b/a, middle), and quiescent fraction (bottom)
for Brightest Group Galaxies (BGGs, red circles) and a stellar-mass-
matched field sample (blue squares), based on the combined NUV-r—J
plus sSFR classification (Sect. 2.4). Error bars represent the 16th—84th
percentile range (n and €) or binomial uncertainties (quiescent fraction).
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