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Abstract

Massive star-forming clumps are a prominent feature of high-redshift galaxies and are thought to trace
gravitational fragmentation, feedback, and bulge growth in gas-rich disks. We present a statistical analysis of
clumps in ∼3600 galaxies spanning 2 ≲ z ≲ 8 from deep JWST/NIRCam imaging in the JADES GOODS–South
field. Clumps are identified as residual features after subtracting smooth Sérsic profiles, enabling a uniform, rest-
frame optical census of subgalactic structure. We characterize their physical properties, size–mass relations, and
spatial distributions to constrain models of subgalactic structure formation and evolution. We find that clumps in
our sample are typically low-mass (10∼7−8M⊙), actively star-forming, and show diverse gas-phase metallicity,
dust attenuation, and stellar population properties. Their sizes and average pairwise separations increase with
cosmic time (toward lower redshift), consistent with inside-out disk growth. The clump mass function follows a
power law with slope 1.50 0.17

0.19= + , consistent with fragmentation in turbulent disks. We find a deficit of
relatively young clumps near galaxy centers and a radial transition in the size–mass relation: outer clumps exhibit
steeper, near-virial slopes ( *R Me

0.3), while inner clumps follow flatter trends ( *R Me
0.2), consistent with

structural evolution via migration or disruption. These results provide new constraints on the formation, survival,
and dynamical evolution of clumps, highlighting their role in shaping galaxy morphology during the peak of
cosmic star formation.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Galaxy classification systems (582); Galaxy
evolution (594)

1. Introduction

High-redshift galaxies often exhibit irregular, clumpy
morphologies, characterized by compact substructures that
deviate from smooth light profiles. These clumps are widely
interpreted as sites of intense star formation embedded in gas-
rich, turbulent disks (e.g., D. M. Elmegreen et al. 2004, 2009;
A. B. Romeo et al. 2010; N. M. Förster Schreiber et al. 2011;
Y. Guo et al. 2012; S. Wuyts et al. 2012; A. B. Romeo &
O. Agertz 2014; R. Ikeda et al. 2026). Clumps are particularly
common during the epoch of cosmic noon (z ∼ 1–3), when
galaxies are rapidly assembling stellar mass and the interstellar
medium (ISM) is dynamically unstable (N. M. Förster
Schreiber et al. 2011; R. Genzel et al. 2011; S. Tacchella et al.
2015; T. Shibuya et al. 2016). Recent JWST observations
confirm the ubiquity of clumpy substructures in the rest-frame
near-infrared, revealing star-forming clumps that were

unresolved or missed in previous optical studies (e.g.,
B. S. Kalita et al. 2025a, 2025b; K. Mawatari et al. 2026;
V. Sok et al. 2025; A. D. L. Vega et al. 2025).
Several formation mechanisms have been proposed. A

leading model invokes violent disk instability (VDI; e.g.,
M. R. Krumholz et al. 2018), in which cold gas accretion and
high gas fractions drive fragmentation in marginally stable
disks (A. Dekel et al. 2009; D. Ceverino et al. 2010;
A. B. Romeo et al. 2010; F. Bournaud et al. 2014;
A. B. Romeo & O. Agertz 2014; S. Inoue et al. 2016;
N. Mandelker et al. 2017; A. Oklopčić et al. 2017). Alternative
pathways include minor or major mergers, satellite accretion,
and clumps triggered by tidal interactions or shocks (e.g.,
A. Immeli et al. 2004; M. Puech et al. 2009; A. Calabrò et al.
2019; Y. Nakazato et al. 2024). Some clumps may be accreted
satellites or merging dwarf companions, consistent with the
elevated merger rates at these redshifts (e.g., Q. Duan et al.
2025; D. Puskás et al. 2025). Discriminating between these
formation channels remains a key challenge in understanding
the origin of internal substructures.
Clumps may also play a dynamic role in shaping the internal

conditions of high-redshift galaxies. In gas-rich disks,
gravitational instabilities and rapid inflow can trigger the
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formation of massive clumps whose feedback and gravitational
potential help sustain elevated turbulence in the surrounding
medium. Clump-driven stirring has been linked to high
ionized-gas velocity dispersions in both simulations and
observations (e.g., H. Übler et al. 2019, and references
therein), and recent measurements show that dispersions
continue to rise toward high redshift, where gas fractions
and instability growth rates are highest (A. L. Danhaive et al.
2025a). Galaxies with potentially strong feedback, as
probed by extended line emission in JWST/NIRCam medium
bands, frequently show irregular and clumpy morphologies
(Y. Zhu et al. 2025b). Simulations further suggest that massive
clumps may survive feedback and migrate inward through
dynamical friction or gravitational torques, contributing to
bulge growth and central mass buildup (e.g., D. Ceverino
et al. 2012; N. Mandelker et al. 2014). Testing these scenarios
observationally requires a measurement of how clump proper-
ties vary with galactocentric distance—particularly their stellar
masses and structural scaling relations—as demonstrated in
several lower-redshift (z ≲ 2.5) studies (e.g., Y. Guo et al.
2012; K.-i. Tadaki et al. 2014; T. Shibuya et al. 2016).

Previous studies of clumps have largely relied on Hubble
Space Telescope (HST) imaging at rest-frame UV wavelengths
or on small samples of strongly lensed galaxies (e.g., Y. Guo
et al. 2015; R. C. Livermore et al. 2015; A. Zanella et al.
2015, 2019). While these data provided early constraints on
clump sizes and star formation activity, they are limited by
spatial resolution, sample size, and selection biases. JWST now
enables high-resolution, rest-frame optical imaging for large,
unlensed galaxy samples. For example, the JWST Advanced
Deep Extragalactic Survey (JADES; D. J. Eisenstein et al.
2026, 2025; M. J. Rieke et al. 2023b) delivers ultradeep
NIRCam (M. J. Rieke et al. 2023a) imaging of thousands of
galaxies across a wide redshift baseline, offering the first
opportunity to statistically characterize clumps over z = 2–8.

Recent JWST-based studies have begun to quantify clump
prevalence across cosmic time. Using a uniform definition of
clumpiness based on residual asymmetries, A. Claeyssens
et al. (2023) and A. D. L. Vega et al. (2025) find that the
clumpy-galaxy fraction increases with time from ∼20% at
z > 6.5 to nearly 80% at z ∼ 2.8, consistent with an evolving
population of unstable, gas-rich disks. In this work, we identify
clumps in the JADES imaging as residual substructures after
subtracting smooth Sérsic models and isolate them via
watershed segmentation. This residual-based method captures
both bright star-forming knots and lower-contrast irregula-
rities, enabling consistent clump detection across a broad
dynamic range. We analyze ∼3600 galaxies in the GOODS–
South field to study the demographics, physical properties,
spatial distribution, and evolution of clumps across cos-
mic time.

We aim to address several open questions that remain
central to understanding clump formation and evolution at
z > 2.5. How does clump frequency vary with redshift and
host morphology? Do clumps follow coherent size–mass
relations, and are these trends dependent on galactocentric
distance? Are there radial gradients in age or structure that
point to clump migration? And what does the clump mass
function reveal about the physics of disk fragmentation and
feedback?

This paper is organized as follows. Section 2 describes the
imaging data, sample selection, and Sérsic modeling. In

Section 2.3, we outline the residual-based clump detection
pipeline. Sections 3.1–3.4 present results of clump frequency,
physical properties, size–mass scaling, and mass functions.
Section 3.5 examines radial trends and possible migration
signatures. We discuss the implications in Section 4 and
summarize our conclusions in Section 5. Appendix A presents
clump detection completeness tests and Appendix B explores
the role of galaxy morphology in driving clump multiplicity.
Throughout this paper, we use a flat ΛCDM cosmology with
Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.

2. Data and Method

In this section, we describe the data and methods used to
identify clumps. We note that “clumps” in this paper refer to
any clumpy substructure standing above the smooth Sérsic
galaxy profile. We do not attempt to remove features that may
be (partly) associated with bulges or spiral arms. Visual
inspection indicates that only ∼6% of clumps exhibit
elongated or extended morphologies that could plausibly be
linked to these components, and they do not significantly affect
our main results.

2.1. Sample and Imaging

We use deep near-infrared imaging from the JADES
DR2 GOODS–South field (D. J. Eisenstein et al. 2025). This
dataset combines ultradeep JWST/NIRCam observations with
extensive spectroscopic and photometric legacy coverage
(D. J. Eisenstein et al. 2026, 2025; M. J. Rieke et al.
2023b; A. J. Bunker et al. 2024; K. N. Hainline et al. 2024;
E. Curtis-Lake et al. 2025; F. D’Eugenio et al. 2025; J. Scholtz
et al. 2025). Our final sample includes 3586 galaxies spanning
z = 1.0–8.9 (z95% = 2.6–8.2), selected from a parent sample of
4000 randomly chosen galaxies after excluding objects with
unreliable photometry or poor structural fits (see Section 2.2).
Stellar masses range from M Mlog 7( )/ –10.5. We use six
NIRCam broadband filters, F115W, F150W, F200W, F277W,
F356W, and F444W, covering rest-frame optical wavelengths
out to z ∼ 8, for structural analysis due to their high signal-to-
noise ratios. All available JADES NIRCam imaging as well as
NIRCam medium-band imaging from JEMS (C. C. Williams
et al. 2023) and FRESCO (P. A. Oesch et al. 2023) are used for
spectral energy distribution (SED) fitting (see Section 3.2).
Redshifts for all galaxies in our sample are taken from
high-quality photometric estimates. We adopt the JADES
photo-z catalog (K. N. Hainline et al. 2024), which is derived
using the EAZY code (G. B. Brammer et al. 2008). JADES
photometric redshifts closely follow NIRSpec and NIRCam
grism spectroscopic redshifts (zspec), with typical scatter of
Δz/(1 + zspec) ≲ 0.1 and minimal bias (e.g., J. M. Helton
et al. 2024; Y. Zhu et al. 2026). These uncertainties have a
negligible impact on the structural and clump-related trends
explored in this work. An overview of the sample is shown in
Figure 1.

2.2. Structural Modeling and Residuals

We model each galaxy with 2D Sérsic profiles using
PySérsic (I. Pasha & T. B. Miller 2023), fitting each filter
independently. All fits are visually inspected and we exclude
those with catastrophic failures or masking artifacts. Structural
parameters of the galaxies include effective radius (Re), Sérsic
index (n), and total flux. Residual images are created by
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subtracting the best-fit model from the original image,
isolating nonsmooth and clumpy structures (Figure 2).

2.3. Clump Detection and Selection

We identify clumps from residual images using watershed
segmentation implemented in scikit-image (S. van der
Walt et al. 2014). Clumps are detected in the NIRCam
broadband filter closest to rest-frame 5000Å at each galaxy’s
redshift. To suppress pixel-scale noise, residual images are first
smoothed with a Gaussian filter with σ = 1 pixel (∼0.03). The
noise level is estimated from the smoothed residual image, and a
binary detection mask is defined by thresholding at 3× the
background rms, measured across the local 3″ × 3″ cutout
region. This mask highlights significant residual features while
suppressing low-level fluctuations. A 2D Euclidean distance
transform is then applied to the binary mask and local maxima
are identified with a minimum separation of 5 pixels. These
peaks serve as markers for the watershed algorithm, which

partitions the residual image into catchment basins around each
peak. This method naturally separates adjacent clumps in
crowded systems and provides a nonparametric, shape-inde-
pendent definition of clump boundaries (e.g., F. Meyer 1994).
Each segmented region is treated as a candidate clump. To

exclude spurious detections, we require that the total flux in the
residual image within the segmented area exceeds 20% of the
total flux in the original (presubtraction) image over the same
region. This ensures that the detected clump contributes
significantly beyond the smooth Sérsic model. Varying this
threshold between 10% and 30% does not affect our main
results. Additionally, we discard regions with fewer than five
connected pixels to eliminate noise spikes and artifacts.
For each clump, we measure the effective radius directly from

the segmentation mask and extract photometry in the NIRCam
band closest to rest-frame 5000Å at the galaxy’s redshift. The
number of galaxies contributing size measurements in each band
is 18 (F115W), 29 (F150W), 1449 (F200W), 1165 (F277W),

Figure 1. Overview of the parent galaxy sample in the JADES GOODS–South field. (a) Sky distribution of galaxies color-coded by the number of identified clumps
(Nclumps), with clumpy galaxies highlighted. (b) Redshift distribution of the full sample. (c) Distribution of effective radii (Re) in kpc. (d) Distribution of Sérsic
indices (n) for the full sample.
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671 (F356W), and 254 (F444W). These measurements are
confined to the clump region defined by the residual-segmenta-
tion map and are not deblended from the host light. As shown by
B. S. Kalita et al. (2025a), clumps in high-redshift disks have
rest-UV and UVJ colors similar to their hosts, so contamination
from surrounding light is not expected to strongly bias the
inferred stellar population properties.

We do not attempt to model the morphology or light profile
of individual clumps. The residual-based approach identifies
statistically significant flux excesses relative to a smooth Sérsic
model, enabling uniform detection across a large sample but
making the results sensitive to residual structure that deviates
from the global fit. In principle, over- or undersubtraction of
the host profile can affect clumps at all radii; however, the
effect is most pronounced near galaxy centers where the light
profile is steep and small mismatches in the Sérsic fit lead to
large residuals. As a result, off-center clumps are generally
recovered more robustly, whereas centrally embedded clumps
can be partially subtracted along with the host profile. The
smallest measurable sizes are limited by the PSF, typically
∼0.05 in F150W and ∼0.1 in F356W. As demonstrated by
our completeness tests (Appendix A), brighter and more
compact clumps are more easily recovered, whereas faint or
extended central clumps are detected less efficiently. Our goal
in this work is not to construct a complete clump census but to
characterize the structural and stellar population properties of
reliably detected clumps. A comprehensive assessment of the
clumpy-galaxy fraction and in JADES their connection with
mergers will be presented in D. Puskas et al. (2026, in
preparation).

3. Results

In this section, we present the statistical properties of
clumps identified in the JADES sample, including their
frequency, stellar population characteristics, size–mass scaling
relations, mass function, and radial structural trends.

3.1. Clump Frequency versus Galaxy Properties

We examine how the average number of clumps per galaxy
(〈Nclumps〉) varies with redshift and structural parameters of the
host galaxy. Figure 3 shows trends as a function of redshift,
Sérsic index, and Gini coefficient (J. M. Lotz et al. 2004). In
addition to these morphological parameters, we also examine
clump frequency as a function of specific star formation rate
(sSFR) and stellar mass. We find that more massive galaxies
tend to host more clumps, while sSFR shows only a weak
correlation. To account for this, the figure also includes trends
separately for low- and high-mass galaxies.
As Figure 3 shows, clump frequency increases toward z ∼ 2,

coinciding with the epoch of cosmic noon when galaxies
are most actively forming stars and dynamically unstable.
This trend is consistent with models in which high gas
fractions, turbulence, and violent disk instabilities promote
fragmentation into massive clumps (e.g., A. Dekel et al. 2009;
D. Ceverino et al. 2010). At higher redshifts (z > 4), clump
counts decline, likely due to a combination of lower surface
brightness in extended disks, increased incompleteness, and
potentially smoother intrinsic morphologies. As recently
shown by P. Rinaldi et al. (2025), some high-redshift galaxies
that resemble compact or low-surface-brightness systems may

Figure 2. Clump identification procedure for three example galaxies. From left to right: (1) three-color NIRCam image using F277W (red), F200W (green), and
F115W (blue); (2) F200W image used for Sérsic profile fitting and clump detection (shown within the JADES KRON aperture); (3) best-fit PSF-convolved Sérsic
model generated using PySérsic; (4) residual image after subtracting the model; and (5) segmentation map from watershed clump detection, with clump regions
shown in colors.
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in fact be early analogs of cosmic-noon disks, with their outer
structure falling below current detection limits. These redshift
trends are broadly consistent across both low- and high-mass
subsamples.

Host morphology, as traced by Sérsic index n, shows a
weaker correlation with clumpiness. Disk-like galaxies (n ≲ 2)
host more clumps on average than bulge-dominated systems
(n ≳ 4), but the trend flattens at intermediate values. This
suggests that single-component Sérsic fits may not fully
capture the structural diversity of clumpy systems, especially
in irregular or interacting galaxies.

In contrast, the Gini coefficient (G), a nonparametric
measure of flux concentration, correlates strongly with clump
number. Galaxies with G ≳ 0.7 contain up to ∼4–7 clumps on
average, while those with G ≲ 0.5 host fewer than two. We
focus on Gini because it is less sensitive to noise and
segmentation uncertainties than other nonparametric indicators
such as M20 or asymmetry. Although high Gini values are
often associated with central concentration, in our sample they
more commonly reflect spatially distinct bright regions rather
than smooth bulges. Visual inspection confirms that many
high-Gini galaxies exhibit fragmented, asymmetric light
distributions, not compact spheroids. In addition, the observed
trends with Sérsic index and Gini coefficient are consistent
across both stellar mass bins.

To separate redshift-driven effects from intrinsic structure,
we analyze clump counts at fixed Sérsic index and redshift
(Appendix B). The positive trend with Gini persists in all bins,
while the clump–redshift relation largely reflects the under-
lying evolution of Gini itself. This suggests that clumpiness is
more directly tied to internal structural diversity than to
redshift alone. Among commonly used structural metrics, the
Gini coefficient emerges as the most reliable predictor of
substructure richness in high-redshift galaxies. In addition, to
verify that this correlation is not driven by a mathematical
artifact, we performed a mock test in Appendix B using
synthetic galaxies composed of multiple identical Gaussian
clumps at fixed total flux. The resulting Gini coefficients show
no systematic dependence on clump number, confirming that
the observed trend with Gini reflects intrinsic substructure
contrast rather than pixel flux inequality.

3.2. Physical Properties of Clumps

We derive stellar population properties for clumps using
multiband aperture photometry and SED fitting. The size of
each clump is measured in the NIRCam band that most closely
corresponds to rest-frame 5000 Å (typically between F150W
and F356W; see Section 2). For SED fitting, fluxes are
extracted in all available NIRCam filters (F070W, F090W,
F115W, F150W, F182M, F200W, F210M, F250M, F277W,
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Figure 3. Average number of clumps per galaxy as a function of galaxy properties. The top row shows 〈Nclumps〉 as a function of galaxy sSFR (left) and stellar mass
(right). Stellar mass exhibits a stronger correlation with clump number than sSFR. Error bars in the top panels indicate the standard deviation of Nclumps within each
bin. The bottom row shows 〈Nclumps〉 as a function of redshift (left), Sérsic index (middle), and Gini coefficient (right). Error bars in the bottom panels represent the
16th to 84th percentile range of the binned averages. To isolate the role of stellar mass, dotted and dashed lines indicate low-mass (M* < 109 M⊙) and high-mass
(M* � 109 M⊙) galaxies, respectively. The overall trends with redshift and morphology remain consistent across stellar mass bins.
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F300M, F335M, F356W, F410M, and F444W) using images
PSF-matched to the F444W resolution. The segmentation
masks derived from residual detection are applied consistently
across all bands to define the photometric apertures. These
fluxes are fitted with the Prospector code (B. D. Johnson
et al. 2021). While the photometry is not deblended from the
host-galaxy light, clumps in high-redshift disks typically
exhibit similar stellar populations to their surroundings
(B. S. Kalita et al. 2025a), so host contamination is not
expected to strongly bias the inferred stellar mass and star
formation rates (SFRs). However, we caution against over-
interpreting other derived parameters (e.g., age or gas-phase
metallicity) since fully separating clump and host light is not
feasible with the current data.

The SED fitting follows the Prospector-α framework
(J. Leja et al. 2019), adopting a Chabrier initial mass function
(IMF; G. Chabrier 2003) and a nonparametric star formation
history with seven age bins and a continuity prior that allows
smooth variations in star formation over time. The models
include both stellar and nebular emission and fit for stellar
mass, age, gas-phase metallicity, dust attenuation, and SFR. To
accelerate the fitting process, we employ the artificial neural
network (ANN) emulator Parrot (E. P. Mathews et al.
2023), which reproduces full Prospector results with
typical deviations of ≲0.15 dex in key physical parameters
while reducing computation time by more than an order of
magnitude (also see e.g., S. Alberts et al. 2024; Y. Zhu et al.
2025a).

Figure 4 summarizes the distributions of stellar mass, gas-
phase metallicity, mass-weighted stellar age, SFR (averaged
over the past 30 Myr), and dust attenuation (dust2). Clump
masses span M Mlog 7( )/ –8, comparable to dwarf
galaxies or massive star-forming regions in turbulent disks
(e.g., A. Zanella et al. 2019). Flux-fraction-corrected estimates
(blue histogram) are systematically lower than uncorrected
values (red), consistent with modest host contamination.
Gas-phase metallicity values peak near Z Zlog 1.1( )/
but extend up to solar, within the adopted flat prior of

Z Z2 log 0.5( )/< < , indicating that clumps are typically
embedded in enriched environments but may also include
younger, lower-metallicity regions. Mass-weighted ages have
a broad distribution, with a median of ∼0.5 Gyr and most
clumps younger than 1 Gyr. However, these values may reflect
the cumulative star formation history rather than recent bursts.
Smoothly rising SFHs or weak age constraints from photo-
metry can yield intermediate ages, even for clumps dominated
by young stars. Moreover, without a clean decomposition of
clump light from the underlying host galaxy, the derived ages
may be biased by older stellar populations in the surrounding
disk. We therefore caution against interpreting mass-weighted
age as direct evidence of recent formation.
Clump SFRs span a broad range with a median of

∼0.2M⊙ yr−1, consistent with active star formation. Mean-
while, sSFRs range from log sSFR yr 9.101( )/ = to −7.84,
with a median of −8.42, further supporting the view that these
substructures are actively forming stars. We caution that both
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histogram accounts for the fraction of flux in the residual image relative to the original image within the segmented clump regions. Clumps span a wide range of gas-
phase metallicities and mass-weighted ages, indicating diverse stellar populations and evolutionary states. They are typically actively star-forming, with a median
log sSFR yr 8.421( )/ = f, and exhibit low to moderate dust attenuation. We caution that metallicity and age estimates are subject to significant uncertainties due to
host-light contamination and degeneracies in SED fitting, and should therefore be interpreted with care.
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SFR and sSFR values integrate the emission from the full
segmented region and may include modest host-galaxy light
contamination (see also B. S. Kalita et al. 2025a). Dust
attenuation is generally low to modest, with dust2 peaking
around 0.1 (corresponding to AV ≈ 0.11 mag) and few clumps
exceeding 0.5 (AV ≈ 0.54 mag), in line with expectations for
compact star-forming regions in low-mass, gas-rich systems
where feedback may efficiently clear surrounding material
(e.g., S. F. Newman et al. 2012). Together, these results
suggest that the clumps in JADES GOODS–South galaxies are
actively star-forming, low-mass, and typically have modest
dust attenuation, broadly consistent with in situ formation in
unstable, high-redshift disks.

3.3. Size–Mass Relation and Redshift Trends

We examine how the effective radius (Re) of clumps scales
with stellar mass and redshift. Figures 5 and 6 present
complementary views of these trends. Clump sizes are measured
from the residual-segmentation masks (Section 2.3) as the
circular half-light radius: for each clump, we rank pixels by their
Euclidean distance from the clump centroid, accumulate flux,
and define Re at 50% of the enclosed light. These radii are
measured from PSF-blurred segmentation maps and converted
to physical units using the angular-diameter distance at the host
redshift. To account for PSF broadening and minimal pixel-
level blending, we apply an approximate deblending correction
by subtracting the effective smoothing scale, 1 pixPSF

2 2( )+ ,
in quadrature. The resulting Re values are thus corrected for the
dominant beam smearing. However, residual biases may persist
(particularly for compact or irregular clumps) since the PSF also
influences the segmentation process and internal flux gradients.
These effects tend to overestimate intrinsic sizes. Still, within

narrow redshift ranges where PSF and depth are similar, the
relative size distribution remains robust.
Figure 5 shows the size–mass relation of clumps in three

redshift bins, along with the host-galaxy size–mass relation
measured from the same JADES sample (gray squares) for
comparison. Both clump and galaxy sizes are measured in the
NIRCam wide-band filter corresponding most closely to rest-
frame 0.5 μm at each galaxy’s redshift, ensuring consistent
wavelength sampling across the full redshift range. Each clump
is shown individually (semitransparent points), with binned
averages indicated by large symbols and vertical error bars
marking the 16th–84th percentile range. At all redshifts, clump
size increases with stellar mass, consistent with expectations for
self-gravitating, virialized structures. The host-galaxy size–mass
relation measured here is broadly consistent with recent
JADES measurements (e.g., A. L. Danhaive et al. 2025b) and
measurements from the literature (e.g., N. Allen et al. 2025;
T. B. Miller et al. 2025; L. Yang et al. 2025).
The normalization of this relation evolves with redshift: at

fixed stellar mass, clumps are larger at later times. This trend
likely reflects a combination of inside-out disk growth and
declining ISM turbulence, which shifts the characteristic
fragmentation scale to larger physical sizes over time (e.g.,
D. Ceverino et al. 2012; V. Tamburello et al. 2017). The
systematic increase in spatial extent toward lower redshift
mirrors the evolution of the global galaxy size–mass relation.
For context, gray squares denote the host-galaxy size–mass

relation measured from the same JADES sample, while gray
triangles show lensed clumps from A. Claeyssens et al. (2023)
at z ∼ 1–5 and black triangles represent NIRCam-resolved
clumps from B. S. Kalita et al. (2025b) at z = 1.43–1.74. The
JADES clumps populate the intermediate regime between
compact, lensed star-forming knots, and their extended host
galaxies, linking small-scale fragmentation within disks to the
global buildup of galaxy structure across cosmic time.
To isolate redshift evolution independently of mass, we

compute the median clump size in narrow redshift bins
(Figure 6(a)). The typical Re decreases from ∼0.4 kpc at
z ∼ 2.5 to ∼0.25 kpc at z ∼ 7, with moderate scatter. The
redshift evolution seen in clump sizes mirrors the well-known
growth of galaxy sizes over cosmic time (e.g., A. L. Danhaive
et al. 2025b, and references therein). This smooth evolution
supports a scenario in which fragmentation occurs on
progressively smaller spatial scales in the early Universe and
shifts outward as galaxies grow and stabilize.
We also measure the average pairwise physical distance

between clumps within each galaxy (Figure 6(b)). The mean
spacing declines from ∼4 kpc at z ∼ 2.5 to ∼2 kpc at z ∼ 7,
mirroring the size evolution and indicating more compact
clump configurations at early times. This trend parallels the
redshift evolution of global galaxy sizes and is consistent with
inside-out disk growth and hierarchical buildup (e.g.,
W. M. Baker et al. 2025). In contrast, the median clump
stellar mass (Figure 6(c)) shows no statistically significant
evolution with redshift (Spearman p > 0.05), although a larger
scatter is present, suggesting diverse formation conditions
among individual clumps.

3.4. Clump Mass Function

We measure the stellar mass function of clumps over the
redshift range z = 2–8. Figure 7 shows the differential mass
function computed per dex, dN d Mlog10/ , for clumps
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Figure 5. Size–mass relation of clumps in JADES GOODS–South, shown in
three redshift ranges: z < 3 (green), 3 < z < 6 (orange), and z > 6 (red).
Semitransparent points show individual clumps; large symbols mark the mean
Re in each stellar mass bin, with error bars indicating the 16th–84th percentile
range. For comparison, gray squares show the host-galaxy size–mass relation
measured from the same sample, gray triangles represent lensed clumps from
A. Claeyssens et al. (2023) at z ∼ 1–5, and black triangles denote NIRCam-
resolved clumps from B. S. Kalita et al. (2025b) at 1 < z < 2. The host size–
mass relation measured here is broadly consistent with other recent JADES
results (e.g., A. L. Danhaive et al. 2025b) and measurements from the
literature (e.g., N. Allen et al. 2025; T. B. Miller et al. 2025; L. Yang
et al. 2025). Overall, the JADES clumps occupy an intermediate regime
between compact lensed star-forming knots and their host galaxies, connecting
small-scale substructures to the global size–mass relation across cosmic time.
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with M Mlog 8.2( )/ > . We adopt equal-width bins in
Mlog10 between 8.2 and 9.7 (bin width ≃0.15 dex, similar

to B. S. Kalita et al. 2025a). In each bin, we compute
N Mlogi i 10/= and plot log10 versus Mlog10 ; bins with

zero counts are excluded from the fit. The dashed line indicates
a linear fit over the completeness-limited range M Mlog( )/ =
8.2-9.6.

The resulting clump mass function is well described by a
single power law with 1.50 0.17

0.18= + . This slope is fully
consistent with the canonical hierarchical prediction of
α ≃ −1.5 (e.g., P. F. Hopkins 2013), although it is shallower
than the self-similar expectation (α = −2) and is steeper than a

top-heavy case (α = −1). For comparison, Figure 7 also shows
reference slopes from previous studies: α = −1.85 ± 0.14
from the model-based clump analysis of B. S. Kalita et al.
(2025b) and α = −1.7 ± 0.1 from lensed high-redshift
galaxies (M. Dessauges-Zavadsky & A. Adamo 2018). Over-
all, the JADES clump mass function aligns with hierarchical
fragmentation and is broadly consistent with measurements of
α = −1.50 ± 0.14 at 1 < z < 2 in B. S. Kalita et al. (2025a).
We have verified that this slope remains stable against
reasonable variations in mass threshold and redshift range,
and that residual incompleteness primarily affects the normal-
ization rather than the differential slope (Appendix A).
Our result favors a scenario in which clumps form through a

combination of stochastic fragmentation and regulated col-
lapse, shaped by turbulence, disk instability, and local gas
conditions, rather than a purely merger-driven or self-similar
process. This interpretation aligns with high-resolution simu-
lations of unstable disks at high redshift, including those
from the VDI and FIRE frameworks, which typically predict
clump mass-function slopes in the range α ∼ −1.3 to −1.5
(e.g., D. Ceverino et al. 2012; N. Mandelker et al. 2017;
V. Tamburello et al. 2017).

3.5. Radial Distribution and Structural Variation

We examine how clump properties vary with position inside
galaxies, focusing on stellar age and structural scaling as a
function of galactocentric distance normalized by the host
effective radius (R/Re). This analysis tests for signatures of
clump migration, inside-out growth, or environment-driven
evolution. Here, R denotes the projected circular distance
between the clump and the galaxy center in the image plane.
We do not apply inclination or ellipticity corrections, since
reliable axis-ratio measurements are unavailable for many
high-redshift systems and the projection effects are expected to
average out statistically across the large sample.
Figure 8 shows the distribution of clump mass-weighted

stellar age versus R/Re, with clumps split into low-mass
(M� < 108M⊙; green circles) and high-mass (M� � 108M⊙;
purple triangles) subsets. A central deficit of young clumps is
evident within R/Re ≲ 0.3, marked by the dashed region. This
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Figure 6. Redshift evolution of structural properties of clumps in JADES GOODS–South galaxies. (a) Average clump effective radius (Re) after subtracting the
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size and spacing decrease toward higher redshift, consistent with expectations from inside-out galaxy growth and increasing gas surface density at early times. In
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8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6

log10(M?/M�)

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

lo
g

1
0
(d
N
/
d

lo
g

1
0
M
?
)

+
co

n
st

a
n
t

α = −1.85± 0.14

(Kalita+2025b)

α = −1.7± 0.1

(Dessauges-Zavadsky+2018)

α = −2.0 (low-z SF regions)

Zhu+26: α = −1.50+0.18
−0.17

Zhu+26: z = 2-8

Figure 7. Stellar mass function of clumps identified in this work (2 < z < 8).
Black circles show our mass function with bootstrap 1σ uncertainties. The
dashed black line shows the best-fit power-law relation, dN dM M/ , with
a slope of 1.50 0.17

0.18= + . For comparison, colored lines show reference
slopes from previous studies: α = −1.85 ± 0.14 from the model-based clump
analysis of B. S. Kalita et al. (2025b), α = −1.7 ± 0.1 from lensed high-
redshift galaxies (M. Dessauges-Zavadsky & A. Adamo 2018), and α = −2.0
for nearby star-forming regions (e.g., B. G. Elmegreen et al. 2006). The
JADES clump mass function is shallower than the self-similar prediction and
lies between the hierarchical and top-heavy regimes, indicating that high-
redshift clumps form in a moderately top-heavy, merger-influenced environ-
ment, consistent with the measurements at 1 < z < 2 in B. S. Kalita et al.
(2025a).
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apparent “deadzone” may reflect (1) inward migration of older
clumps from the disk, (2) disruption of young clumps by
strong central feedback, or (3) reduced completeness in
crowded central regions. To quantify the potential impact of
incompleteness, we estimate an upper limit on the intrinsic
fraction of young clumps in the central region (R/Re < 0.3),
defining “young” as clumps with mass-weighted age (MWA)
below the sample median (MWA < 0.59 Gyr). We observe
Ntot,obs = 12 clumps in this region, of which Nyoung,obs = 4,
corresponding to fyoung,center = 0.33. Using the injection-
recovery completeness at small radii (Appendix A), the
recovery fraction is C ≃ 0.51 (weighted average) or
C ≃ 0.41 (conservative value). Correcting for incompleteness
implies an intrinsic central clump population of
Ntot,corr ∼ 24–29. In the extreme scenario that all missed
clumps were young, the upper limit on the intrinsic young
fraction would be fyoung,center < 0.66 (weighted) or <0.73
(conservative). For comparison, in the outer region
(0.3� R/Re < 2.5) the observed young fraction is
fyoung,outer = 0.45 (352/790). These estimates show that
incompleteness alone cannot be ruled out as a contributor to
the central trend but the qualitative radial pattern remains
consistent with structural evolution.

The observed age-radius trend is consistent with an outside-
in clump formation scenario, where clumps form via
gravitational instability at larger radii and migrate inward
over time (e.g., D. Ceverino et al. 2012; A. Dekel et al. 2022).
This naturally explains the buildup of older clumps near the
center and younger ones in the outskirts, as also seen in
simulations and recent JWST studies (A. Zanella et al. 2019;
B. S. Kalita et al. 2025b).

However, as mentioned earlier, the age measurements for
these clumps are less reliable and potentially vulnerable to
completeness effects; structural diagnostics provide a more
empirical and model-independent view of clump evolution. To
test for structural evolution, we measure the clump size–mass

relation separately in the inner (R/Re < 1) and outer
(R/Re > 1) regions of galaxies, as shown in Figure 9. When
combining all redshifts, outer clumps exhibit a steeper size–
mass slope (Re ∝ M0.29±0.03), approaching the virial relation
expected for self-gravitating systems (R ∝ M1/3). In contrast,
inner clumps follow a shallower slope (Re ∝ M0.20±0.07),
consistent with tidally compressed or dynamically disturbed
structures, or with regions affected by strong feedback and
shear (e.g., L. Liu et al. 2022). Such a slope also agrees with
the size–mass relation for galaxies across cosmic time (e.g.,
A. L. Danhaive et al. 2025b). A bootstrap analysis confirms
that the slope difference between inner and outer clumps
(Δ = 0.09 ± 0.07, p ≃ 0.03) is statistically significant,
suggesting that outer clumps are more virialized and self-
regulated, whereas inner clumps are more compact and may be
in the process of migration or coalescence toward the galactic
center.
This radial dependence supports a migration-driven evol-

ution of clump properties. Clumps formed in outer disks may
retain their initial virialized structure, while those that migrate
inward experience compression or disruption, flattening their
size–mass scaling. The consistency between these structural
trends and the age-radius gradient strengthens the case for
clump migration as a driver of bulge growth and morpholo-
gical transformation.
Although detection biases near galaxy centers may impact

these measurements, our injection-recovery tests (Figure A1)
indicate that completeness declines toward the very center but
remains moderate above our adopted thresholds. In addition,
restricting the analysis to clumps with high residual-to-total
flux ratios yields consistent radial trends (Appendix C),
suggesting that host-light contamination does not drive the
observed gradients. These results suggest that clumps evolve
structurally as they move through the galaxy, contributing to
central mass buildup over cosmic time.

4. Discussion

The clumps identified in this study provide new insights into
the formation and internal evolution of high-redshift galaxies.
Their physical properties are broadly consistent with in situ
formation in gas-rich, turbulent disks. Such environments,
common at z ∼ 2–4, are prone to gravitational fragmentation
under the Toomre instability criterion, as seen in simulations
of VDI (e.g., D. Ceverino et al. 2010; S. Inoue et al. 2016;
A. Dekel et al. 2022).
The strong redshift evolution in clump incidence, rising

toward z ∼ 2, along with the tight correlation between clump
number and Gini coefficient and the weak dependence on
Sérsic index, supports a scenario in which internal structural
diversity, rather than overall galaxy morphology, governs
substructure formation. The clump mass function follows a
power-law slope of 1.50 0.17

0.19= + , consistent with predic-
tions from high-resolution simulations of unstable disks (e.g.,
D. Ceverino et al. 2012; N. Mandelker et al. 2017). This
intermediate slope suggests that clump formation is not purely
hierarchical or stochastic, but instead reflects a regulated
balance between turbulence, self-gravity, and feedback.
A particularly striking result is the deficit of young clumps

at R/Re ≲ 0.3, accompanied by older ages and structural
compression in central regions. This “deadzone” is qualita-
tively consistent with inward clump migration, where massive
clumps lose angular momentum and sink toward the nucleus
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Figure 8. Radial distribution of clumps in JADES GOODS–South galaxies.
The horizontal axis shows galactocentric distance normalized by the host
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clump formation scenario, where clumps form in outer disks and migrate
inward over time.
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via dynamical friction or torques (F. Bournaud et al. 2007;
S. Inoue & T. R. Saitoh 2012). The radial gradient in
clump age and size–mass scaling provides complementary
evidence for this process. While detection biases near galaxy
centers may contribute, injection-recovery tests suggest that
incompleteness alone cannot account for the observed trends
(Appendix A).

We also observe coherent structural trends: clump size
increases with stellar mass, and both sizes and pairwise clump
separations grow toward lower redshifts. Outer clumps exhibit
steeper size–mass slopes approaching virial expectations
(∼1/3), while inner clumps show flatter scaling. These
patterns point to differing evolutionary pathways depending
on clump environment and galactocentric distance.

Not all clumps survive to migrate inward. Low-mass or
compact clumps may be rapidly disrupted by feedback,
supernova-driven winds, or shear from differential rotation
(S. Genel et al. 2012). The shallow slope of the clump mass
function implies that a few massive clumps dominate the total
substructure mass budget, while many lower-mass clumps are
likely short-lived. Future observations, including resolved gas
kinematics and emission-line diagnostics from NIRSpec, will
help distinguish between bound and unbound clumps, and
clarify the impact of feedback on clump survival.

Our analysis is subject to several limitations. The residual-
based detection method depends on single-component Sérsic
subtraction and may misidentify asymmetric light in irregular
systems as clumps. Photometry is measured from residual-
defined apertures that include some host light, and we do not
model clump morphologies directly. While tests from
B. S. Kalita et al. (2025b) and our own injection simulations
suggest these effects are minor, a more sophisticated approach
involving multicomponent fitting and forward modeling would
reduce systematic uncertainties. In addition, residual-based
methods are intrinsically more sensitive to asymmetric or off-
center features, potentially favoring the detection of peripheral
substructures while underestimating compact or centrally
embedded clumps. This bias could modestly enhance the

observed radial gradients in clump incidence and structure,
although completeness tests (Appendix A) indicate that such
effects are secondary to genuine physical trends.
Despite these caveats, our results demonstrate the power of

residual-based analysis for large, unlensed galaxy samples.
The methods presented here enable consistent clump identi-
fication across ∼3600 galaxies over z = 2–8, revealing
statistically robust trends in clump incidence, structure, and
evolution. Incorporating future spectroscopic and kinematic
datasets will further constrain clump lifetimes, formation
channels, and their role in building galaxy structure over
cosmic time.

5. Summary

We present a statistical study of clumps in ∼3600 galaxies
from JWST/NIRCam imaging in the JADES GOODS–South
field, spanning z = 2–8. Our main findings are:

1. Clumps are identified as residual features after Sérsic
profile subtraction. They are typically low-mass
( M Mlog 7/ –8), actively star-forming (sSFR∼
10−9–10−7 yr−1), with modest dust attenuation.

2. Clump frequency increases toward z ∼ 2 and correlates
strongly with Gini coefficient, but shows weaker
dependence on Sérsic index. This suggests that internal
structural complexity, rather than overall galaxy morph-
ology, is the primary driver of clump formation.

3. Clumps follow a positive size–mass relation, and both
their typical size and pairwise separation increase toward
lower redshifts, consistent with inside-out disk growth.

4. The clump stellar mass function follows a power law
with slope 1.50 0.17

0.19= + , in line with predictions from
simulations of turbulent disk fragmentation.

5. An apparent deficit of young clumps at R/Re ≲ 0.3
suggests a central “deadzone,” possibly shaped by clump
migration, disruption, or detection incompleteness.
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6. Clumps in outer disks exhibit steeper size–mass slopes
and are generally younger, while inner clumps are
smaller, older, and structurally flatter. This is broadly
consistent with inward migration.

These results support a scenario in which clumps originate
from gravitational instabilities within gas-rich, turbulent disks
and subsequently evolve as they migrate inward, contributing
to bulge growth and the morphological transformation of their
hosts. Looking ahead, combining JWST imaging with spatially
resolved spectroscopy and ALMA observations will directly
probe the gas, dust, and ionized components of individual
clumps, enabling constraints on their lifetimes, feedback
energetics, and molecular gas reservoirs. Together, these
multiwavelength datasets will establish a comprehensive,
empirical framework for how small-scale star-forming units
assemble and shape galaxies across cosmic time.
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Appendix A
Clump Detection Completeness

To quantify detection biases, we perform injection-recovery
simulations to assess the completeness of clump identification
as a function of physical and morphological parameters.
Artificial clumps modeled as Gaussian light profiles with
known fluxes and effective radii were inserted into real
residual images of representative JADES GOODS–South
galaxies, spanning a range of redshifts, Sérsic indices, and
sizes. We then applied the standard detection pipeline
(Section 2.3) to determine recovery rates. As noted by, e.g.,
P. Rinaldi et al. (2025), high-redshift galaxies tend to be
intrinsically smaller, which could therefore imply proportion-
ally smaller clumps that are harder to detect at fixed surface-
brightness limits. This possible coupling between galaxy size
and clump detectability is not modeled in our simulations and
remains a caveat for interpreting completeness at the highest
redshifts.
Figure A1 summarizes the results. In panel (a), complete-

ness is shown as a function of redshift. Recovery is relatively
stable across z ∼ 2.5–4.2, with a mild decline at higher
redshifts, likely reflecting reduced surface brightness and
increased noise.
Figure A1(b) shows completeness versus normalized

galactocentric distance (rdis/Re), revealing a clear drop in
recovery toward galaxy centers. This is expected due to higher
background levels, residual subtraction artifacts, and segmen-
tation confusion in crowded regions. These effects are
important when interpreting the deficit of young clumps at
small radii (Figure 8).
In Figure A1(c), we examine completeness as a function of

host-galaxy Sérsic index. The results show little dependence
on morphology, suggesting that our method is not strongly
biased toward disk- or bulge-dominated hosts.
Finally, Figure A1(d) presents a 2D completeness map as a

function of clump flux and size. As expected, bright and
compact clumps are recovered most efficiently, while faint or
extended clumps are less likely to be detected. The majority of
clumps in our sample fall into the high-completeness regime.
Overall, these tests confirm that our detection method is

robust across a wide range of clump and host properties.
However, completeness declines for small, faint clumps in
central regions, which may contribute to but may not fully
explain the observed central “deadzone” in clump age
(Section 3.5). All key trends in the main analysis were tested
across a range of detection thresholds and remain consistent
within the completeness limits (Section 2.3).
Because the clump mass function in Section 3.4 is fit

above M Mlog 8.2( )/ = , we examined whether residual
incompleteness could bias the inferred slope. Although stellar

11

The Astrophysical Journal, 1000:303 (15pp), 2026 April 1 Zhu et al.

https://doi.org/10.17909/8tdj-8n28
https://doi.org/10.17909/8tdj-8n28


mass was not directly assigned in the injection simulations, we
estimated the effective detection probability of real clumps by
combining their observed fluxes with the flux-dependent
recovery fractions shown in Figure A1(d). For clumps with

M Mlog 8.2( )/ , the mean detection probability is approxi-
mately C 0.6det –0.7 across redshift bins (z ∼ 2.5–5.5), with
no strong systematic redshift dependence where statistics are
robust.

To test the stability of the inferred slope, we recomputed
the mass function (i) restricting to 3 < z < 4, where
completeness is high, and (ii) adopting progressively higher
mass thresholds of M Mlog 8.3( )/ = and 8.4. The resulting
slopes (α = −1.52, −1.54, and −1.47, respectively) are
consistent within uncertainties with our fiducial value of
α = −1.50. These tests indicate that residual incompleteness
primarily affects the normalization of the mass function rather
than its differential slope and does not drive our physical
interpretation of the clump mass function.

Appendix B
Additional Galaxy Morphology Comparison

In the main text (Figure 3), we showed that clump frequency
increases toward z ∼ 2 and correlates strongly with the Gini
coefficient, while showing only a weak dependence on Sérsic
index. To further test whether this redshift trend is primarily
driven by internal structure rather than cosmic time, we

examine the joint dependence of clump multiplicity on Gini
and Sérsic n, as well as the redshift evolution of Gini itself.
Figure B1 presents two diagnostic plots. The left panel

shows the mean number of clumps per galaxy as a function of
both Sérsic index and Gini coefficient. While clumpiness
varies little with Sérsic n beyond n ∼ 2, a strong positive trend
with Gini is evident: galaxies with G ≳ 0.7 host five to eight
clumps on average, whereas those with G ≲ 0.5 rarely host
more than one. This supports the interpretation that high clump
counts arise from internal structural complexity (e.g., multiple
luminous knots) rather than a centrally concentrated profile.
To verify that this correlation is not a mathematical artifact

of the Gini definition, we performed a simple test using mock
galaxies composed of multiple identical Gaussian clumps with
fixed total flux. The resulting Gini coefficients show no
significant dependence on the number of clumps, indicating
that the observed increase in Gini with clump multiplicity in
the data is intrinsic rather than a consequence of pixel flux
inequality. In other words, galaxies with higher Gini values
genuinely exhibit more uneven and high-contrast substructure,
rather than merely a greater number of components with
comparable flux.
The right panel of Figure B1 shows Gini as a function of

redshift, with individual galaxies color-coded by clump count.
A steady increase in Gini from z ∼ 6 to z ∼ 2 closely tracks the
rise in clump frequency, suggesting that the redshift evolution
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Figure A1. Detection completeness of clumps derived from injection-recovery simulations in JADES GOODS–South. (a) Recovery fraction as a function of redshift,
showing mild variation over z ∼ 2.5–4.2. (b) Recovery fraction as a function of galactocentric distance normalized by host-galaxy effective radius (rdis/Re), showing
a clear decline toward the inner regions of galaxies. (c) Recovery fraction as a function of host-galaxy Sérsic index, indicating weak dependence on overall
morphology. (d) 2D completeness map as a function of clump flux and effective radius, revealing the highest recovery rates for bright and compact clumps. These
trends indicate that incompleteness—particularly in the central regions and for faint, extended clumps—may contribute to the apparent deficit of young clumps near
galaxy centers.
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of clumpiness reflects structural changes in galaxies rather than
cosmic time alone. These results reinforce the conclusion that
clumpy morphologies are more strongly linked to internal light
distribution (e.g., Gini) than to global shape parameters such as
Sérsic n. Studies of clump formation and evolution should
therefore account for internal structural diversity, rather than
attributing clump incidence solely to cosmic epoch or merger-
driven assembly.

Appendix C
Robustness to Host-light Contamination

To assess the impact of host-galaxy light contamination on
our clump property trends, we repeat the key radial analyses
after restricting to clumps with high residual-to-total flux
ratios. Specifically, for each segmented region we compute

f
F

F
, C1res

res

orig
( )

where Fres is the total flux measured in the residual image and
Forig is the total flux in the original (presubtraction) image,
both evaluated over the same segmented region (Section 2.3).
We then require f 0.5res > , selecting clumps whose detected
signal is dominated by flux in excess of the smooth Sérsic
model.

Figure C1 shows that the qualitative “deadzone” signature, a
deficit of young clumps at small radii, remains visible under
this conservative cut, supporting the interpretation that the
central trend is not solely driven by host contamination.

Figure C2 shows that the inner versus outer size–mass
relations are also consistent with the main results. In this
restricted sample, the inferred slopes remain different, with
inner clumps exhibiting a shallower relation than outer clumps,
although with larger uncertainties due to reduced sample size.
Overall, this test indicates that the principal radial trends
reported in Section 3.5 persist when host contamination is
minimized.
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Figure B1. Clump multiplicity as a function of global galaxy structural parameters and redshift. Left: Mean number of clumps per galaxy as a function of Sérsic
index (n) and Gini coefficient. Clumpy systems are not strongly dependent on Sérsic index but show a positive correlation with Gini, suggesting that the observed
substructure may not be driven by central concentration but by multiple luminous regions distributed throughout the galaxy. Right: Gini coefficient versus redshift,
with points color-coded by the number of clumps. This reveals that the redshift evolution in clump frequency (seen in Figure 3) may be partly driven by the
underlying evolution in Gini, rather than redshift alone. These results support a physical interpretation where clumpiness arises from internal structural complexity,
rather than simply from morphological compactness.
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Figure C1. Same as Figure 8 but restricted to clumps with high residual-to-
total flux ratio, f 0.5res > .
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Figure C2. Same as Figure 9 but restricted to clumps with high residual-to-total flux ratio, f 0.5res > . The slope difference between inner and outer clumps remains,
with inner clumps showing a shallower size–mass relation than outer clumps.
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