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ABSTRACT

Context. Clumps in the rest-frame UV emission of galaxies at z < 3 have been observed for decades. Since the launch of the James Webb Space
Telescope (JWST), a large population is detected in the rest-frame near-infrared (NIR), raising questions about their formation mechanism.

Aims. We investigate the presence and properties of NIR overdensities (hereafter substructures, including clumps) in star-forming and quiescent
galaxies at 1 < z < 4 to understand their link to the evolution of their host galaxy.

Methods. We identified substructures in JWST/NIRCam F277W and F444W residual images at a rest-frame wavelength of 1 um.

Results. The fraction of galaxies with substructures with M, > 10° M,, has steadily decreased with cosmic time from 40% at z = 4 to 10% at
z = 1. NIR clumps, the most common type of small substructure, are much fainter (2% of the total galaxy flux) than similar UV clumps in the
literature. Nearly all galaxies at the high-mass end of the main sequence (MS), starburst, and green valley regions have substructures. However,
we do not find substructures in low-mass galaxies in the green valley and red sequence. Although massive galaxies on the MS and in the green
valley have a 40% probability of hosting multiple clumps, the majority of clumpy galaxies host only a single clump.

Conclusions. The fraction of clumpy galaxies in the rest-frame NIR is determined by the stellar mass and star formation rate (SFR) of the host
galaxies. Its evolution with redshift is due to galaxies moving toward lower SFRs at z < 2 and the buildup of low-mass galaxies in the green
valley and red sequence. Based on their spatial distribution in edge-on galaxies, we infer that most substructures are produced in situ via disk

fragmentation. Galaxy mergers may still play a role at high stellar masses, especially at a low SFR.

Key words. galaxies: evolution — galaxies: fundamental parameters — galaxies: general — galaxies: statistics — galaxies: stellar content —

galaxies: structure

1. Introduction

The morphology of galaxies is now known to have
evolved tremendously with redshift in terms of size (e.g.,
Williams et al. 2010; van der Wel et al. 2014b; Martorano et al.
2024; Yangetal. 2025), stellar density (e.g., Williams et al.
2010), and overall 3D shape (e.g., van der Wel et al. 2014a;
Huertas-Company et al. 2024). With the advent of the Hub-
ble Space Telescope (HST), one striking feature in high-
resolution images has been the presence of kiloparsec-scale,
bright, local overdensities observed in the rest-frame ultra-
violet (UV), referred to as clumps (e.g., Conselice et al.
2004; Elmegreen et al. 2005; Forster Schreiber et al. 2011a,b;
Guo et al. 2015, 2018; Ribeiro et al. 2017). Importantly, these
clumps have been found to be ubiquitous, with fractions of
clumpy star-forming galaxies in the rest-frame UV reaching
typical values of 25% at M, ~ 10°> M, and going up to 40% at
10'" My, with little variation with redshift for 1 < z < 3 (e.g.,
Huertas-Company et al. 2020). In addition, they were originally
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estimated to be particularly massive (M, = 10° Mo, e.g.,
Forster Schreiber et al. 2011b) without similarly massive coun-
terparts known in the local Universe (M, < 107 Mg at z ~ 0,
e.g., Elmegreen & Salzer 1999). This naturally raised questions
regarding their origin and fate, which have been investigated
from the point of view of both observations and simulations.
For instance, Genzel et al. (2011) found that UV clumps in
star-forming galaxies at z ~ 2 reside in regions where gravita-
tional instabilities are likely to take place, thus favoring disk
fragmentation as the mechanism behind their formation. This
mechanism is also favored by Guo et al. (2015), Zanella et al.
(2019), and Sattari et al. (2023). In particular, Zanella et al.
(2019) show that compact UV clumps have, on average, lower
stellar masses and ages than their host galaxies but comparable
star formation rates (SFRs), suggesting in situ formation.
However, Guo et al. (2015) show that minor mergers could be
a more plausible scenario for galaxies with intermediate stellar
masses at z < 1.5. Furthermore, for the brightest galaxies in the
rest-frame UV, Ribeiro et al. (2017) consider instead a major
merger origin by arguing that a significant proportion of bright
galaxies host two clumps of a similar luminosity, which is insuf-
ficient compared to the number produced by disk fragmentation
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inside simulations (typically between five and ten, e.g.,
Perez et al. 2013; Bournaud et al. 2014). Indeed, simulations
from Perez et al. (2013), Bournaud et al. (2014), Mayer et al.
(2016), Tamburello et al. (2017), Fensch & Bournaud (2021),
and Renaud et al. (2024) show that it is possible to form massive
clumps via fragmentation in galaxies at 1 < z < 3 without invok-
ing galaxy mergers. Theoretically, this scenario is supported by
early analytical stability analyses that showed that fragmentation
can occur in various types of media (Jeans 1902; Toomre 1964).
Since then, these works have been extended by Romeo et al.
(2010) and Romeo & Agertz (2014) who have shown that
star-forming galaxies at a high redshift that host a thick and
turbulent gas disk are prone to fragmentation under three main
types of instabilities, including in marginally stable galaxies as
evidenced by observations (e.g., Genzel et al. 2014). According
to Perez et al. (2013) and Bournaud et al. (2014), clumps with
masses around 10° M, are sufficiently long-lived to migrate
toward the galaxy center in less than 1 Gyr and may be a viable
channel for bulge growth, funneling gas inward and migrating
gas outward (e.g., Bournaud et al. 2011; Dubois et al. 2012;
Xu & Yu 2024; Yu et al. 2025). However, smaller clumps may
be disrupted by feedback processes (e.g., Bournaud et al. 2014;
Mayer et al. 2016) or by strong local shear (Fensch & Bournaud
2021), thus leading to simulations where only small clumps
can be formed and migration is not possible (e.g., in the FIRE
simulation, Oklopcic et al. 2017). Observationally, this has been
confirmed by Faisst et al. (2025) for starbursts at z < 4 where
they find that the fraction of clumpy galaxies is correlated
to the star formation efficiency and is higher in the starburst
regime. High-resolution observations of clumps in lensed
galaxies (e.g., see Fig.9 of Claeyssens et al. 2023) also show
that more massive clumps tend to be older (10 Myr at 1035 M
versus 1 Gyr at 10’ My) and more gravitationally bound. In
addition, Fensch & Bournaud (2021) and Renaud et al. (2024)
find that the clumpiness of galaxies is primarily determined
by their gas content. In contrast, Perez et al. (2013) indicated
that fragmentation is significantly more probable to happen
in a multiphase interstellar medium with temperatures on the
order of 10*K. This is, at the very least, mildly supported by
observations (e.g., see Fig. 9 of Ubler et al. 2019).

It is important to note that the existence, or at least the preva-
lence, of massive UV clumps remains a topic of debate due to
the spatial resolution limitations of HST in the UV that prevents
the resolution of clumps on scales smaller than approximately
1 kpc for galaxies at z > 1 (e.g., Dessauges-Zavadsky et al. 2017;
Dessauges-Zavadsky & Adamo 2018; Huertas-Company et al.
2020). A similar debate is currently taking place for clumps
detected with the James Webb Space Telescope (JWST) in
the near infrared (NIR; e.g., Claeyssens et al. 2023, 2025).
Thanks to the magnifying power of gravitational lensing,
it is possible to resolve fainter and smaller clumps in
lensed galaxies down to approximately 100pc with HST
(e.g., Adamoetal. 2013; Dessauges-Zavadsky etal. 2017;
Dessauges-Zavadsky & Adamo 2018) and 10pc with JWST
(e.g., Claeyssens et al. 2023, 2025). The key takeaway from
these analyses is that massive UV and optical clumps are
nearly absent from lensed galaxies, with clump stellar masses
around 10’ Mg and as low as 10°M,. This has led to the
interpretation that the mass and size of massive clumps may
be overestimated because of either blending of smaller clumps
(Dessauges-Zavadsky et al. 2017) or contamination of the under-
lying stellar and gaseous disks within which they are embedded
(Huertas-Company et al. 2020). An alternative interpretation has
been proposed, which is noteworthy. According to Faure et al.
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(2021), who performed parsec-scale simulations of high-redshift
gas-rich galaxies and mock HST observations with and with-
out strong lensing, massive clumps may consist of multiple
subclumps while being simultaneously gravitationally bound
structures, thus reconciling discrepancies between lensed and
unlensed observations of clumps.

Until recently, the consensus was that galaxies at z < 3
appear clumpy in the rest-frame UV but smooth in the rest-
frame NIR. This led to the interpretation that UV clumpiness
is produced by intense bursts of patchy star formation, while the
smooth morphologies in the NIR correspond to the bulk of stars
spread into disk and bulge components. This view was, however,
recently challenged with the advent of JWST. Indeed, recent
studies looking at substructures in the rest-frame NIR find that
clumps at these wavelengths are commonly found in galaxies at
1 €z 54 (e.g., Claeyssens et al. 2023, 2025; Kalita et al. 2024,
2025a,b), with the fraction of clumpy galaxies being as high as
roughly 40% (Kalita et al. 2024), and that they can contribute
up to 20% to the galaxy host’s stellar mass (Kalita et al. 2025b).
Moreover, Kalita et al. (2024, 2025a) show that UV clumps in
star-forming galaxies at z =~ 1 are typically associated with NIR
clumps in more than 80% of cases, whereas the reverse associ-
ation occurs in only 30% of instances. This suggests that there
might be a non-negligible population of UV-obscured clumps,
missed by previous rest-frame UV studies, which revives the
longstanding question of the origin of such clumps. Similar to
UV clumps seen in unlensed galaxies, NIR clumps have stel-
lar masses on the order of 10° M, and sizes between 100 pc
and 1 kpc (Kalita et al. 2025a). They tend to be found mostly
in star-forming galaxies, though Kalita et al. (2025a) find that
about 15% of them are associated with quiescent galaxies.

Nevertheless, existing statistical studies of NIR clumps in
unlensed galaxies have focused on relatively narrow redshift
ranges (1 < z < 2, e.g., Kalita et al. 2024, 2025a) which limits
our interpretation of the evolution of clumps in galaxies. In addi-
tion, there has been so far a tendency to look at clump proper-
ties mostly in massive star-forming galaxies. There is therefore a
need to extend these works over a wider redshift range and across
a broader population of galaxies, including at low stellar mass
and SFR. In this paper, we propose to detect and study rest-frame
NIR clumps, and more generally substructures, at 1 < z < 4 in
a representative population of both star-forming and quiescent
galaxies in the COSMOS-Web survey (Casey et al. 2023). First,
we present in Sect. 2 the observations and the sample selection.
Then, we describe in Sect. 3 the method to detect substructures
and, in particular, the difference between the so called optimal
and intrinsic approaches. Afterward, we discuss our results in
Sect. 4, including the evolution of the clumpiness of the galaxy
population with redshift (Sect.4.1), the characteristics of the
detected substructures (Sect.4.2), and how their presence cor-
relates with the position of the galaxies within the M, — SFR
plane (Sect. 4.3). Finally, we interpret our results in Sect. 5, first
by considering the evolution of galaxies with redshift in terms of
stellar mass and SFR (Sect. 5.1), second by discussing the poten-
tial impact of young stellar populations to the rest-frame NIR
flux of substructures, especially at high specific star formation
rate (sSFR; Sect. 5.2), third by looking at the characteristics of
multiclump systems (Sect. 5.3), and lastly by trying to constrain
the origin of clumps in different galaxy populations (Sect. 5.4).

In what follows, we use a ACDM cosmology with Hy =
70kms™' Mpc™!, @, = 0.3, and Q5 = 0.7. We derive physi-
cal parameters assuming a Chabrier (2003) initial mass function
(IMF). The images have a pixel scale of 30 mas and the magni-
tudes are given in the AB system (Oke & Gunn 1983). Unless
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otherwise specified, the values and associated uncertainties pre-
sented in the tables and figures correspond to the median, 16th,
and 84th percentiles, respectively, and are estimated using 1000
bootstrap realizations.

2. Observations
2.1. COSMOS-Web

This paper uses data from the COSMOS-Web survey, imaged
with JWST in January 2023, January 2024, and May 2024. A
complete account can be found in Casey et al. (2023), the data
reduction paper (Franco et al. 2025), and the COSMOS2025
catalog paper (Shuntov et al. 2025a). The survey consists of
255h of imaging in the four JWST/NIRCam F115W, F150W,
F277W, and F444W bands over a contiguous 0.54 deg” area of
the COSMOS field (Scoville et al. 2007), with a 5o limiting
magnitude of 27.2-28.2 AB mag (see Casey et al. 2023). In what
follows, we exclude the complementary JWST/MIRI observa-
tions from the COSMOS-Web survey because they (i) cover a
smaller fraction of the field, (ii) are shallower, and (iii) have
a coarser resolution. In addition, we use the following bands
in the COSMOS field to derive the spectral energy distribution
(SED) of the host galaxies and estimate their physical prop-
erties and photometric redshift (photo-z; Shuntov et al. 2025a):
(i) u from the Canada France Hawaii Telescope (CFHT) Large
Area U-band Deep Survey (CLAUDS, Sawicki et al. 2019). (ii)
g, 1, i, z, and y from the Hyper Suprime-Cam (HSC) Subaru
Strategic Program (HSC-SSP, Aihara et al. 2022). (iii) 12 opti-
cal medium bands from the reprocessed Subaru Suprime-Cam
images (Taniguchi et al. 2007, 2015), (iv) Y, J, H, and K broad
bands from the UltraVISTA survey (McCracken et al. 2012), as
well as one narrow band centered at 1.18 um, and (v) HST/ACS
F814W (Koekemoer et al. 2007).

A full account of the measurement of the photo-z and
physical properties of the host galaxies can be found in
Shuntov et al. (2025a). We provide a short description below.
We derive the photo-z using the template fitting code LEPHARE
(Arnouts et al. 2002; Ilbert et al. 2006) with a set of templates
from Bruzual & Charlot (2003) combined with 12 star forma-
tion history (SFH) models (exponentially declining and delayed;
see Ilbert et al. 2015). Each template has 43 ages ranging
from 0.05Gyr to 13.5Gyr and with three attenuation curves
(Calzetti et al. 2000; Arnouts et al. 2013; Salim et al. 2018) with
E(B — V) between 0 and 1.2. Emission lines were included fol-
lowing recipes in Schaerer & de Barros (2009) and Saito et al.
(2020) with the normalization allowed to vary by a factor of two.
Absorption by the intergalactic medium was included follow-
ing analytical corrections provided by Madau (1995). LEPHARE
provides a redshift likelihood distribution, after marginalizing
over all galaxy and dust templates, which we used as a posterior
distribution (assuming a flat prior) to derive the median redshift
value and associated uncertainties. Furthermore, LEPHARE
provides physical parameters such as the stellar mass of the
galaxies or their SFR, as well as their uncertainties, which
are all derived from their posterior distributions. According to
Shuntov et al. (2025a,b), within our range of magnitudes', the
precision of photo-z as measured by the normalized absolute
deviation (Ilbert et al. 2006) is onmap ~ 0.012 with 3% of out-
liers at 1 < z < 2, onmap ~ 0.017 with 0.7% of outliers at
2 < z < 3, and oxmap ~ 0.018 with about 1.3% of outliers at

' 'When combining the JWST/NIRCam F277W and F444W bands (see
Sect. 2.3), we find the 10th quantile, median, and 90th quantile equal to
21.36, 23.15, and 24.34 mag, respectively.

Table 1. Differences in stellar mass and star formation rate between
CIGALE and LEPHARE for galaxies in the sample.

Redshift range  Alog,, M, Alog,, SFR
[dex] [dex]
1.0 <z<13 0.12°010 ~0.02*0:30
13 <z<175  012:013  _0.04+03
175<z<25 01203 _005+02
25 <z<40 016553 -0.115%

Notes. We compute the difference galaxy per galaxy evaluating the
parameters from CIGALE with respect to LEPHARE. For each redshift
bin, we provide the median difference and uncertainties correspond to
the 16th and 84th quantiles. Positive values indicate that the parameters
from CIGALE are higher than those from LEPHARE.

3 < z < 4 when compared to the spectroscopic compilation of
Khostovan et al. (2026). The bias is negligible across the entire
redshift range. These result in average photo-z uncertainties of
approximately 0.05 at 1 < z < 2 thatincrease to 0.1 at2 <z < 3
and 0.2 at3 <z < 4.

In what follows, we use the physical parameters from
LEPHARE as a baseline. Furthermore, we use physical
parameters derived with the energy-balance SED fitting code
CIGALE (Boquien et al. 2019, using the same photo-z found by
LEPHARE). A complete description of the modeling performed
with CIGALE is presented in Arango-Toro et al. (2025). We
used Bruzual & Charlot (2003) single stellar population mod-
els and a Calzetti et al. (2000) attenuation law for which (i) we
included the skirtor (Stalevski et al. 2016) module to model
the contribution of AGNs to the SED and (ii) we used the
sfhNlevels module with a bursty-continuity prior (Ciesla et al.
2023; Arango-Toro et al. 2023) to model nonparametric SFHs
(see Sect.4 of Arango-Toro et al. 2025 regarding the robust-
ness of the SFHs). The physical parameters appear consis-
tent between LEPHARE and CIGALE with stellar masses from
CIGALE offset by roughly 0.1 dex with respect to LEPHARE and
—0.05 dex for the SFR. We list in Table 1 the differences between
the two codes in the four redshift bins spanning each 1 Gyr of
cosmic history and used in the following analysis. These dif-
ferences appear consistent with those derived in Appendix F of
Shuntov et al. (2025b) and, as discussed in Arango-Toro et al.
(2025), they may be due to using nonparametric SFHs with
CIGALE and parametric ones with LEPHARE (see also the dis-
cussion in Sect.6 of Leja et al. 2019), or different attenuation
curves. Therefore, this warrants the use of CIGALE as a consis-
tency check throughout the rest of the analysis, in particular in
Sect. 4.3 and in Appendix A.

2.2. Morphological modeling

In this paper, we use the morphology of galaxies derived with
SEXTRACTOR++ (Bertin et al. 2020; Kiimmel et al. 2020) using
a bulge-disk decomposition (see Sect.3.5.4 of Shuntov et al.
2025a). First, we fit the four high-resolution JWST/NIRCam
images using the same set of structural parameters for the bulge
and disk components. These are (i) the position of their cen-
ter, (ii) their scale radius, (iii) ellipticity, and (iv) position angle
(shared between components). For each band, we also fit the
flux of each component parametrized as the total flux and the
bulge-to-total flux ratio. We set priors on the effective radii
and ellipticities following Fig.B.1 of Shuntov et al. (2025a),
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favoring smaller effective radii and rounder shapes for bulges
than for disks, and on the bulge-to-total flux ratio following a
bell curve.

For each band, the model was convolved with the appro-
priate point spread function (PSF). The PSF models were
obtained using PSFEX (Bertin 2011) on stars detected in a
first SEXTRACTOR++ run. The stars were selected based on a
full width at half maximum (FWHM) — signal-to-noise ratio
(S/N) criterion and were validated by comparing the model
with the encircled energy of real stars from the Gaia DR3
catalog. Furthermore, for each galaxy a segmentation map
was produced during the COSMOS2025 catalog creation pro-
cess which we use to isolate galaxies and identify background
regions.

2.3. Sample selection

We select galaxies from the COSMOS2025 -catalog
(Shuntov et al. 2025a). To study the properties of substruc-
tures visible in the rest-frame NIR, we carry out detections in
images at a rest-frame wavelength that is the closest to 1 um. We
choose this rest-frame wavelength for a couple of reasons. First,
it allows us to probe substructures in a large redshift window
from z = 1 to z = 4, thus giving us access to galaxies before and
after the peak of star formation density at z ~ 2. Second, the
NIR window is much less sensitive to dust attenuation and star
formation than in the UV (though see Sect. 5.2 for a discussion
relative to this) and should trace much more precisely the stellar
mass distribution in galaxies. For instance, using the modified
starburst dust attenuation model from Noll & Pierini (2005)
used in CIGALE (see Arango-Toro et al. 2025), we find that
the attenuation at a rest-frame wavelength of 1pm is roughly
70% lower than the attenuation in the V-band and 97% lower
than in the U-band. For our sample (see below), this leads to
92% of galaxies with an attenuation at this wavelength below
0.28 mag and 56% of galaxies with a negligible attenuation. We
restrict the detections to JWST/NIRCam F277W (1 < z < 2) and
F444W (2 < z < 4) due to their comparable depth and spatial
resolution (see Table 1 of Casey et al. 2023). Using F115W and
F150W for rest-frame NIR detections would be advantageous
at lower redshift; however this would necessitate matching
the depths of the observations and, more critically, the PSFs.
Therefore, we choose not to pursue this approach in order to
maintain a homogeneous analysis.

Following the stellar mass completeness limit of the
COSMOS-Web survey (see Fig. 24 of Shuntov et al. 2025a), we
apply a stellar mass cut of log;, M./Me > 9 on the entire
sample, prior to performing any detection, resulting in a stel-
lar mass complete sample of 48486 galaxies. This selection
excludes active galactic nuclei that are identified in the COS-
MOS2025 catalog by SED template matching (for more details,
see Sect. 6 of Shuntov et al. 2025a). To guarantee that galaxies
are indeed above the completeness limit, we apply this criterion
on the lower bound of the stellar mass derived by LEPHARE. We
note that it is common practice to remove edge-on galaxies (e.g.,
Kalita et al. 2025a) because it is assumed that substructures are
less likely to be detected in highly inclined systems (due to pro-
jection effects) and made worse by dust attenuation. However,
the latter point should be minimal in the rest-frame NIR. Follow-
ing Kalita et al. (2025a), applying a disk axis ratio cut of g > 0.3,
where g = b/a with a the major axis and b the minor axis, would
remove 19% of the sample. We checked the impact of inclination
on our results by splitting the sample into the following bins:
edge-on (¢ < 0.34), mildly inclined (0.34 < ¢ < 0.87), and
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face-on (¢ > 0.87)°. For edge-on and mildly inclined galaxies,
we find results consistent with the entire sample. For face-on
galaxies, we observe an excess of substructure detections (see
Sect. 3 for a definition) at z > 2 that can be as high as a fac-
tor of 1.5. Given that the presence of substructures should be
independent of inclination, this may suggest that the detection is
underestimated in galaxies that are not face-on, but it is not clear
why the effect is not stronger for edge-on galaxies compared
to mildly inclined ones. This effect is independent of whether
galaxies are star-forming or quiescent. Importantly, while incli-
nation does change the amplitude of detections, it does not affect
the observed trends with redshift, stellar mass, and SFR. Thus,
in what follows, we decided to keep edge-on galaxies and to not
apply any correction to the detections based on the inclination of
the galaxies.

3. Detection of substructures
3.1. General overview of the method

In this analysis, we define substructures as overdensities with
respect to the axisymmetric bulge-disk model fitted onto images,
as described in Sect.2.2. For each galaxy, we detect substruc-
tures at a rest-frame wavelength of 1 pum in the residual images
in the JWST/NIRCam F277W band for 1 < z < 2 or in
F444W for 2 < z < 4. We use segmentation maps produced
by SEXTRACTOR++, using a combination of all JWST/NIRCam
bands during the COSMOS2025 catalog creation process, to
define the extent of the galaxies (Shuntov et al. 2025a). We per-
form the detection in two steps>. (i) We keep pixels above a flux
detection threshold but remove those closer than 1kpc from the
center and (ii) we combine pixels that form contiguous struc-
tures larger than a given area. We remove pixels near the center
to avoid detecting drizzling artifacts as well as central point-
like sources. We chose 1kpc rather than the bulge’s effective
radius because some galaxies have large bulges. This disfavors
the detection of substructures in galaxies with bulge sizes that are
overestimated and it also strongly limits our ability to detect sub-
structures in elliptical galaxies. Therefore, a fixed physical size
seems more appropriate. Visual inspection shows that a 1kpc
exclusion zone is a good compromise to minimize detections
near the center while not removing an area that is too extended.
As shown in Fig. A.2, the removed area is small compared to the
detection area of the galaxies which is roughly around 30 and
300 kpc?.

We consider two approaches to set the threshold values. The
first approach, called optimal detection, aims to maximize sub-
structure detections regardless of galaxy characteristics. How-
ever, for a substructure of a given physical size and intrinsic
luminosity, both its apparent size and flux change with redshift
(e.g., see the discussion in Yu et al. 2023). This leads to a bias
where, in particular, intrinsically faint substructures are only
detectable at lower redshifts (see Ribeiro et al. 2017 for a similar
discussion regarding clumps and Yu et al. 2018 for spiral arms).
To address this problem, we apply thresholds to intrinsic quan-
tities. For the surface area threshold, we convert angular scales
to physical scales using the angular diameter distance. For the
flux threshold, this requires converting to a luminosity using the
expression for surface brightness dimming (see Sect. 3.3).

2 For a razor-thin disk, using g = cos i with i the inclination, this cor-
responds to i > 70°,70° < i < 30°, and i < 30°, respectively.

3 The code along with examples is available at https://
wilfriedmercier.github.io/clump_finder/
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Table 2. Number of galaxies per bin of substructure area and redshift.

Substructures Number of galaxies
[kpc?] l<z<2 2<z<3 3<z<4
Optimal detection
1.3<8 <4 15622 6552 2257
4<8<13 11092 3853 1017
13<8 <40 5730 1227 224
1.3<8 <40 20605 8610 2850
Intrinsic detection
1.3<8 <4 4252 3500 1990
4<8<13 2080 1814 835
13<8 <40 434 444 177
1.3<8 <40 5298 4600 2502
All galaxies 26 000 14 823 6726

Notes. The number of galaxies with substructures varies depending on
the detection method used. Given that galaxies may host multiple types
of substructures, the sum of the three bins 1.3 < § < 4,4 < § < 13,
and 13 < § < 40 is larger than the last one with 1.3 < § < 40. The last
row provides the total number of galaxies in the given redshift range,
whether they host a substructure or not.

3.2. Optimal detection approach

In this approach, we maximize detections while still striving
for high purity. To do so, we compute for each galaxy an
optimal flux threshold from the local background using the
segmentation maps. The threshold is derived as the standard
deviation o of pixels in the background-dominated regions iden-
tified by the segmentation map and measured within the resid-
ual images. We mask all pixels with a flux below 20, which
we find to be the ideal threshold to eliminate nearly 99% of
false detections (see Appendix B for a more detailed explana-
tion about this choice). To limit spurious detections due to back-
ground fluctuations that are correlated on PSF scales, we apply
a surface area threshold which corresponds to the area enclosed
by the FWHM of the PSF in the F444W band (0.15”). Thus,
substructures must extend over a contiguous area larger than
7% (0.15”/2)% = 0.0177 arcsec? which corresponds to 20 pixels
or 1.3 kpc2 at z = 1.5. In practice, however, substructures with
sizes close to the PSF FWHM are unresolved and, therefore, we
do not try to estimate their intrinsic size. In what follows, we
quote the lower bound on the substructure surface to remind the
reader that we exclude any substructure less extended than this
threshold.

3.3. Intrinsic detection approach

Here, we take into account the redshift dependency of the surface
and flux of substructures. Doing so, we ensure that substructures
are detected at a similar intrinsic level independently of their red-
shift. The flux per unit frequency S, (vy) observed at a frequency
vo scales with the luminosity per unit frequency (hereafter spe-
cific luminosity) L,(v;) emitted at a frequency v, and with red-
shift z as (Longair 2023)

S,(vo) = Ly(n) X (1 +2)/ (4zD}) ¢))

where Dp is the luminosity distance. The distribution of
L,(1 um) for the 20 flux detection levels measured in Sect. 3.2
is shown in Fig. B.2*. We find that 95% of the galaxies have a

4 We convert L, into AB magnitude times Mpc® with the formula
—2.5log,, L, + 8.9 where L, is computed with S, in Jy and Dy, in Mpc.

20~ luminosity threshold deeper than 5.58 mag Mpc? and convert
this intrinsic value back into an observed flux using Eq. (1):

1
e = 8.33 — 2.5log, [#} 2)

L

with mge in AB magnitude and Dy the luminosity distance in
Mpc. Here, myq.; represents the faintest magnitude a substructure
must have to be detected at any of the redshifts considered in this
analysis°.

The angular diameter distance reaches its peak at z = 1.6. For
a surface detection threshold of 0.0177 arcsec?, this corresponds
to a maximum intrinsic surface of 1.27 kpc? at z = 1.6 (versus
1.13kpc? at z = 1 and 0.85kpc? at z = 4). We therefore take this
value as the detection limit and convert it back into an observed
criterion:
Sqet = 0.054/D2, 3)
with the constant chosen so that Sy is in arcsec? and the angu-
lar diameter distance Da in Gpc. We show in Fig. B.3, the two
detection curves used for the intrinsic detection, as given by
Egs. (2) and (3). The net effects are that we allow the detection
of: (i) fainter substructures at higher redshift and (ii) smaller sub-
structures at z ~ 1.6. The numbers of galaxies detected in bins
of redshift and substructure area (denoted S') for both detections
are provided in Table 2. Effectively, the net effect of the intrinsic
approach is to reduce the detections of substructures at z < 4.
Thus, in essence, z = 4 acts as the reference redshift for the
interpretation of the results presented in Sect. 4.

3.4. Sample cleaning and probability of detections

We decided to manually clean the sample and the detections
in the intrinsic approach. This seemed necessary since visual
inspection showed that some substructures were not real but
were obvious artifacts and that there was no easy automatic way
to flag them. Such artifacts include (i) drizzling patterns near the
bulge for galaxies with bright centers, (ii) positive and negative
residuals at the periphery of the bulge induced by a slightly offset
center, (iii) wrong inclinations for highly inclined systems easily
recognizable by the residuals they produce along the major and
minor axes and (iv) bulge-disk models that failed during fitting.
We manually removed artifacts (i) and (ii) from the detections
and kept the galaxies in the analysis. For artifacts (iii) and (iv),
we removed the galaxies from the sample. We also dismissed
galaxies whose segmentation map falls entirely over another
galaxy since we cannot efficiently identify substructures in such
cases. Thus, we cleaned about 2% of galaxies (artifacts i and
ii) and similarly removed 2% of galaxies from the final sample
(artifacts iii and iv). Examples of substructures detected with the
optimal and intrinsic approaches are shown in Fig. A.1. For each
galaxy, we show the original image (top) and the residuals (bot-
tom) with the contours of the detected substructures overlaid on
top. We split examples into three categories: galaxies holding at
least one clump (1.3 < S /kpc? < 4, with S the surface of the sub-
structure), one moderately large substructure (4 < S /kpc® < 13),
and one extended substructure (13 < S /kpc2 < 40) detected by
the intrinsic approach (see Sect. 4.2 for more details). We note
that a galaxy may contain more than one substructure and that
a small substructure detected with the intrinsic approach may

5 Add 3.25mag or divide the corresponding flux by 20 to get the
threshold applied at the pixel level.
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actually be part of a larger substructure detected with the opti-
mal one. Certain substructures, such as IDs 56, 145, and 8622 in
Fig. A.1, can be directly identified in the images through visual
inspection. However, we find that most substructures are hardly
visible in the cutouts (e.g., ID 272, 1986, and 3020 in Fig. A.1),
typically because they are outshone by the brighter disk and cen-
tral core. The contribution of substructures to the total flux is
quantified in details in Sects.4.1.2 and 4.3.2. This shows how
residuals can help identify faint substructures that, otherwise,
might have been missed.

The chosen size for clumps corresponds to the typical range
of sizes measured in the literature (e.g., Guo et al. 2015, 2018;
Kalita et al. 2025a,b). On the other hand, visual inspection shows
that extended substructures mostly correspond to spiral arms and
tidal tails (see examples in Fig. A.1) and that moderately large
substructures act an intermediate class. This is confirmed by esti-
mating the shape of substructures for these three categories with
two shape metrics. First, we use the circularity parameter defined
as 41 A/P?, with A and P the area and perimeter of a substruc-
ture. Second, we use the ratio of the eigenvalues of the inertia
tensor of the flux map of each substructure. Value close to unity
mean circular shapes. The median for each category, as well as
the 16th and 84th percentiles, are provided in Table 3. We see
that the more extended the substructure, the more elongated it is.
In what follows, we do not consider substructures more extended
than 40 kpc? because, as illustrated in Fig. A.3, there are very few
of them at z > 3. On the other hand, below this value, the dis-
tributions of the area of substructures is comparable across the
entire redshift range.

Finally, we found during visual inspection cases where sub-
structures fall in between two or more galaxies, making it chal-
lenging to assign them with high confidence to one galaxy or the
other. To solve this issue, we have devised a weighting scheme
that assigns to each substructure a probability to belong to any
galaxy in its neighborhood. This probability can then be used
as a weight during the analysis. A full account of this scheme
is given in Appendix C. Its main characteristics are as follows.
First, if the angular separation between a substructure and a
galaxy G is twice larger than with a second galaxy G, the sub-
structure has half the probability of belonging to G| than G,.
And second, a substructure must belong to one of the galax-
ies in its vicinity. In what follows, we present results with this
weighting scheme. We note that we checked the effect of not
weighting the detections and find minimal impact. For instance,
the fraction of galaxies containing at least one substructure glob-
ally increases by 8% with respect to the values presented in the
rest of this paper.

3.5. Completeness of the detections

We compute an estimate of the completeness for clumps since
we expect them to be unresolved or marginally resolved.
We inject 500 PSF-convolved point sources into background-
dominated regions around randomly sampled galaxies and
perform the substructure detection (both optimal and intrin-
sic) to measure the completeness. We use the PSFs in the
JWST/NIRCam F277W and F444W bands for galaxies at 1 <
z<2and 2 < z < 4, respectively. We repeat the process for each
0.1 mag-wide magnitude bin ranging from 24.5 mag to 29.5 mag.
For the intrinsic detection, we estimate the completeness in six
equally spaced redshift bins from z = 1 to z = 4. The results
are shown in Fig. B.4. The completeness drops below 90% for
magnitudes fainter than 27.4 mag in the optimal detection case.
In the intrinsic detection case, it drops below 90% for magni-
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tudes fainter than 27.3 mag at z = 4, and 25mag at z = 1. The
increase in completeness with increasing redshift is expected for
the intrinsic detection method and is required to compensate for
cosmological dimming.

For extended substructures, we cannot directly compute the
completeness as it inherently depends on their intrinsic surface
brightness profile which is poorly characterized in the literature.
However, we can provide the following argument. Let us con-
sider a substructure encompassing n pixels. Since the luminos-
ity of each of its pixels must be larger than a given threshold
(denoted l4¢;), the lowest detectable luminosity for a substructure
of this size is n X lge. If some pixels are brighter than /4, then the
substructure is detected with a higher luminosity. If k < n pix-
els are fainter than /., then either the substructure is detected
with an area encompassing n — k pixels or, if its area is below the
surface detection threshold, the substructure is not detected. In
other terms, using Eq. (2), we find a direct relationship between
the area of a substructure and its faintest detectable magnitude.
Figure B.5 illustrates this relationship. As expected, larger sub-
structures have a brighter limit. However, we note that the limit
in terms of luminosity (L,) is independent of redshift. Further-
more, because of the redshift dependence of Eq. (2), more distant
galaxies have a fainter limit.

We can estimate the stellar mass completeness limit of the
intrinsic detection by assuming that the M, — L, relationship for
substructures at a rest-frame wavelength of 1 wm follows that of
galaxies. We linearly fit the latter using the entire sample® and
derive the completeness limit shown as the plain dark red line in
Fig. B.57. Alternatively, we use the M, — S, relationship from
Kalita et al. (2025b) for clumps in star-forming galaxies at z =
1.58. This is shown as the salmon-colored line in Fig. B.5. Both
methods agree with a difference of at most 0.5 dex for the most
extended substructures. The completeness limit varies from about
108 M, for the smallest substructures to nearly 10'° M, for the
largest ones. In particular, this shows we miss “low surface bright-
ness substructures.” As an indication, when correcting for surface
brightness dimming, this corresponds to a surface brightness limit
of about 19.5 mag arcsec 2 atz = 1 and 18.1 mag arcsec > atz = 4
which are both above the historical value of 21.65 mag arcsec™>
used to categorize galaxies with a low surface brightness (see
Boissier & Junais 2019 for a discussion).

4. Results
4.1. Global characterization of substructures

In this section, we analyze substructure detection as a function
of redshift using the optimal and intrinsic approaches. We con-
sider all kinds of substructures, regardless of size, and look at the
fraction of flux found in substructures. We provide in Table 4 the
fraction of galaxies with substructures detected with the optimal
and intrinsic detection approaches in various redshift bins.

4.1.1. Optimal detection

To begin with, we consider the optimal detection approach. The
left panel of Fig. 1 shows the fraction of galaxies with at least

6 The best-fit relationship found is log,, M, = 1.1log,, L, + 9.7 with
M, in M, and L, in kJy Mpc?.

7 Tt is evaluated at 7 = 1.5. As Fig. B.5 is shown in terms of physical
area, there is a small redshift dependence with the zero point around
0.2 dex higher at z = 4.

8 This relationship is log,, M, = 1.221og,, S, + 13.35 with M, in Mg
and S, in mJy.
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Fig. 1. Detection of substructures at a rest-frame wavelength of 1 um for the entire sample (black) and for three substructure types: clumps (blue),
moderately large ones (orange), and extended ones (pink). See Sect. 4.2 for more details. Left: fraction of galaxies with at least one substructure
detected with the optimal approach (see Sect.3.2) as a function of redshift. We show the rest-frame NIR detections carried out by Kalita et al.
(2024) (red dashed line) and those in the rest-frame UV by Sattari et al. (2023) (green line and crosses). Middle: same but for the intrinsic
detection approach (see Sect. 3.3). We show as a light red line a comparable 20 detection (k, = 2, see reference) carried out in the rest-frame UV
from Ribeiro et al. (2017) and, as a light green line, estimated fractions from the simulations studied in Mandelker et al. (2017, see Appendix D).
In both figures on the left-hand side and in the middle, for each sample, we show uncertainties (16th and 84th percentiles) as shaded areas with
similar colors. Right: median fraction of flux in substructures as a function of redshift for galaxies with at least one substructure. The uncertainties
are shown with a blue shaded area for clumps, a double-dashed orange area for moderately large substructures, a single-dashed pink area for

extended substructures, and a black shaded area for the entire sample.

Table 3. Measurements of the shape of substructures.

Clump  Moderately large  Extended
Circularity 0.52+020 0.4070:12 0.28*919
Inertia tensor ~ 2.6*7-5 3.5241% 3.901743

Notes. Values correspond to the median, 16th, and 84th percentiles. We
use two shape measurements. (i) Circularity which is 47.A/P?, where
A is the area of a substructure and % is its perimeter. And (ii) the ratio
of the eigenvalues of the inertia tensor of the image of the substructures.
For each metric, values closer to unity correspond to rounder shapes.

one substructure as a function of redshift (black line). We detect
substructures in over 80% of galaxies at z = 1, illustrating how
ubiquitous they are. This fraction then smoothly decreases to
about 40% at z = 4. This is likely due to fainter substructures
being unobservable at higher redshift because of surface bright-
ness dimming (see Sect. 4.1.2). We compare our results to rest-
frame NIR measurements by Kalita et al. (2024) and rest-frame
UV measurements by Sattari et al. (2023). Both works selected
star-forming galaxies and do not correct for the effects of cos-
mological dimming and the angular diameter distance. There-
fore, it is appropriate to compare them to the optimal detection
approach. Galaxies in Kalita et al. (2024) are at 1 < z < 2
with M, > 10'M,, while for Sattari et al. (2023), they are at
0.5 < z < 3 with M, > 10°> M,,.

In the redshift range 1 < z < 2, our fractions are systemat-
ically twice as high as those in Fig. 4 of Kalita et al. (2024, see
also their Table 1), with between approximately 65% and 80%
of galaxies with at least one substructure in this redshift range
compared to 40% in their case. This may reflect differences in
sample selection and detection methods, particularly their use
of a 50 flux detection threshold which is higher than our value
of 20-. Compared to the rest-frame UV detection of Sattari et al.
(2023), our detections in the rest-frame NIR are higher by about
15 percentile points at z < 1.5 but become compatible at higher
redshift. Moreover, they find a decrease of the fraction of clumpy

galaxies with increasing redshift which is consistent with our
results, though our decrease is steeper than theirs. Given that
they solely detect clumps and that we consider all types of sub-
structures, this may be due to the stronger role that larger sub-
structures play in our detections at z ~ 1, as illustrated by the
pink and orange lines on the left-hand side of Fig. 1.

4.1.2. Intrinsic detection

The middle panel of Fig. 1 shows the fraction of galaxies with
at least one substructure detected using the intrinsic detection
approach (black line). At z = 1, we find a fraction of approxi-
mately 15%, well below the 80% found with the optimal detec-
tion technique. This is due to the fact that this approach forces
the detections to be carried out as if the galaxies were at z = 4,
thus discarding faint substructures not accessible at higher red-
shift. Hence, this dramatic drop from 80% to 15% at z = 1
between the two approaches hints at how frequently faint sub-
structures are likely to be missed at high redshift.

From z = 1 to z = 4, we find that the fraction of galaxies with
substructures in the rest-frame NIR increases from about 15% to
30%. This is broadly consistent with Ribeiro et al. (2017), who
computed a similar fraction in the rest-frame UV for a sample
of star-forming galaxies at 2 < z < 4 using HST. However, their
approach differs from ours in key ways. First, they detect sub-
structures that can span an area roughly half as large (i.e., down
to roughly 0.65kpc at z = 1.6). Second, they do not account
for the effect of angular diameter distance on substructure size.
However, this effect is small compared to surface brightness dim-
ming. Finally, they detect substructures at a 20 flux level at z = 2
while our approach detects them at a similar level at z = 4.
Despite such differences, in what follow, Ribeiro et al. (2017)
remains our main frame of comparison between the rest-frame
UV and NIR given their similar treatment of surface brightness
dimming.

These results indicate that substructures in the rest-frame
NIR are common in galaxies at 1 < z < 4, similar to what is
observed with HST in the rest-frame UV. The right-most panel of
Fig. 1 shows the median fraction of rest-frame NIR flux in sub-
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Table 4. Fraction of galaxies with at least one substructure detected at a rest-frame wavelength of 1 um as a function of redshift.

Redshift interval

[1.0,1.2) [1.2,1.4) [14,1.6) [1.6,1.8) [1.8,2.0) [2.0,2.2) [2.2,2.4) [2.4,2.6) [2.6,2.8) [2.8,3.0) [3.0,3.2) [3.2,3.4) [3.4,3.6) [3.6,3.8) [3.8,4.0]

16%
67%
16%
51%

25%
63%
25%
45%

26%
57%
26%
41%

13%
83%
13%
58%

16%
82%
16%
60%

18%
77%
18%
56%

27%
77%
27%
55%

Intrinsic — All
Optimal — All
Intrinsic — clumps
Optimal — clumps

35%
61%
35%
43%

25%
49%
25%
35%

30%
49%
30%
35%

34%
52%
34%
36%

33%
46%
33%
31%

35%
44%
35%
30%

39%
46%
39%
28%

31%
36%
31%
22%

Notes. We separate between all kinds of detections and clumps only (see Sect. 4.2).

structures detected with the intrinsic approach as a function of
redshift’. We only consider galaxies with at least one substruc-
ture detected using the intrinsic approach, otherwise the median
fraction would be null since more than half of the galaxies do
not host any substructure. Overall, substructures contribute 3%
of the NIR flux, with minimal redshift evolution, which is sig-
nificantly less than what is seen in the rest-frame UV. Using the
optimal detection approach would increase the flux fraction by
up to two percentile points, particularly at z ~ 1. For compari-
son, Guo et al. (2015) measured an average clump contribution
to the rest-frame UV light of 15% at M, ~ 10°> Mg and 25%
at 10195 M, for galaxies at 2 < z < 3. Furthermore, they mea-
sure a mild increase with decreasing redshift at the low-mass
end with approximately 20% at M, ~ 10° Mg and 1 < z < 2.
We note two points. First, they include galaxies without clumps
when measuring the contribution of clumps to the rest-frame UV
light. Second, they only include clumps contributing over 8% of
the rest-frame UV flux, thus excluding faint clumps that resem-
ble local star-forming regions. Therefore, their flux fractions are
underestimated with respect to ours and the difference between
the rest-frame UV and NIR is likely larger. In conclusion, NIR
substructures are as ubiquitous as UV clumps, but their contri-
bution to galaxy light is much weaker.

4.2. Separating substructures in size

In this section, we consider the detection of different types of
substructures as a function of redshift for the optimal and intrin-
sic detection approaches. We split our sample into three size
categories that are clumps, moderately large substructures, and
extended ones (see Sect. 3.4 for their definitions). We provide in
Table 4 the fraction of galaxies with clumps detected with the
optimal and intrinsic detection approaches in various redshift
bins.

4.2.1. Optimal detection

We present in the left panel of Fig. 1 the fraction of galaxies
for each type of substructure detected with the optimal detec-
tion technique (clumps in blue, moderately large substructures
in orange, extended ones in pink). For each class, we recover
a trend similar to Sect.4.1.1 whereby the fraction of galaxies
with a given type of substructure systematically decreases with
increasing redshift. Moreover, we find that clumps are much
more common (about 60% at z = 1 and 20% at z = 4) than
moderately large substructures (about 40% at z = 1 and 8% at
z = 4) that are themselves more common than extended sub-
structures (about 23% at z = 1 and 1% at z = 4). By z = 3, very
few extended substructure are detected in the optimal detection
approach. We note that these quite high fractions of galaxies with
clumps are inconsistent with certain simulations (e.g., NIHAO,

° For each galaxy we sum the flux of all substructures and divide by
the total flux.
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see Buck et al. 2017) which do not produce substructures in stel-
lar mass maps, but generate many in the UV maps. However,
the presence of NIR clumps strongly varies between simulations
based on the recipes used to, for instance, model feedback pro-
cesses, the resolution of the simulations, and the fraction of gas
within galaxies (e.g., Perez et al. 2013; Bournaud et al. 2014;
Fensch & Bournaud 2021).

4.2.2. Intrinsic detection

For the intrinsic detection approach, trends are different. This is
shown in the middle panel of Fig. 1. The detection of moder-
ately large substructures marginally increases with redshift from
roughly 5% at z = 1 to 10% at z = 4, while that of extended
ones oscillates around 1%. Only the clump population shows
an evolution with redshift that is consistent with the total pop-
ulation, increasing from 10% at z = 1 to 25% at z = 4. This
is expected since clumps dominate the detection budget (see
Fig. A.3). Yet, the contribution of moderately large substructures
is non-negligible, especially at low redshift. The rise of rest-
frame NIR clump detections with increasing redshift appears
consistent with the results found by Ribeiro et al. (2017) in the
rest-frame UV. This is likely due to our similar methodologies
that take into account the effect of cosmological dimming during
the detection process. Still, it is worth noticing that our detec-
tions are systematically lower and that our redshift evolution is
shallower than theirs. Indeed, they find a rest-frame UV clump
fraction of about 27% at z = 1 (a factor of 1.3 above our NIR
fraction) and of 57% at z 4 (a factor of 2.3 above). Sim-
ilar to Kalita et al. (2024), we do not share a consensus with
Ribeiro et al. (2017) on the exact definition of what we call
clumps and, therefore, they include in their sample larger sub-
structures than we do, as is illustrated in their Fig. 10. This cer-
tainly explains why our fractions in the rest-frame NIR for all
types of substructures are closer to theirs in the rest-frame UV
than when we are considering clumps alone.

We also compare our detections to predictions from simu-
lations of clumpy galaxies undergoing violent disk instabilities
(VDIs) from Mandelker et al. (2017, olive-colored dotted line)
in the middle pannel of Fig. 1. These simulations are interesting
because they produce giant clumps in a range of stellar mass
that is compatible with our detections, with both in situ and
ex situ origins, and they provide estimates of the fraction of
clumpy galaxies in various stellar mass bins that can be com-
pared to our detections using the intrinsic approach. To have a
fair comparison, we recompute the fractions as a function of red-
shift for a population of galaxies with a similar mass distribution
as in our sample using the formalism described in Appendix D.
We find the same trend of increasing detections with increas-
ing redshift, however, their values are systematically higher than
our clump fractions by roughly 30 percentile points. However,
we cannot conclude if this difference is due to the implemen-
tation of the physics in the simulations leading to VDIs or to
the clump detection technique which is done in the intrinsic
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3D stellar distribution in their case and in observed images in
ours. To get a proper comparison, one would need to create first
JWST/NIRCam mocks of the simulations and then perform the
clump detection.

We show in the right panel of Fig.1 the fraction of flux
found in each class of substructures detected with the intrinsic
approach. Here, for a given class (clumps, moderately large, or
extended), we consider galaxies that have at least one substruc-
ture in that class. As expected, extended substructures contain
the largest fraction of flux in the NIR with typical values ranging
from 3% to 12%, followed by moderately large ones (between
2% and 7.5%), and then clumps (between 1% and 5%). Further-
more, we do not find any redshift evolution for extended and
moderately large substructures. While we do find a mild trend
for clumps, with the median NIR flux fraction increasing from
around 1% at z = 1 to 2.5% at z = 4, it is mostly encompassed
within the scatter on the order of 2%. We note that clumps never-
theless dominate the substructure detection budget (as illustrated
by the intrinsic detections in Fig. 1). Therefore, even though
extended substructures are notably brighter when present, their
prevalence is so low that they contribute little to the flux bud-
get in general. In other terms, (i) NIR clumps appear nearly as
ubiquitous as UV clumps, (ii) their detection in galaxies simi-
larly increases with increasing redshift, but (iii) their NIR flux
is so low that their contribution to the flux budget of their host
galaxy is negligible (~1.5%). This is in sharp contrast with UV
clumps that can typically contribute 30% to the UV flux of their
host galaxy (e.g., Guo et al. 2015, 2018; Ribeiro et al. 2017). We
note that, if these two clump populations are similar, this seems
consistent with clumps that are relatively long-lived, though still
with a strong UV component, observed in simulations of isolated
gas-rich disk galaxies at z = 2 (e.g., Bournaud et al. 2014).

Finally, it is interesting to compare the results for the opti-
mal and intrinsic detections since the optimal approach is sup-
posed to be more efficient at detecting faint substructures. At
z = 1, the detection of clumps is about 60% in the optimal case
but 10% in the intrinsic case. For extended substructures, it is
approximately 23% in the optimal case and 1% in the intrin-
sic one. This highlights that a large number of faint, and thus
probably low-mass, clumps are missed by the intrinsic approach
at low redshift. Assuming that a similar population of fainter
clumps exists at higher redshift, it shows that our detections are
biased to the brightest clumps and that galaxies are certainly
even clumpier than they appear. This interpretation is consistent
with lensed observations of clumps in the optical and the NIR
(e.g., Claeyssens et al. 2023, 2025).

4.3. Detecting substructures across the M, — SFR plane

In this section, we only consider substructures detected with
the intrinsic detection technique since this approach allows us
to have an unbiased comparison of substructures across the
entire redshift range. Historically, UV clumps have been stud-
ied in star-forming galaxies on the MS and in starbursts (e.g.,
Wauyts et al. 2012; Guo et al. 2015, 2018; Ribeiro et al. 2017,
Sattari et al. 2023). Several studies have considered the effect of
the host galaxy’s stellar mass on clump statistics (e.g., Guo et al.
2015, 2018) and, indirectly, of the SFR by measuring the frac-
tional UV luminosity in clumps. This also applies to NIR clumps
(Kalita et al. 2024, 2025a), though the relationship to the host’s
SFR has been little studied (except for the fractional SFR; see
Fig. 11 of Kalita et al. 2025b). Furthermore, regarding extended
substructures, a few studies have measured the strength of spiral
arms as a function of the stellar mass and SFR of the host galax-

ies (e.g., Yu et al. 2021). In this section, we look at the interplay
between the host’s stellar mass and SFR on the presence and
properties of NIR substructures.

4.3.1. Fraction of galaxies with substructures

According to Arango-Toro et al. (2025), we identify the MS by
selecting galaxies that have a SFR within +0.3 dex in the rela-
tionship from Schreiber et al. (2015). Furthermore, we adopt
similar definitions to select starbursts (0.6 dex above the MS),
the red sequence (sSFR < 107! yr!, about 2 dex below the MS
at z = 1 and 2.5dex at z = 4), and the green valley (between
the MS and the red sequence). We show in Fig. 2 the fraction of
galaxies with at least one rest-frame NIR substructure (top row)
and one clump (bottom row) detected with the intrinsic detection
technique in bins of host galaxy’s stellar mass and SFR. We split
our sample into four redshift bins from z = 1 to z = 4, with each
step chosen so that it encompasses 1 Gyr of cosmic history. This
choice seems a good compromise for three reasons. First, it pro-
vides a sufficiently large number of galaxies in each redshift bin
to probe different parts of the M, — SFR plane. Second, the red-
shift steps are small enough to follow the evolution of the galaxy
population and its clumpiness before and after the peak of star
formation density at z ~ 2. And third, it corresponds to the typi-
cal migration timescale of long-lived clumps produced in certain
simulations (e.g., Bournaud et al. 2011; Dubois et al. 2012). Fur-
thermore, we provide in Fig. A.4 a similar figure using the stel-
lar mass and SFR derived with CIGALE. Overall, even though
the stellar masses from CIGALE are above those of LEPHARE
and the SFRs slightly below, we recover similar results to those
presented below.

First, along the MS and at all redshifts, we observe an
increasing number of galaxies with substructures as we move
toward higher host’s stellar mass and SFR values. Below
107 M, at z < 1.3 and 10°°M,, at z > 1.3, we do not find
substructures on the MS. Above 10105 M, the fraction of MS
galaxies with substructures becomes greater than 70% at all red-
shifts. Beyond 10'%7> My, nearly all galaxies on the MS have
at least one substructure. We find a similar trend for clumps at
z < 1.75, with a fraction of galaxies with clumps reaching about
50% at 10'%3 M, and 70% at M, > 10'75M,. However, the
highest fraction of galaxies with clumps (~70%) is reached at
the high-mass end of the MS at 1.3 < z < 1.75 and then reduces
to approximately 50% at z > 1.75. Second, there is a notice-
able increase of substructure detections (including clumps) with
higher SFRs at a fixed stellar mass, with the highest detection
rates reached for starbursts and the high-mass end of the MS.
This result appears consistent with measurements of the strength
of spiral arms measured in local galaxies selected in the Sloan
digital sky survey (SDSS) where stronger arms are found in
more star-forming galaxies at a given stellar mass (see Fig.2
for Yu et al. 2021). Overall, we find higher fractions of galax-
ies with substructures or clumps at higher stellar masses at a
given SFR. Interestingly, this applies for galaxies in the green
valley and in the red sequence with, for the latter, the detections
ramping up from nearly 0% at the lowest stellar masses to about
40% at M, > 10'%5 M. Similarly, the fraction of galaxies on
the green valley with at least one substructure increases from
0% at M, < 10'°M, to 100% at M, ~ 10'! M. Furthermore,
the galaxies at the high-mass end of the green valley behave dif-
ferently depending on their SFR. Those with the highest SFRs
have fractions close to those found on the MS at the same mass.
On the other hand, massive galaxies on the green valley with the
lowest SFRs have fractions of roughly 50% at z < 2.5 and 60%
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Fraction of galaxies with substructures or clumps detected with the intrinsic approach
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Fig. 2. Top row: Median fraction of galaxies with at least one substructure detected with the intrinsic approach as a function of their host galaxy’s
stellar mass and SFR in four redshift bins, each spanning roughly 1 Gyr of cosmic time. Bottom row: Same for clumps. Violet corresponds to
0% and red to 100% for substructures (70% for clumps). In each panel, the dashed line isolates the region where no substructure is detected (see
Eq. (4)). Galaxies above the blue line are located in the starburst region, those in the hatched region are on the MS from Schreiber et al. (2015)
evaluated at the average redshift of each panel, and those below the red line are in the red sequence with sSFR < 107" yr™!. We do not show bins

with fewer than ten galaxies.

at z > 2.5, closer to the values found at the high-mass end of the
red sequence.

According to Fig. 2, the region where we do not detect any
substructures appears mostly independent of redshift. We can
define a delimiting line that isolates that region, as illustrated with
the dashed line in Fig. 2 whose parametric form is given by:

y=1 for 9<x<9.67,
y=-12x+12.6 for 9.67 <x < 10.5, “)
x=10.5 for y<O,

with x = log,, My in Mg andy = log,, SFR in Mg, yr~!. We esti-
mate the uncertainty associated with each bin using bootstrapping
(see Sect. 1) and find that the standard deviation of the fraction of
galaxies with substructures is on the order of 10 percentile points.
Galaxies in the region delimited by Eq. (4) tend to have uncer-
tainties below 2 percentile points. On the other hand, low-mass
starbursts as well as galaxies in the green valley and red sequence
with M, > 10'%3 M, have a higher uncertainty of 15 percentiles
points, with a few bins reaching 25 percentiles points.

It is expected from the mass-size relationship (e.g.,
Martorano et al. 2024) that the size and compactness of the host
galaxies depend on their stellar mass and SFR. Lower-mass
galaxies and/or with lower SFR should be smaller, thus reduc-
ing the area over which clumps are detected (as illustrated in
Fig. A.2) and may disfavor small galaxies compared to extended
ones. We have checked for this effect by reproducing Fig.2 in
five bins of global effective radius (see Eq. (6) of Mercier et al.
2022): Rz < 1.08kpc, 1.08 < Reg/kpc < 1.61, 1.61 <
Reg/kpe < 2.22,2.22 < Reg/kpc < 3.17, and R.g > 3.17 kpc.
These bins are chosen so that they contain 20% of the galaxies.
We find that, whatever the size bin, we always recover Eq. (4)
meaning that the part of the M, — SFR plane that is devoid
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of substructures is not biased by the size of the galaxies. The
high-mass end of the red sequence (M, > 10'%° M) is domi-
nated by small (R < 1.61kpc) and therefore compact galax-
ies, which goes against a size bias. However, the variation of the
fraction of galaxies with substructures or clumps visible along
the MS and the starburst region seen at M, > 10'° M, in Fig.2
becomes prominent at R > 1.61 kpc and is dominated by large
galaxies (R.¢ > 2.2kpc). Furthermore, massive galaxies in the
green valley behave similar to those on the MS at the same mass.
Therefore, this may bias our substructure and clump detections
at the high-mass and high-SFR ends by favoring the most mas-
sive galaxies with the highest SFRs. To control for this effect,
we reproduce Fig. 2 but weighting each substructure detection by
the area over which it is carried out, as illustrated in Fig. A.5. We
find that we recover comparable results as when not weighting
the detections, which shows that our results are not produced by
a galaxy size bias but appear as a genuine stellar mass and SFR
dependence. We note that the lack of detections in the region
delimited by Eq. (4) is likely not intrinsic but an observational
effect. If we compare our detections in the lowest redshift bin
using the intrinsic and optimal detection techniques, we see that
the delimiting line given by Eq. (4) moves toward galaxy hosts
with lower stellar mass and SFR values. In other terms, low-
mass and low-SFR galaxies are likely to host substructures that
are too faint to be detectable with the intrinsic detection method.
We do not consider such substructures in what follows because
we cannot observe them at higher redshift.

Galaxies with low SFR values tend to host lower amounts
of cold gas which should lead to less fragmentation and fainter
clumps. Therefore, assuming that substructures are mainly
formed through disk fragmentation (see Sect.5.4 for a discus-
sion), we actually expect the region delimited by Eq. (4) to be
mostly devoid of relatively bright substructures. The transition
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Table 5. Linear correlation between the fraction of rest-frame NIR flux
in substructures or clumps and the sSFR and partial correlation between
the flux fraction and (i) the stellar mass of the host galaxy at a fixed
host’s SFR, and (ii) the SFR of the host galaxy at a fixed host’s stellar
mass.

Redshift interval Partial correlation with Correlation with

log,, M. log,, SFR  log,, sSFR
Substructures
[1.0,1.3) —0.157095  0.07+003 0.1570:05
(1.3 ,1.75) —0.07*04  0.15*003 0.17+0:93
[1.75,2.5) —0.057003  0.16*5:03 0.17+0:93
[2.5 ,4.0] -0.13*59%  0.14%003 0.17+993
Clumps

[1.0,1.3) —0.54%0%°  —-0.08+0:0¢ 0.23%0:05
[1.3 ,1.75) —0.497903 —0.08*904 0.23+0.04
[1.75,2.5) —-0.51*593 —0.11*502 0.24+0:93
[2.5 ,4.0] —0.47+093  —0.10*502 0.23+0:04

Notes. Values are computed using the linear Pearson correlation and
uncertainties correspond to the 95% confidence interval. Using the non-
linear Spearman correlation leads to similar trends but with stronger
correlation coefficients, thus showing nonlinearity. A value close to +1
corresponds to positive correlation, while —1 corresponds to anticorre-
lation.

at M, > 10'%° Mg, could typically be due to galaxy mergers and
fast quenching channels rapidly moving galaxies from the star-
burst region and MS to the green valley and red sequence while
retaining previously formed clumps and producing features such
as tidal tails and merger remnants. A detailed analysis of the star
formation history of the galaxy hosts and comparisons to high-
resolution simulations of realistic galaxies in their environment
would be key to test that assumption.

4.3.2. Flux in substructures

We consider the total fraction of rest-frame NIR flux in substruc-
tures and clumps detected with the intrinsic detection approach
across the M, — SFR plane. This is shown in Fig. 3 for galaxies
that host at least one substructure (top row) or one clump (bottom
row) and for stellar mass and SFR bins containing at least ten
galaxies. Therefore, Fig. 3 is limited to galaxies on the MS, in the
starburst region, and at the high-mass and high-SFR ends of the
green valley. Alternatively, we also show in Fig. A.6 the median
fraction of rest-frame NIR flux in substructures or clumps as a
function of the host galaxy’s stellar mass, color coded in bins
of host galaxy’s SFR. The difference between Figs. 3 and A.6 is
that the latter also highlights the scatter around the median value
for populations of galaxies with different star formation levels.
The brightest substructures at z > 1.3 are found in the star-
burst region throughout the entire stellar mass range. They typ-
ically host 4% of the total rest-frame NIR flux of the galaxies,
with fractions oscillating between approximately 2% and 10%
at M, ~ 10°M, and between 2% and 7.5% at higher stellar
masses. From Fig. 3, it looks like stellar mass is loosely corre-
lated with the flux fraction and that galaxies with a lower SFR
have a lower fraction of their rest-frame NIR flux in substruc-
tures. Indeed, the lowest flux fraction, equal to 0.5%, is reached
at 1.75 < z < 2.5 at the limit between the high-mass ends of the
green valley and the red sequence. We estimate the partial corre-

lation between the rest-frame NIR flux fraction and (i) the galaxy
host’s stellar mass at fixed host’s SFR and (ii) the host’ SFR at
fixed host’s stellar mass. In addition, we consider the correlation
between the rest-frame NIR flux fraction and the sSFR of the
host galaxies. The values of the (partial) correlations computed
in four redshift bins using the linear Pearson coefficient and the
nonlinear Spearman coefficient are presented in Table 5. Over-
all, we find low correlations between the rest-frame NIR flux
fraction in substructures and the three aforementioned galaxy
host’s physical parameters. At 1 < z < 1.3, the flux fraction
is loosely anticorrelated with stellar mass (Pearson coefficient of
r ~ —0.15) but, at higher redshift, the correlation vanishes and
the flux fraction becomes loosely correlated with SFR (r = 0.15)
instead. At any redshift, there is also a weak correlation with
sSFR (r ~ 0.15). This means that more star-forming galaxies
are likely to contain more of their rest-frame NIR flux in sub-
structures. This is consistent with starbursts having the highest
fractions, as previously mentioned.

Interestingly, the trends found for clumps are different, with
the highest rest-frame NIR median flux fraction (about 4%)
reached in the low-mass part of the MS and starburst region (M, <
10%> Mp). The fraction decreases with increasing galaxy host’s
stellar mass and SFR, reaching a median value of less than 0.5% at
M, ~ 10'' M, on the MS, starburst region, and green valley. Sim-
ilar to substructures, we derive the correlation with the host galax-
ies’ sSFR and the partial correlations with stellar mass and SFR.
We find a negligible anticorrelation between the median clump
flux fraction and the galaxy host’s SFR but a much stronger anti-
correlation with the stellar mass (r = —0.5). There is also a weaker
positive correlation with the host’s sSFR (r ~ 0.23) but the stel-
lar mass remains the physical parameter that is the most strongly
correlated. This is consistent with clumps in massive galaxies con-
tributing less to the rest-frame NIR flux budget than in lower-mass
galaxies. We note that this corresponds to a mild evolution of the
stellar mass found in clumps with the galaxy host’s stellar mass.
Assuming similar mass-to-light ratios between the clumps and
the host galaxies, a flux fraction of 4% at M, = 10°° M, cor-
responds to a total clump stellar mass of roughly 108 M, while
1% at M, = 10" Mg, corresponds to a total clump stellar mass of
roughly 5 x 108 M.

If we use the nonparametric Spearman correlation instead,
we find the same trends for both clumps and substructures with,
generally speaking, correlations stronger by 20%. This should
be taken as an indication that the fraction of flux in substructures
and clumps in the rest-frame NIR is not linearly correlated to the
galaxy host’s stellar mass, SFR, and sSFR. Furthermore, we note
that, in either case, we do not find an evolution of the correlations
with redshift. The different correlations with the stellar mass and
SFR of the host galaxy observed between all types of substruc-
tures and clumps show that the flux contribution of moderately
large and extended substructures behave differently from clumps
and are more strongly correlated with SFR and sSFR than with
stellar mass. We note that this behavior appears consistent with
the results from Yu et al. (2021) where they find stronger spiral
arms in galaxies with higher SFR values, but no dependence on
the galaxy host’s stellar mass.

5. Discussion

5.1. Interpretation about the evolution of clumpiness with
redshift

Figure 4 shows the redshift evolution of the fraction of galax-
ies with substructures (left panel) and clumps (middle panel)
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Fig. 3. Same as Fig. 2 but representing the fraction of flux in substructures (top row) or clumps (bottom row) detected using the intrinsic detection
approach in each galaxy host’s stellar mass and SFR bin. To compute the fraction of flux we consider only those galaxies that contain at least one

substructure.

in different regions of the M, — SFR plane, as illustrated in
the right panel. Overall, we observe no noticeable trend, with
the fraction of galaxies with clumps or substructures at a given
location in the M, — SFR remaining roughly constant with red-
shift. The observed fluctuations between redshift bins, typically
ten percentile points, are within the uncertainties. There are,
however, two regions at the high-mass end of the green valley
(M, = 10" M) with log;,(SFR/Mg yr™!) = 0.15 and 0.75 that
show a measurable decrease with redshift going from approx-
imately 60% and 75% at z = 4 to 50% and 35% at z = 1,
respectively. In each case, the decrease becomes notable with
cosmic time starting from z = 2. This corresponds to the peak of
star formation and may reflect morphological transformations as
massive galaxies quench and pass through the green valley.

These results may appear to contradict the redshift evolution
described in Sects.4.1 and 4.2 but it can be explained in two
complementary ways. First, over cosmic time, the green valley
and red sequence build up, both with lower fractions of galaxies
with substructures than the MS or starburst region. This is par-
ticularly true in the low-mass regime (M, < 10'%° M), where
we detect no substructure. Second, galaxies on the MS and star-
bursts evolve with cosmic time, both moving toward lower SFRs
at a given stellar mass. Therefore, this leads overall to lower frac-
tions of galaxies with substructures or clumps.

These two effects are illustrated in Fig. 5 where we see that
the fraction of clumpy galaxies on the MS and in the starburst
region both increase at least by a factor two from z = 1 to
z = 4. In practice, the likelihood of a galaxy hosting substruc-
tures depends on its evolutionary track in the M, — SFR plane.
For instance, a galaxy starting with low stellar mass and SFR
values and building up its mass by moving toward the MS or
the starburst region is more likely to host substructures at a later
stage. Conversely, a low-mass galaxy at z = 4 in the starburst
region likely hosts substructures. If it builds mass at a constant
SFR and quenches at M, < 10'%3 M, it must become smoother
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over time. However, if it quenches at M, 2 10'3 M, we do not
expect all substructures to disappear, though, according to Fig. 3,
they should become fainter with cosmic time.

5.2. Impact of young stellar populations

The strong correlation between the clumpiness of the galaxy
population and the SFR of the host galaxies raises the question
of whether rest-frame NIR substructures in galaxies with high
SFR values could be the result of young stellar populations. This
could also explain the higher fractions of fluxes seen in Fig. 2.
We devise a toy model to check for this effect by assuming that
substructures have been formed through a recent burst of star
formation, so that the impact of young stellar populations in the
rest-frame NIR is maximal. We can split the rest-frame NIR flux
of the host galaxy into an old component F, = M, /Y, with
T4 the mass-to-light ratio for the old stars, and a young one
with Fy = ay x SFR where «y is the SFR-to-flux conversion
factor. The old component scales with M, because its flux is
produced by the accumulation of old stars from its past star for-
mation history while the young component is short-lived and,
thus, must scale with the SFR. On the other hand, substructures
are made of young low- and high-mass stars whose flux, by con-
struction, must scale with the SFR as Fy = @y X Csgr X SFR,
where Cspr is the fraction of SFR found in substructures. Let
us note 7 = F/(F, + Fy) the fraction of rest-frame NIR flux in
substructures, so that we have

Csrr

n= — Q)
1+ (y s X sSFR)

If the fraction of SFR in substructures (Csgr) is constant,
Eq. (5) shows that i should increase with the sSFR of the host
galaxy. Similarly, if Csgr increases with the sSFR (starbursts and
galaxies in the MS are more likely to develop instabilities and
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Redshift evolution of the fraction of galaxies with substructures or clumps detected with the intrinsic approach
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Fig. 4. Evolution of the fraction of galaxies with substructures (left panel) and clumps (middle panel) detected with the intrinsic detection approach
as a function of redshift for different regions of the M, — SFR plane, as illustrated in the right panel with circles of a different color, line style,
and thickness. We use the same redshift bins spanning 1 Gyr of cosmic time as in Figs.2 and 3. Each circular region has a radius of 0.2 dex and
the regions are chosen to evenly map the plane. We only show regions with more than ten galaxies in all redshift bins and lines are slightly offset

vertically to improve readability.

produce clumpy star formation), we expect ;7 to increase with the
sSFR. This is what we see qualitatively in Fig. 3 for substructures
and measure as a weak correlation in Table 5. For clumps, we
find a slightly stronger correlation with the sSFR but, as already
mentioned, the fraction of rest-frame NIR flux in clumps is much
more strongly anticorrelated with the stellar mass of the host
galaxy than its sSSFR. We note that Eq. (5) should be rewritten
asn = F/(F, + Fy + Fy) for the most extended substructures
since they can typically contribute to 5% of the rest-frame NIR
flux (sometimes up to 12%; see the right panel of Fig. 1). For
this type of substructures, the net effect is that an increase in
Csrr produces a shallower growth of 7 than for clumps.

As noted previously, the fraction of rest-frame NIR flux in
clumps decreases with increasing stellar mass at a given sSFR.
If we interpret this in light of Eq. (5), this would mean that Csgr
would have to decrease with increasing stellar mass at a given
SFR or sSFR, as is visible in Fig. 3. For instance, for galaxies in
the MS at z = 1.5, this would require Csgg to decrease by a factor
of roughly 2.5 from M, = 10°7 M to 10'%7 M,,. Such a vari-
ation of Csgr with the stellar mass of the host galaxy appears
inconsistent with measurements of rest-frame UV clumps. For
instance, in Guo et al. (2015), they find a contribution of UV
clumps to the SFR between 5% and 10% without any signifi-
cant difference between galaxies in the stellar mass range 10° <
M, /M, < 10'4, Thus, it seems that a young stellar component
cannot explain alone the fraction of NIR flux observed in clumps
unless Csgr is anticorrelated with the stellar mass of the galaxy
host.

5.3. Characteristics of multiclump systems

We compare the physical properties of galaxies hosting a sin-
gle clump with those hosting multiple clumps. The interested
reader can find a similar discussion for rest-frame UV clumps
in Ribeiro et al. (2017). They find that about 25% of their sam-
ple of star-forming galaxies is made of two-clump systems and
favor major mergers as the main formation channel for such sys-
tems. However, we note that our definitions of clumps are differ-
ent (see Sects.4.1.2 and 4.2.2 for some of the key differences)
which means that a direct comparison is not possible. Notably,
they can detect the central bulge as a clump whereas we exclude
it from our detections. The difficulty in comparing stems from

Rest-frame 1 um intrinsic detection

70F .....

Substructures in starbursts
Clumps in starbursts
Substructures in MS galaxies
—— Clumps in MS galaxies

60F UV clumps o
Ribeiro et al. (2017)

Fraction of galaxies with substructures (%)
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Fig. 5. Intrinsic detection of substructures (black) and clumps (blue) for
galaxies on the MS (continuous lines) and for starbursts (dotted lines) as
a function of redshift. For comparison, we also show the rest-frame UV
detections from Ribeiro et al. (2017, light red). Shaded areas correspond
to the uncertainties computed as the 16th and 84th percentiles.

the fact that the rest-frame UV is much more heavily affected by
dust attenuation. It is therefore not clear how frequently the cen-
tral bulge is detected as a clump in their analysis. This is impor-
tant because if the bulge is detected as a clump in most cases,
we should compare their two-clump systems to our single-clump
systems. Otherwise, their two-clump systems are similar to ours
and a direct comparison is possible.

To simplify the interpretation, we split the sample into star-
bursts, galaxies on the MS, in the green valley, and in the red
sequence. We exclude galaxies within the region delimited by
Eq. (4) since we do not find substructures in such galaxies. We
show in Fig. 6 the average probability (and its standard devia-
tion) to find exactly one clump (continuous lines) or two or more
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Average probability of having a single clump or two or more clumps
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Fig. 6. Average probability that a galaxy of a given stellar mass with at least one clump hosts either a single clump (continuous lines) or two or
more clumps (dashed lines) for starbursts (blue circles), galaxies on the MS (black squares), in the green valley (green diamonds), and in the red
sequence (red crosses). For each class, we show the standard deviation of the probability as a semitransparent filled area with a similar color. The

probabilities are computed using Egs. (C.6) and (C.8).

clumps (dashed lines) for a given type of galaxy and a given stel-
lar mass in four redshift bins spanning each roughly 1 Gyr of cos-
mic time. We consider galaxies for which we detect at least one
clump to compute the average probability using Egs. (C.6) and
(C.8). The probabilities of having one and two or more clumps
do not sum to 100% because galaxies also have a nonzero proba-
bility of hosting no clump. We note that if we select galaxies with
at least one clump by using a cut on the probability Pr{N > 1}
(see Appendix C for the notation) we recover the same trends.

Whatever the redshift, stellar mass, and type of the galaxy
host, the population of clumpy galaxies is dominated by galax-
ies hosting a single clump. In the low-mass regime (M, =
10°3 M), the probability is higher in the MS (about 85%) than
in the starburst region (about 60%). We do not see a strong vari-
ation with redshift, except at 2.5 < z < 4 where the probabili-
ties for galaxies on the MS and in the starburst region are both
equal to approximately 80%. At higher stellar masses and for all
galaxy types, the probability to find a single clump in a clumpy
galaxy decreases, reaching 60% at z > 1.3 and M, ~ 10'%3 M,
for starbursts and galaxies on the MS. For galaxies on the MS at
M, > 10" M, the probability to have a single clump reduces
to nearly 50%. Furthermore, we find that the probability that
galaxies in the green valley have a single clump is systematically
above that of galaxies on the MS. For instance, at 1 < z < 1.3,
galaxies on the green valley with M, ~ 10'%3 M, have a prob-
ability of roughly 75% while those on the MS have 55%. Sim-
ilarly, massive galaxies in the red sequence (M, > 10'%° M)
systematically have a higher probability to host a single clump
than other types of galaxies.

A consequence of looking at the population of clumpy galax-
ies is that if the probability of hosting a single clump decreases
with stellar mass, then the probability of hosting two or more
clumps must evolve in the opposite way. This is what we find
in Fig. 6. Whatever the redshift, the probability to find a clumpy
galaxy with multiple clumps is below 10% for galaxies on the MS
and in the green valley at low stellar masses (M, < 10'°My).
In this mass range, starbursts are the only galaxies with a non-
negligible probability (~30%) to have two or more clumps. What-
ever the type of galaxy, the probability to find two or more clumps
strongly increases with the host’s stellar mass, reaching values as
high as 40% at the high-mass end of the MS and the green valley.
Even, galaxies on the red sequence at z < 1.3 have a probability
close to 50% to host two or more clumps.
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We further check whether it is more probable for galaxies to
host exactly two clumps. For galaxies in the red sequence, we
find that the majority of multiclump systems host exactly two
clumps. For starbursts and galaxies on the MS and in the green
valley, we find that the probability to find exactly two clumps is
close to the values presented in Fig. 6, on average reduced by ten
percentile points. This means that massive starbursts and galax-
ies on the MS have a probability to host exactly two clumps
between 20% and 30% which is consistent with the fraction
of galaxies with exactly two rest-frame UV clumps derived by
Ribeiro et al. (2017). Therefore, single-clump systems dominate
the population of both star-forming and quiescent galaxies at
all redshifts and stellar masses. Multiclump systems (including
mostly two-clump ones) are nevertheless non-negligible. They
are more commonly found in star-forming galaxies than in qui-
escent ones and they contribute more importantly to the clumpy
population at higher stellar masses, in particular at the high-mass
end of the MS and green valley.

5.4. Interpreting the origin of rest-frame NIR substructures

Two major pathways regarding the origin of giant clumps in
high-redshift galaxies are typically discussed. On the one hand,
clumps could be produced by local disk fragmentation in tur-
bulent and gas-rich disks (e.g., Elmegreen 2006; Genzel et al.
2008, 2011). If clumps can survive over sufficiently long
timescales (typically 1 Gyr or above), their rest-frame NIR flux
would decouple from the current SFR of their host galaxy. This
would explain the lack of correlation between the fraction of
rest-frame NIR flux measured in flux clumps and the galaxy
host’s SFR, as discussed in Sect. 4.3.2. Furthermore, the fact that
massive galaxies with high SFR values (SFR > 10Myyr!)
are the most likely to host multiple clumps is also expected
from disk fragmentation. However, we note that certain simu-
lations (e.g., Bournaud et al. 2014) suggest that the old stellar
component of long-lived giant clumps is partially disrupted by
tidal stripping while a young stellar component is continuously
replenished by star formation. In such a case, we would expect
to see come correlation with the SFR of the galaxy host.

On the other hand, the observed clumps could be the rem-
nants of past galaxy minor (e.g., Guo etal. 2015) or major
mergers (e.g., Ribeiro et al. 2017). This would be consistent
with clumpy galaxies hosting usually a single clump that would
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Fig. 7. Position of intrinsic substructures (circles) with respect to the
galaxy host color-coded with redshift. The detection is done in edge-on
galaxies with bulges contributing less than 50% to the rest-frame NIR
flux. We show on the x axis the distance to the center of the host galaxy
and, on the y axis, the angle between the barycenter of the substructure
and the major axis of the host galaxy. Crosses show the distribution
of galaxy companions with properties comparable to clumps, selected
at a distance below 3 arcsec from the galaxy, with a total flux in the
rest-frame NIR below 15%, and within 1o~ of the redshift of the main
galaxy. Pink dotted lines represent isocontours of the vertical distance
to the galaxy plane.

correspond to the surviving core of the secondary galaxy that has
merged. However, depending on the typical merging timescale,
the frequency of mergers, and on the migration timescale of
the remaining core within the primary galaxy, we may expect
to detect multiple cores as clumps. Therefore, the existence of
multiclump systems does not necessarily favor fragmentation
over galaxy mergers as the main formation channel for clumps.
In addition, we expect galaxy mergers and fly-byes to produce
tidal features that we may detect as extended substructures. If we
believe that galaxy mergers produce a significant fraction of star-
bursts (e.g., Faisst et al. 2025), then we would expect extended
substructures to dominate in that population. This appears to be
consistent with Fig. 3 in which we see that the fraction of rest-
frame NIR flux in substructures peaks in the starburst region, but
not for clumps, thus showing that extended substructures dom-
inate the flux budget in that population of galaxies. Neverthe-
less, we note that extended substructures do not have to be tidal
tails but, instead, could be bars and spiral arms produced by den-
sity waves or stochastic clumpy star formation, as suggested by
Kalita et al. (2025c¢).

Disentangling between clumps formed in situ (i.e., fragmen-
tation) and ex situ (i.e., mergers) is not trivial. One way to deter-
mine which origin is more likely is by looking at the spatial
distribution of clumps. Indeed, clumps produced via disk frag-
mentation should be formed and then migrate inside the stel-
lar disk. On the other hand, if the rest-frame NIR clumps trace

galaxy mergers, we expect to find a significant fraction of them
outside of the plane of the disk component of the galaxy. We
use clumpy edge-on galaxies to study the spatial distribution of
clumps. We select the subsample by requiring that the galax-
ies have a stellar disk axis ratio b/a < 0.15, with b and a the
minor and major axes, respectively, and a bulge-to-total rest-
frame NIR flux ratio B/D < 0.5. The latter criterion is necessary
to ensure selecting galaxies that host a disk component that is
bright enough, otherwise the stellar disk axis ratio would become
loosely constrained. This yields a subsample of 85 clumpy edge-
on galaxies, more than 80% of which are starbursts or on the
MS. Finding substructures in edge-on galaxies is biased because
we detect them within the extent of the segmentation maps pro-
duced by SEXTRACTOR++. Since the segmentation maps tend
to follow the shape of the galaxies, this disfavors detecting sub-
structures along the minor axis if they are located sufficiently far
from the disk plane. In turn, this can give the impression that sub-
structures are located preferentially within the plane of the disk.
Luckily, if a substructure located outside of the disk plane is not
associated to the segmentation map of the galaxy, that means it
was detected as a separate galaxy by SEXTRACTOR++. There-
fore, we can use the COSMOS2025 catalog from Shuntov et al.
(2025a) to search for nearby companions to edge-on galaxies and
include them in our analysis. To get companions comparable to
substructures, we require that (i) they are located at most 3 arcsec
away from the center of the main galaxy'?, (ii) their photometric
redshift is within 1o of the redshift of the main galaxy, and (iii)
their contribution to the rest-frame NIR flux is at most 15%. The
latter criterion is used to remove galaxy companions that are too
bright to be consistent with the fluxes measured in Sect.4.3.2.
With this criterion, the median rest-frame NIR flux fraction in
companions is roughly 5%, with the 16th and 84th percentiles
equal to 1.75% and 10%, respectively.

We show in Fig.7 the spatial distribution of substructures
detected with the intrinsic detection method (circles) and galaxy
companions (crosses) color-coded by the redshift of the host
galaxy. Along the x axis, we represent the distance to the cen-
ter of the galaxy and, along the y axis, the angle between the
barycenter of the clump (or companion) and the major axis of
the host, modulo 90°. We do not separate between clumps, mod-
erately large, and extended substructures because they are dis-
tributed similarly. Since a given physical distance can carry dif-
ferent meanings depending on the size of the galaxies, we pro-
vide in Fig. A.7 a similar figure but with the distance to the center
normalized by the scale length of the stellar disk'".

We find that half of substructures are located closer than 3.5°
from the disk plane, and 75% are closer than 10°. Furthermore,
half of them are located less than 3.5 kpc away from the center
of their host galaxy and 75% are within approximately 6 kpc'?.
If we measure the vertical distance of substructures with respect
to the plane of the stellar disk, we find that half of substructures
are closer than 250 pc and 75% are below 650 pc. This latter dis-
tance is close to the scale-height measurements of disk galax-
ies at z ~ 1, approximately equal to 500 pc (e.g., Usachev et al.
2024). In other terms, the majority of substructures detected in
edge-on galaxies appear to be located within the plane of the stel-
lar disk. We note that the distributions of substructures above and
below z = 3 are different. At high-redshift, substructures appear

10 This is the extent of the JWST stamps in which the substructure
detection is carried out.

! The disk scale length is defined as Ry = R 4/b), with R.q the effec-
tive radius measured by SEXTRACTOR++ on JWST/NIRCam images
and b; = 1.6783 (Graham et al. 2005).

12 We remind that we do not detect substructures below 1 kpc.
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closer to the center of the galaxy and about 25% of them are dis-
tributed with an angle larger than 30° (8% at z < 3) and with
a vertical distance ranging from 500 pc to 2 kpc. Interestingly,
when normalizing the distance by the scale length of the stellar
disk, the difference between low and high redshift becomes less
clear, with a median distance of 1.5R, and the 16th and 84th per-
centiles equal to 0.6Ry and 2.6Ry, respectively. There is however
a population of substructures in galaxies at z > 2 that are found
both at small (<0.5R,) and large distances (5Ry) and that we do
not find at lower redshift. On the other hand, galaxy companions
are distributed relatively evenly in terms of angle which con-
firms the hypothesis that if galaxy mergers produce clumps, they
should be distributed in all directions. Furthermore, companions
are located at large distances, typically beyond 5kpc from the
center, at R > 5Ry, and at large vertical distances, with 80% of
them beyond 5 kpc.

There is a region in Fig. 7 between approximately 2 kpc and
5kpc above the plane of the stellar disk where very few sub-
structures and companions are found. This could be a dynami-
cal effect due to the nature of mergers. If the secondary galax-
ies have eccentric orbits, they are expected to spend more time
close to their apocenter where they would be detected as com-
panions located at large distances. On the other hand, during
their last phase of merger, if they merge in an orbit that is not
coplanar with the stellar disk of the main galaxy, they would be
identified as substructures close to the center and with a large
angle. However, we note that it is possible that, after a few
orbits, the dynamical interactions between the two galaxies bring
the galaxy companion into the stellar disk plane, in which case
the merger remnants would be identified as substructures. Since
roughly 11% of edge-on galaxies have at least one companion
in a shell between 10kpc and 30 kpc, we can estimate the frac-
tion of companions that would end up detected as substructures
between 1 kpc and 10 kpc if they all move into the stellar disk.
We find that about 1.5% of edge-on galaxies would host a merger
companion detected as a clump. In comparison, when combin-
ing all redshift ranges, we find that 21% of edge-on galaxies host
at least one substructure. Therefore, galaxy mergers do not seem
to be the driving mechanism behind the formation of substruc-
tures in galaxies. On the other hand, local disk fragmentation is
a much more likely scenario. This conclusion is consistent with
Huertas-Company et al. (2020) for clumps detected in the rest-
frame UV and optical and with Zanella et al. (2019) for compact
UV clumps detected at similar redshifts with HST.

6. Conclusion

We have studied substructures at a rest-frame wavelength of
lum in galaxies at 1 < z < 4 with M, > 10°M, in the
COSMOS-Web survey by identifying contiguous substructures
in residual images from the JWST/NIRCam F277W and F444W
bands, following the removal of an axially symmetric bulge-
disk model. We have used two distinct methods: (i) an opti-
mal approach detecting all substructures above a given flux level
and (ii) an intrinsic approach applying redshift-dependent sur-
face and flux thresholds to correct for cosmological biases. Each
approach detects small substructures (i.e., clumps), moderately
large ones, and extended ones. The optimal detection approach
yields the following results.
(i) Rest-frame NIR substructures are ubiquitous in galaxies at
z =1 and are present in half of them at z = 4.
(i) Clumps are the most common substructures at all redshifts,
though extended substructures are found in approximately
20% of galaxies at z = 1 (a few percents at z = 4).
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We note that the optimal detection approach does not detect sub-
structures of comparable size and luminosity across redshifts,
thus biasing our results. However, the intrinsic approach cor-
rects for the redshift dependence of substructure size and flux.
This approach yields the following results.

(1) The galaxy population has become less clumpy over cosmic
time, with the fraction of galaxies with substructures going
from about 40% atz = 4 to 10% atz = 1.

(i) Clumps are the most common substructures at all redshifts,
even though moderately large substructures contribute to
about half at z = 1. And
substructures contribute a small fraction of rest-frame NIR
flux (1% for clumps, 3% for moderately large substruc-
tures, 5% for extended substructures) compared to the rest-
frame UV flux, as quoted in the literature (usually more
than 30%). Furthermore, we do not find a redshift evolu-
tion.

Since our sample comprises both star-forming and quiescent
galaxies, we have checked in which population substructures are
more likely to be located by looking at the prevalence of sub-
structures and their fraction of flux in the rest-frame NIR across
the M, — SFR plane. We find the following.

(i) Rest-frame NIR substructures are absent in galaxies with
low stellar mass and SFR (M, < 10'%°M, and SFR <
10 Mg yr™).

Substructures are ubiquitous in massive galaxies (M, =
10'° M) on the MS, in the starburst region and at the high-
SFR end of the green valley. Similarly, approximately 70%
of that population of galaxies hosts at least one clump.

The brightest substructures (approximately 4% of the rest-
frame NIR flux) are found in galaxies with the highest sSFR
values and the faintest ones are found at the high-mass
end the red sequence. However, the brightest clumps are
found in low-mass galaxies (M, ~ 10° M) and the faintest
clumps are found in the most massive galaxies on the MS,
starburst region, and green valley. And

at a given location in the M, — SFR plane, the fraction of
galaxies with substructures or clumps shows no significant
redshift evolution. One exception is at the low-SFR end of
the green valley, near the transition to the red sequence,
where the fraction galaxies with substructures has dropped
by 20 percentile points from z = 4 to z = 1.

We conclude that, regardless of redshift, the clumpiness of the
galaxy population in the rest-frame NIR depends on both the
stellar mass and SFR of the host galaxies. Thus, galaxies evolv-
ing along the MS or reaching the starburst region are more likely
to develop substructures such as clumps. On the other hand,
galaxies in the process of quenching are less likely to retain sub-
structures. We attribute the decline in clumpy galaxies over cos-
mic time to the evolution of the galaxy population toward lower

SFR values and to the buildup of the low-mass green valley and
red sequence after the peak of star formation at z ~ 2.

Clumpy galaxies are more likely to host a single clump. This
is especially true at low stellar masses (M, < 10'°My) where
clumpy galaxies on the MS have a 80% probability of host-
ing a single clump (between 60% and 80% for starbursts). This
implies that low-mass starbursts are more likely to host multiple
clumps (30% probability) than galaxies on the MS (a few per-
cent). Moreover, we find that massive clumpy galaxies are more
likely to host multiple clumps, up to 40% at M, ~ 10'! M, for
those on the MS and in the green valley.

The spatial distribution of rest-frame NIR substructures in
edge-on galaxies shows that they are mostly located close to the
stellar disk plane. This spatial distribution is consistent with local

(iii)

(i)

(iii)

(iv)
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disk fragmentation but could also result from galaxy mergers
if the merger remnants preferentially settle in the disk. We use
detections of nearby galaxy companions, with properties sim-
ilar to detected substructures, to estimate the fraction of sub-
structures potentially resulting from past galaxy mergers. Over-
all, galaxy mergers cannot account for most substructures. Thus,
local disk fragmentation is the most plausible formation mecha-
nism for rest-frame NIR substructures, especially clumps.

We note that this conclusion only applies to disk galaxies.
Therefore, clumps found in other populations could still be pro-
duced ex situ. In particular, this could be the case for clumpy
galaxies at the high-mass end of the red sequence that tend
to host a single clump in the majority of cases. More detailed
studies of substructures in different populations of galaxies are
required to understand their origin. In particular, one could
(i) evaluate the physical properties of substructures using SED
modeling (e.g., stellar mass, SFR, or age) and correlate them to
the characteristics of their host galaxy (for an attempt and dis-
cussions therein, see Claeyssens et al. 2023, 2025; Kalita et al.
2025a,b), (ii) study the presence and properties of substructures
as a function of the SFH of their galaxy host. Typically, this
could be used to put constraints on the survivability timescale of
clumps. And (iii) one could compare our detections of substruc-
tures with mocks COSMOS-Web observations produced from
simulations to better constrain the physics leading to the forma-
tion of realistic rest-frame NIR clumps and substructures.

Data availability

The catalogs containing the selected galaxies and the substruc-
ture detections are available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/706/A136. A note-
book showing how to use the catalogs is also available
athttps://wilfriedmercier.github.io/clump_finder/
notebook/catalogue.html.
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Appendix A: Complementary figures

2=1.6-1D 285 v —2.4-1D230

z=1.4-1ID 56 z=1.6-1D 1266 S 678 Z 8 Z - 1D 1576

Moderately large

z=1.6 - ID 8622 z -1D 1986 z=3.1-1D 3020

Extended

Fig. A.1. Examples of substructure detections using the optimal (black contours) and intrinsic (yellow contours) approaches. Galaxies are sorted
from left to right by increasing redshift and split into three intrinsic substructure classes: clumps, moderately large, and extended (see Sect. 4.2).
For each galaxy, we show the image (F277W for 1 < z < 2 and F444W for z > 2) and its residuals below. Red pixels correspond to positive
residuals and blue pixels to negative ones. The scale of the residuals is set to 207, with o the local background fluctuations. In each image, we
show the PSF FWHM at the bottom right and upper limits on the area of substructure classes as gray squares at the top right. The residuals show
the detection area, highlighted with a thick green contour.
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Fig. A.2. Density plot of the original area available for
substructure detection versus the global effective radius of
galaxies (low density in blue, high density in yellow; see
Eq. 6 of Mercier et al. 2022 for a definition). We represent
the area associated with the removed bulge as a dashed
line, while the continuous line indicates the threshold used
for the intrinsic substructure detection.
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Fig. A.3. Distribution of substructures detected with the
intrinsic method (see Sect.3.3)by area, for three redshift
bins: 1 < z < 2 (continuous line), 2 < z < 3 (dotted
line), and 3 < z < 4 (dashed line). Vertical lines repre-
sent the 99% quantile for each distribution. Background
colors indicate the area bins used in the analysis: clumps
(blue, 1.3 < S /kpc® < 4), moderately large substructures
(orange, 4 < S/kpc®> < 13), and extended ones (pink,
13 < S/kpc? < 40).
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Fig. A.4. As in Fig. 2, but using stellar mass and SFR values from CIGALE. We do not show bins with fewer than ten galaxies. The presence or
absence of certain bins with respect to Fig. 2 is driven by the differences in stellar mass and SFR between LEPHARE and CIGALE. All lines are
defined similar to Fig. 2. This confirms that our results are unaffected by the SED fitting tool or assumptions.
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Fraction of galaxies with substructures detected with the intrinsic approach weighted by detection area
1.0<z<13 1.3<z<1.75 1.75<z<25 25<z<40
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Fraction for substructures (%
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Fig. A.5. Same as the first row of Fig.2 but weighting each galaxy by its detection area when computing, in each bin, the average fraction of
galaxies with at least one substructure detected with the intrinsic approach. All lines are defined similar to Fig. 2. This shows that our results are
not impacted by the detection area of substructures. The same applies to clumps.
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[\

Fig. A.6. Fraction of rest-frame NIR flux in substructures (top row) and clumps (bottom row) as a function of the host galaxy’s stellar mass in four
redshift bins, each bin spanning 1 Gyr of cosmic history. Galaxies are split in different bins of SFR, as illustrated with the various colored lines.
The shaded areas correspond to the 16th and 84th percentiles for each SFR bin. See Fig. 3 for an alternative representation.
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Fig. A.7. Figure similar to Fig.7 but with the distance to the center
of the host galaxy normalized by the disk scale length (R,) derived
with SEXTRACTOR++ on the four JWST/NIRCam bands. The vertical
dashed lines correspond to the 16th and 84th percentiles of the distribu-
tion.

Appendix B: Details on substructure detection

To determine whether 20 is sufficient for the optimal detection
(as in previous works; e.g., 5o~ in Kalita et al. 2024 or 4.50 in
Kalita et al. 2025a), we performed a purity test. For each galaxy,
we estimated iteratively the number n of o that is required to not
detect any structure in the background pixels'?. We find a mean
value of n = 1.4, amedian value of n = 1.5, with the first quartile
at n = 1.3, the third quartile at n = 1.6, and the 99% quantile at
n = 2.1. Thus, we adopted a 20 flux threshold. The primary rea-
son for the threshold difference, compared to Kalita et al. (2024,
2025a), is likely their exclusion of substructures, which results
in higher thresholds to isolate bright clumps located on top of
fainter but more extended substructures.

Figure B.1 shows the histogram of the faintest detectable
substructures for the entire sample. The histogram distinguishes
galaxies at 1 < z < 2 (red; detection in F277W) and at2 < z < 4
(black dotted line; detection in F444W). As expected, the detec-
tions in F277W (the deepest band, see Casey et al. 2023) are
slightly deeper than in F444W band with the 5% quantile (i.e.,
95% of the galaxies have a lower threshold) at 28.85 mag in
F444W and at 28.95 mag in F277W.

13 Performed with a dichotomy between n = 0 and n = 10 with steps of
0.1.
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Fig. B.1. Histogram of the faintest detectable substructure in each
galaxy. We split between galaxies for which the detection was carried
out in the JWST/NIRCam F277W band (1 < z < 2; filled in red) and in
the F444W band (2 < z < 4; black dotted line). Vertical lines represent
the 5% quartiles for the two bands, that is the values such that 95% of
the galaxies have a lower detection threshold. We note that one must
add 3.25 mag (or equivalently divide the corresponding flux threshold
by 20) to convert these values into the detection threshold applied on
each pixel.

Appendix C: Weighted fraction of galaxies with
substructures

C.1. Probability of substructure association with a galaxy

In some cases, detected substructures in residual maps lie
between two or more galaxies, making it difficult to associate
them to one or the other. Instead, we implement a weighting
scheme for such cases when computing the fraction of galax-
ies with one or more substructures, as follows. For each galaxy,
we loop through its substructures and search for nearby galax-
ies within a circular radius of 6 arcsec. This corresponds to the
size of the cutouts used to detect substructures and we find that
it is sufficient to detect nearby companions to the main galaxy.
Assume N galaxies G; are detected for substructure s. Each
galaxy is separated by an angle 6; from the substructure. To
determine the angular separation, we use the center of the galax-
ies as well as the median right ascension and declination of the
substructures as derived from their segmentation map. For each
galaxy G;, we must associate a probability Pr{s € G;} that the
substructure s belongs to it. We define this probability as:

Vi,j. 6iPris€ G} =0;Pr{s€ G}, (C.1)

N
Z Pr{s € G;} = 1. (C.2)
i=1

Equation C.1 states that a substructure twice as close to a
galaxy should have double the probability. Furthermore, Eq. C.2
states that a substructure must belong to one of the galaxies. To
determine the probability Pr{s € Gy}, we isolate it from Eqgs. C.2
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Fig. B.2. Histogram of the intrinsically faintest detectable substructure
in each galaxy. The intrinsic flux threshold is computed for a substruc-
ture of 20 pixels with a 20 detection per pixel, with oo measured from
the local background around each galaxy (see Sect. 3.2), multiplied by
47er /(1+2) to take out the redshift dependence of the flux density. The
vertical line marks the 5% quartile of the distribution, that is the value

such that 95% of the galaxies have an intrinsic flux detection threshold
that is higher than this value.
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Fig. B.4. Completeness of the substructure detection for point sources in
the optimal detection case (black solid line) and intrinsic detection case
(dashed lines) in various redshift ranges. For each curve and magni-
tude bin, the completeness is estimated by injecting 500 PSF-convolved

point sources in background-dominated regions around randomly sam-
pled galaxies.

and Eq. C.1: Substructure completeness limit
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' Fig. B.5. Link between the faintest observable magnitude (left vertical
18 axis and black lines) or lowest stellar mass (right vertical axis and red
. . . . . lines) for the intrinsic detection method and the area of substructures.
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Fig. B.3. Flux and surface detection curves derived in Sect. 3.3 to select
substructures with flux and area values that are above thresholds inde-
pendent of redshift. The black continuous line represents the flux detec-
tion curve and the dashed red line represents the surface detection curve.
Similar to Fig. B.1, one needs to add 3.25 mag to this curve to obtain the

flux detection curve applied to each pixel individually during the sub-
structure detection process.

The stellar mass is evaluated at z = 1.5 and is expected to increase

4. We estimate it, first, using the best-fit relation-
ship between specific luminosity at a rest-frame wavelength of 1 um
and stellar mass for the entire COSMOS-Web sample (dark red line)
and, second, using the best-fit relationship from Kalita et al. (2025b)
for clumps in star-forming galaxies at z = 1.5 detected in rest-frame
optical (salmon-colored line).

by 0.2dex at z =
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at which point Eq. C.1 can be used to quickly calculate all other
probabilities.

C.2. Probability of a galaxy having at least one substructure

What focus on the probability that a galaxy hosts at least one
substructure'*. Let N be the number of substructures in a galaxy.
The probability of interest therefore writes Pr{N; > 1} = 1 —
Pr{N, = 0}. Assume that a galaxy G has N detected substructures
s; each with a probability Pr{s; € G}. Pr{N; = 0} means that the
galaxy has no substructures, that is that all s; do not belong to G:

(C.4)

N
Pr{N, = 0} = Pr{ /\ 5; & G},

i=1

where A is the logical conjunction. Whether a substructure
belongs to G should not affect other substructures. In other
words, we assume all s; independent, thus simplifying Eq. C.4
to a product of Pr{s; ¢ G} = 1 — Pr{s; € G}, yielding:

N
PriN,>1}=1- ]—[[1 — Pr{s; € G}].
i=1

(C.5)

C.3. Probability of a galaxy having at least n substructures

Another useful probability is Pr{N; > n}:

—

n—

Vn>0, PN, >n}=1- > Pr{N, = k. (C.6)

=~
Il
(=]

Alternatively, it can be written down in terms of Pr{N; >
n — 1} — Pr{Ny = n — 1} and solved recursively, but that requires
calculating the same Pr{N; = k} terms. The condition Ny = k
requires computing the union of combinations of k substructures
in G, and of N — k ones not in G. Let S = {s;} be the set of
N substructures and (S, k) the set of k-combinations of S. This
yields:

Pr{stk}zPr{ /\seG/\seEG

seL seS\L

}, (C.7)

Le(Sk)

where V is the logical disjunction and S\ £ is the set difference.
Assuming independence of all s;, this simplifies to

Pr{N, = k} = Z

Le(Sk)

]_[Pr{seG} ]_[ (1-Pr{s e G)]|.

seL seS\L

(C.8)

Equations. C.6 and C.8 allow computing the probability that
a galaxy has a given number of substructures or more. For exam-
ple, setting n = 1 in Eq. C.6 recovers Eq. C.5.

Appendix D: Fraction of clumpy galaxies estimated
from simulations

To compare our clumpy galaxy fraction measurements, we use
results from the simulations studied in Mandelker et al. (2017).
In their Fig. 16, they provide estimates of the fraction of clumpy
galaxies and their uncertainties in three bins of stellar mass and
various bins of redshift. Given a set S of galaxies, where each

!4 This also applies to substructure subclasses, such as clumps.
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galaxy G; has a probability Pr{N.; > 1} of hosting one or more
clump, the fraction of clumpy galaxies is:

fi(8) = D PriNe; > 11/IS],

GieS

D.1)

where |S] is the cardinality of the set. Mandelker et al. (2017)
provides multiple fractions, f.(S;), where each S; is a stellar
mass subset of S, with Vi, j,S; N'S; = 0. Thus, we split the
sum in Eq. D.1 into nested sums:

F(S) = D S8 xISH/S], (D.2)

where the sum is taken over all the stellar mass subsets of S.
Using Eq.D.2, we estimate the fraction of clumpy galaxies in
Mandelker et al. (2017) for 0.5-wide redshift bins for a pop-
ulation of galaxies with a similar stellar mass distribution as
our sample. For z > 2.25, Mandelker et al. (2017) do not pro-
vide measurements for the most massive galaxies. Therefore,
in this redshift range, we extrapolate the fractions using val-
ues for 9.8 < log,((M«/Mg) < 10.6 and add 0.25 to each
fraction, which corresponds to the typical difference between
these two stellar mass ranges observed at lower redshift. Sim-
ilarly, we assume an uncertainty of 0.25 at z > 2.25 and 10.6 <
log,o(M, /M) < 11.1.
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