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ABSTRACT
Resolved stellar morphology of 𝑧 > 1 galaxies was inaccessible before JWST. This limitation, due to the impact of dust on
rest-frame UV light, had withheld major observational conclusions required to understand the importance of clumps in galaxy
evolution. Essentially independent of this issue, we use the rest-frame near-IR for a stellar-mass dependent clump detection
method and determine reliable estimations of selection effects. We exploit publicly available JWST/NIRCam and HST/ACS
imaging data from CEERS, to create a stellar-mass based picture of clumps in a mass-complete sample of 418 galaxies within a
wide wavelength coverage of 0.5− 4.6 𝜇m and a redshift window of 1 < 𝑧 < 2. We find that a near-IR detection gives access to a
larger, and possibly different, set of clumps within galaxies, with those also detected in UV making up only 28%. Whereas, 85%
of the UV clumps are found to have a near-IR counterpart. These near-IR clumps closely follow the UVJ classification of their
respective host galaxies, with these hosts mainly populating the star-forming regime besides a fraction of them (16%) that can
be considered quiescent. The mass of the detected clumps are found to be within the range of 107.5−9.5 M⊙ , therefore expected
to drive gas into galaxy cores through tidal torques. The clump stellar mass function is found to have a slope of −1.50 ± 0.14,
indicating a hierarchical nature similar to that of star-forming regions in the local Universe. Finally, we observe a radial gradient
of increasing clump mass towards the centre of galaxies.
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1 INTRODUCTION

The observed clumpiness of galaxies, especially at 𝑧 > 1, has been
a subject of investigation over the last couple of decades. Efforts
have primarily exploited the deep and high resolution imaging ca-
pacities of HST (Conselice et al. 2004; Elmegreen & Elmegreen
2005; Elmegreen et al. 2008; Förster Schreiber et al. 2011; Wuyts
et al. 2012; Guo et al. 2015, 2018; Shibuya et al. 2016; Soto et al.
2017; Huertas-Company et al. 2020). It is now widely accepted that
‘clumps’ form as a result of gravitational instabilities in gas-rich tur-
bulent disks (e.g., Immeli et al. 2004; Bournaud et al. 2009; Dekel
et al. 2009). Based on rest-frame UV flux and emission-line imaging
of clumps, their specific star-formation rates (sSFR) can be higher by
a few factors in comparison to the rest of the host galaxy (Hemmati
et al. 2014; Mieda et al. 2016; Fisher et al. 2017; Guo et al. 2018;
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Huertas-Company et al. 2020). This has triggered an intense discus-
sion regarding the significance of the clumps in galaxy evolution.

Multiple observational studies have attempted to robustly measure
clump properties like their stellar mass, along with age and dust
attenuation (Förster Schreiber et al. 2011; Wuyts et al. 2012; Guo
et al. 2012, 2015, 2018; Zanella et al. 2019; Huertas-Company et al.
2020; Rujopakarn et al. 2023). The aim has been to compare these
values and their gradients between two opposing theoretical models
about their eventual fate. One heavily suggesting that clumps are
short-lived structures (< 100 Myr) and do not affect the stellar struc-
ture of galaxies besides simply increasing the net amount of stars
through star-formation. They are rapidly disrupted through powerful
outflows, still providing gravitational torque to direct gas towards
the core of galaxies (Murray et al. 2010; Hopkins et al. 2012, 2014;
Buck et al. 2017; Oklopčić et al. 2017). The other group of models
indicate that clumps are actually massive enough to survive over tens
of dynamical timescales (∼ 400− 1000 Myr) and thereby migrating
inwards to conserve angular momentum and directly contributing to
the central bulge of galaxies (Elmegreen et al. 2008; Ceverino et al.
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2010, 2012; Bournaud et al. 2014; Mandelker et al. 2014, 2017). One
should hence expect to observe radial gradients in clump properties
within galaxies.

Two of the key parameters needed to distinguish between these
scenarios are the stellar mass and star-formation rate (SFR). The in-
terpretation and possible resolution of the fate of the clumps can be
linked to the interdependence of these two parameters. Disruption
of clumps is related to whether the SFR density is high enough to
overcome the mass dependent gravitational binding energy of these
structures. Simulations have especially been making predictions re-
garding this connection. Moody et al. (2014) indicates that clumps
with masses ≤ 5 % of the galaxy mass will be affected by feedback.
Multiple works (e.g., Mandelker et al. 2014, 2017; Dekel et al. 2022)
however suggest that a significant fraction of clumps more massive
than∼ 108.5 M⊙ would be able to survive an inward migration due to
their gravitational binding energy being sufficient to withstand the ef-
fects of feedback. Therefore, measurements of these two parameters
through observations are critical.

Detecting clumps in rest-frame UV, multiple works have con-
cluded that ∼ 10 % of the total SFR (based on the fraction of UV
light) of galaxies is contained in these structures. However, including
the effects of dust attenuation complicates matters. The estimation
of the stellar mass also has many challenges. The rest-frame UV
selection, heavily affected by dust and stellar age, can possibly bias
conclusions drawn about radial gradients observed in multiple works
(e.g., Guo et al. 2012, 2018; Huertas-Company et al. 2020). Opting
for a rest-frame optical or near-IR selection has not been possible
with HST due to the resolution of the WFC3 instrument being insuf-
ficient to resolve the ∼ 1 kpc sizes of clumps. Furthermore, this size
itself could just be an upper limit with a large population of clumps
being smaller and less massive but beyond the detection capacities
(Tamburello et al. 2015; Dessauges-Zavadsky et al. 2017; Faure et al.
2021).

With the advent of the NIRCam instrument on JWST, we can
mitigate a few of these issues. The high resolution access to the
stellar-mass traced by near-IR light provides an indicator of the galaxy
clumpiness that is minimally affected by dust attenuation. Although
whether these wavelengths would show evidence of clumps was
previously in question (e.g., Wuyts et al. 2012; Cibinel et al. 2015), it
was recently shown that galaxies do show these features across rest-
frame optical and near-IR wavelengths (Kalita et al. 2024b; Kalita
et al. 2024a). Furthermore, they are found to also be related to the
overall stellar morphology of the host galaxy showing a negative
correlation with the bulge dominance.

Using the near-IR allows us to also quantify any evolution of de-
tection limits based on stellar mass across our sample as well as
over the surface of galaxies. Furthermore, having access to the stellar
light distribution limits the introduction of other merging compan-
ion galaxies into the sample which might not be as apparent in
shorter wavelengths and removes contamination from misidentify-
ing galaxy bulges as clumps. This is because both low mass UV
clumps and much more massive bulges as well as compact galaxies
may appear similarly bright in rest-frame UV due to varying levels
of dust attenuation, although they have extremely different stellar
mass. These aspects are difficult to address if a study is limited to
rest-frame UV. However, we still investigate the overlap between
the rest-frame UV selection that has been widely carried out and our
JWST/NIRCam based near-IR selection. We then carry out an 8-band
spectral energy distribution (SED) model fitting using 2 HST/ACS
and 6 JWST/NIRCam wideband filters with an uninterrupted (ob-
served frame) wavelength coverage across 0.5 − 4.6 𝜇m to mainly
derive the stellar mass of the detected clumps.

In this paper, Sec. 2 and 3 deal with the sample selection and
analysis. The results are presented in Sec. 4, followed by a discussion
in Sec. 5. The work concludes with Sec 6. Throughout, we adopt a
concordance ΛCDM cosmology, characterized by Ω𝑚 = 0.3, ΩΛ =

0.7, and H0 = 70 km s−1Mpc−1. Magnitudes and colors are on the
AB scale. All images are oriented such that north is up and east is
left.

2 SAMPLE SELECTION

Following Kalita et al. (2024b), K24 from here onwards, our study
targets the redshift range of 1.0 < 𝑧 < 2.0. For uninterrupted cover-
age of rest-frame optical and near-IR, we use the same dataset from
the Cosmic Evolution and Epoch of Reionization Survey (CEERS1;
ERS 1345, PI: S Finkelstein), a JWST Early Release Science pro-
grams. CEERS1 involved NIRCam Wide-band imaging of a section
of the Extended Goth Strip Hubble Space Telescope (EGS-HST)
field. The reduced images (made available by the CEERS collabora-
tion; Bagley et al. 2023) span a large wavelength window from 1 𝜇m
to 5 𝜇m, covered by six filters (with average 5𝜎 depths): F115W
(29.1 mag), F150W (29.0 mag), F200W (29.2 mag), F277W (29.2
mag), F356W (29.2 mag) and F444W (28.6 mag).

As discussed in Guo et al. (2015), UV-detection of star-forming
clumps is aimed at observing the rest-frame wavelength range of
2000 Å− 2800 Å. The appropriate band at 1.0 < 𝑧 < 2.0 is therefore
the HST/ACS F606W filter, which we access from the publicly avail-
able HST data products version 1.9, available as part of the CEERS
program. The relevant mosaics were created from a combination of
HST programs 10134, 12063, 12099, 12167, 12177, 12547, 13063,
and 13792. This provides us with the necessary F606W filter, along
with the flux in the F814W band to bridge the spectral coverage up to
the F115W JWST/NIRCam filter. All images used across this study
is PSF-matched to the F444W image specifications (with a point-
spread function FWHM ∼ 0.14′′) using a Gaussian kernel since it
has the lowest resolution1.

The use of the Gaussian kernel does have the limitation of the
JWST/NIRCam PSFs not being fully representable using a Gaussian
profile. However, we address this limitation in our matching proce-
dure. First, we fit a 2D Gaussian to each of the PSFs, including that
of the reference F444W filter. The initial guess for the convolution
Gaussian kernels for the three shorter wavelength filters (F115W,
F150W and F356W) is based on the quadrature difference between
the 𝜎 values obtained from the respective 2D Gaussian fits and that
for the F444W filter. We then convolve the PSFs with the respective
(initial guess) kernels. The 2D Gaussian fitting is repeated to get up-
dated 𝜎 values for each filter. However, we find the new 𝜎 ≠ 𝜎F444W,
with offsets > 5% of the total PSF flux. So we iteratively adjust con-
volution kernel, repeating the process until 𝜎 of each filter converges
to 𝜎F444W within < 1% uncertainty. Consequently, our PSF match-
ing procedure depends less on PSF-Gaussian similarity and more on
the azimuthal self-similarity of PSF profiles across filters.

As in K24, the sample selection makes use of the catalogue for the
EGS-HST field (Stefanon et al. 2017, S17) created with an extremely
large wavelength coverage (0.4 − 8.0 𝜇m). We limit ourselves to
galaxies above the stellar mass completeness limit of log(M∗/M⊙) =
9.5. This is decided upon based on the 90% completeness limit in S17
which varies from 𝑙𝑜𝑔(𝑀∗/𝑀⊙) = 9.0 − 9.5 at 𝑧 = 1 − 2, ensuring

1 It should be noted that the F444W filter has a similar resolution to that of
F814W. Therefore the degree of resolution decrease for the HST/ACS bands
is minimal.
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Clump properties with JWST/NIRCam 3

a completely unbiased sample. Using the results of the bulge-disk
decomposition carried out in rest-frame near-IR (F444W, in K24),
we ensure that all galaxies in our sample have a detected disk at > 2𝜎
significance2. Furthermore, we also limit our sample to galaxies with
a disk axis ratio3 > 0.3 to ensure that we are not including edge-on
galaxies which will not allow for detection of clumps. We are thus
left with 418 galaxies within our sample.

The rest-frame near-IR decomposition does not necessarily assume
galaxies to perfectly follow a bulge+disk morphology. While the sig-
nificance threshold set above ensures that highly disturbed galaxies
are excluded, the composite model is not intended to provide a perfect
fit for individual galaxies. Instead, we uniformly separate all galax-
ies in our study into bulge and disk components (with fixed Sérsic
indices), with resulting uncertainties reflected in the flux measure-
ments. This approach is widely used (e.g., Simard et al. 2011; Meert
et al. 2015; Bottrell et al. 2017a,b, 2019) and provides a consistent
metric for spatial decomposition.

3 METHODOLOGY

This paper aims to investigate the property of clumps primarily in
near-IR along with UV. For the near-IR wavelength window, we used
the JWST/NIRCam F356W band as it covers rest-frame wavelengths
> 1 𝜇m across our redshift range and the wavelength is high enough
to minimise the effect of dust attenuation. We do not use our longest
filter F444W as it is 0.6 magnitude shallower than F356W. A max-
imum attenuation of A𝑉 = 3 will lead to F444W being only ∼ 0.1
magnitude brighter, for a typical Cardelli et al. (1989) Milky-way
extinction curve. Hence it is not enough to compensate for the shal-
lower depth of F444W in comparison to F356W. Nevertheless, to
map the extent of stellar emission of each galaxy within our sample,
we use the F444W filter as it still is the least susceptible to variations
in dust attenuation. Without the need of detecting substructures, it
performs the best in spatially deblending galaxies from neighbours.
In case of the rest-frame UV, we use HST/ACS F606W to correspond
to previous literature studying UV clumps (Wuyts et al. 2012; Guo
et al. 2015, 2018; Sattari et al. 2023), which target the rest-frame
wavelength range of 2000 Å− 2800 Å.

3.1 Wavelet decomposition

The images first require a subtraction of larger scale structures from
a given galaxy image in order to enhance the small-scale clump
detectability. This process was done in K24 through the convo-
lution of the original image with a circular Gaussian kernel of
𝜎 = 4 pixels (0.12′′), hence creating an effective ‘background’, and
then subtracting it away to leave behind a ‘contrast’ image. The same
method has been widely used in previous studies (Conselice et al.
2003; Guo et al. 2015, 2018; Calabrò et al. 2019). However, this
method has a few limitations:
• The smoothed image is a convolution of the original version with

a Gaussian. The contrast image hence derived has the issue of self-
subtraction, especially for the brightest clumps and galaxy cores
that usually feature strong peripheral negative peaks.

• The use of the Gaussian kernel for smoothing relies on the assump-
tion of symmetry of the structures, which is not always appropriate.

2 estimated using the uncertainty of the disk flux measurement
3 The axis ratio is measured separately for the bulge and the disk in K24. We
only opt for the disk ratio as it is expected to host the clumps

• The scale length, most sensitive for the contrast image, is difficult
to determine. The result of the subtraction effectively allows de-
tection of regions varying at scales determined by the difference
of the original PSF of the image and that after smoothing.
A way to overcome these is to use Fourier decomposition of the

image and apply a galaxy specific low-pass filter in the frequency
domain. This was shown to be effective in the background subtrac-
tion of rest-frame UV images (from HST/ACS; Sattari et al. 2023).
However, we found that using a Fourier transform on the visibly
more complex JWST/NIRCam images comes with a drawback. Due
to more detectable ‘edges’ or discontinuities in galaxy morpholo-
gies, we face the well-known issue of Gibb’s ringing. This can create
artificial clumps near bright regions of galaxies.

The workaround is to use a different basis function in the (wavelet)
transform, which is more attuned to the goal of modelling galaxy mor-
phology. We implement the Isotropic Undecimated Wavelet Trans-
form (also called starlet wavelet transform), which is well adapted
for astronomical data (Starck et al. 2007, for a review). We show the
use of this method for the F356W image of one of the galaxies within
our sample in Fig. 1. The wavelet transform decomposes the original
image into seven images of increasing scales4, three of which are
shown in the figure for illustration.

To check the efficacy of the transform, we reconstruct the galaxy
image using all the wavelet scales and subtract this from the original
image. Based on the difference image, we conclude that the net
flux unaccounted for in the reconstruction is 3%, which we deem to
be satisfactory. Nevertheless to account for this, during the clump
detection procedure we subtract the larger wavelet scales from the
original image rather than simply adding the smaller scales. This
conserves the remaining 3% of the flux. We also find it ideal to
subtract the scales equal to and greater than 0.14′′ for detecting the
clumps in our sample galaxies. This is we find to be appropriate since
the 0.14′′ scale is the point-spread-function FWHM for the images we
use (Sec. 2). A further reasoning behind the use of this specific value
has been discussed in detail in the Appendix. However, it should be
noted that this places a spatial detection limit of 0.5− 1.2 kpc for our
redshift window, with our method unable to detect smaller structures.

3.2 Clump detection

After the subtraction, we implement a source detection on the result-
ing contrast image using the python package PHOTUTILS (Bradley
et al. 2022). The target region within which the clumps will be
searched for is determined through a 7𝜎 source detection in the
F444W image. The value is chosen such that the resulting region is
found to be most consistent with the 90% flux radius of the disk, de-
rived from the bulge-disk model previously fit to the F444W image.
This strict threshold, which is used with a deblending contrast pa-
rameter of ∼ 7.5 magnitude, ensures exclusion of any neighbouring
galaxies in the F444W image within the source region. This sig-
nificantly reduces the possibility of including interlopers or neigh-
bouring galaxies interacting with the primary source. Examples of
this can be observed in Fig. 2 for IDs 694 and 20207, where mas-
sive structures near the primarily galaxy have not been identified as
clumps. This is aimed at selecting clumps strictly within the extent
of the galaxy stellar disk, likely also removing merger companions.

4 The scales are determined to be approximately 0.01′′, 0.05′′, 0.08′′, 0.14′′,
0.27′′, 0.55′′, 1.36′′. These values are effectively the FWHM of a Gaussian
fit applied separately on the seven images from the wavelet decomposition of
a single point source image

MNRAS 000, 1–15 (—-)



4 B. S. Kalita et al.

Figure 1. An illustration of the wavelet decomposition process using Starlet transform on a sample galaxy (S17 ID 22922). (Top row) The first image is the
original F356W image, followed by the reconstructed image created by co-adding all wavelet scales. The final is the difference between the first two, showing
the efficacy of the wavelet decomposition. The flux unaccounted for makes up this residual and is found to be 3% of the total flux in the orginal image. (Bottom
row) Three out of the seven wavelet scales that the original image was decomposed into, which spans a total range of ∼ 0.01′′ − 1.36′′. On the image of scale
∼ 0.05′′, we mark in red the location of the clumps later detected using the algorithm discussed in Sec. 3.2.

To ensure inclusion of all galaxy sub-regions, we visually inspect
each source segmentation map for the 418 galaxies in our sample.
We also examine maps that use 3𝜎 and 5𝜎 thresholds, which are
often found to include potential companions. We also try using a
search region equal to the 90% flux radius of the disk, derived from
the bulge-disk model previously fit to the F444W image. This results
in only ∼ 2% change in total clump count, due to the 7𝜎 threshold
being set close to the 90% flux radius. We also consider using the
deeper F356W image to define the search region, but this approach
often splits galaxies into sub-components because of the increased
depth and prominence of substructures, potentially excluding some
galaxy regions. Although our detection procedure aims to minimize
exclusion of genuine clumps within the galaxy disk, this possibility
cannot be fully dismissed and should be noted as a caveat.

The clump detection threshold is set to 4.5𝜎 for the F356W resid-
ual image (lower than the 5𝜎 threshold set for F200W in K24, based
on the relative depth in F356W). For the F606W, which is 0.6 mag-
nitude shallower, we use a threshold of 3.0𝜎 to account for the dif-
ference in depths. This however assumes a flat spectrum (𝐹𝜆), which
may not be accurate. But the UV selection will inevitably depend on
the dust attenuation, hence one anyway cannot determine consistent
detection limits as a function of stellar mass of the structures. This
estimation of stellar mass limits is only possible in F356W (discussed
later in Sec. 3.4) making this form of detection more robust across
our sample. During the clump identification, we also ensure that the
central core is not selected, which appears as a clump especially in
the F356W. The determination of which of the clumps is the core is

done using the coordinates returned from the bulge-disk decomposi-
tion5 that was undertaken for all galaxies within our sample in K24
using the stellar mass tracing F444W flux distribution.

Using the detection images from F606W and F356W filters, we
obtain the two sets of segmentation maps containing detected clumps
that we will refer to as UV and near-IR clumps respectively for the rest
of this work (Fig. 2). For each clump, we asses the robustness of its
detection by duplicating its flux distribution at a new random location
in the original galaxy image (within the search radius) and by rotating
it by a random angle. Then the image is passed through the whole
process starting from the wavelet subtraction. Only when a clump is
detected > 68 % (corresponding to 1𝜎 for a Gaussian distribution) of
the 100 iterations we conduct do we keep it within our sample. This
method removes ∼ 15% of the original detection, providing a filtered
version of clump segmentation maps. The flux within the respective
regions in these maps makes up the clump flux, and the standard
deviation in the distribution of flux measured over the 100 iterations
combined with the image noise gives the corresponding uncertainty.
These segmentation regions are then used to measure the clump flux
in all remaining filters.

For the clump flux measurements the results of this work uses flux
within apertures on the original images. This is mainly to ensure our
detection limit estimation (Sec. 3.4) can also be used in parallel to

5 This value is found to always be consistent with the asymmetry centre of
the galaxy in F444W, thereby confirming the location of the center.
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Figure 2. A compilation of the rest-frame UV (F606W) and near-IR (F356W) images of galaxies with detected clumps, highlighted with a blue color scheme. It
should be noted that the clumps may not always be clearly detected by eye on these original images, for which one would rather require the respective contrast
maps. Furthermore, the detection of clumps are restricted to a 7 𝜎 region of the corresponding F444W image and therefore structures outside this region would
not be selected, as can be observed in a few of the examples. The corresponding S17 catalogue IDs are provided on the top left for each source.

assess the significance of our results, as will be discussed at length
throughout this work. We further investigate the use of a background
subtraction using an average flux within an annulus set at the radial
distance of each clump from the centre of their host galaxies. The
subsequent results and conclusions are identical except for a small
decrement of the average stellar mass estimation of clumps (by ∼
0.1 − 0.2 dex). However, we observe that the annulus method might
lead to over-subtraction in many cases since at longer wavelengths,
besides the detected clumps, there exists substructures which lead to
an overestimation of the background. This will be discussed in detail
later in Sec. 5.2.

Furthermore, the flux measurements can also be made from the
contrast images. This would be a severe underestimation by about
an order of magnitude since we are essentially removing the flux in
larger scales which would still account for a percentage of the clump
flux. The wavelet decomposition of small structures still associates
some flux to the larger scales and is only efficient for detection rather
than for measurement. Nevertheless, we mention the results from the
contrast image, especially in regards to radial property variation as

an extreme limit across the work and also in the Appendix. We do
not however determine stellar masses by this method.

3.3 SED fitting

After the measurement of fluxes of the clumps over an observed
wavelength range of our data (0.5 − 4.6 𝜇m), we derive their physi-
cal properties through spectral energy distribution (SED) modelling.
For this, we use the software FAST++6. To simplify the fitting, we
allow the redshift to only vary within the 68 % range provided for the
respective host galaxies in S17. We use the Bruzual & Charlot (2003)
stellar population models with the Chabrier (2003) initial mass func-
tion, along with the Calzetti et al. (2000) dust attenuation law. We fix
the metallicity to the solar value7, while allowing the dust attenuation

6 https://github.com/cschreib/fastpp
7 Since the primary objective of this work is to determine the stellar mass,
this property does not vary beyond the already present uncertainties at fixed
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to vary across the range A𝑉 = 0 − 6. We implement a simple ex-
ponentially declining model (∝ 𝑒−𝑡/𝜏 ) as the star-formation history
(SFH) model. We also attempt to use the delayed-exponentially de-
clining SFH ∝ (𝑡/𝜏2) 𝑒−𝑡/𝜏 . The results from the latter, although in
agreement with those from the exponentially declining model, have
slightly larger uncertainties in measured parameters likely due to the
increased complexity of the SFH. Therefore, we will be referring to
the results from the former model throughout this paper.

Given that our observations do not include wavelength coverage
into far-IR and sub-mm where dust-reprocessed stellar light is emit-
ted, we will abstain from using the exact measured values for star-
formation within the clumps to draw any conclusions. Nevertheless,
we exploit an UVJ color-color selection to determine a general star-
formation classification discussed later in Sec. 4.4. Similarly, we also
do not discuss stellar age and dust attenuation values beyond a brief
mention as it can be highly uncertain without spectroscopic data. The
critical 4000 Å break that is required to robustly determine the stellar
age is straddled by the F814W HST band and the F115W JWST
band. The shallow depth of the former filter results in uncertainties
that leads us to not rely on the measured age values.

In addition to carrying out this SED fitting procedure for individual
clumps, we also perform the SED fitting using the integrated fluxes
for the whole galaxy within the region that we demarcated using a
7𝜎 threshold in the F444W image (Sec. 3.2). This provides us with a
revised host galaxy stellar mass, which will be used for the rest of this
work. It should be noted that in a fraction of cases, the stellar mass is
lower than reported in S17. This is mainly prevalent in galaxies at the
lower mass end of our sample. We expect the underestimation since
the region of selection is dependent not on the actual flux of the galaxy
but rather the depth of the data. However, we argue that the stellar
mass we derive from the 7𝜎 threshold ensures that we only include
the region where the clumps are searched. Using a radius dependent
on the galaxy flux (e.g., the kron radius) as the selection region
would also require a correlated clump detection limit, which would
severely increase systematic biases. We then proceed to check the
galaxy 90% completeness limit (= 109.5 M⊙) based on the currently
defined threshold and limit our study to the sources with the revised
stellar mass above it.

3.4 Detection limits

The best constrained physical parameter obtained from SED fitting
is the stellar mass of the clumps, compared to their stellar ages and
star-formation rates. This accuracy (∼ 0.2 dex) can be attributed to
the extensive coverage of the rest-frame optical and near-IR with
the JWST/NIRCam filters. However, assessment of the stellar mass
detection limits across our sample is important for this study. This
estimation is done by injecting a point source8 of varying flux (−4.0
to 0.0 in log scale relative to the flux of the entire galaxy; see also
K24) into the F356W images within the confines of the 7𝜎 based
demarcation of the extent of each galaxy. It is also ensured that these
positions do not overlap with the core or any already present clumps.
Only the limits for the near-IR clumps (in F356W) are discussed
in the work, as the range of masses possible for a specific UV flux

metallicity which we separately verify for a sub-sample using the Bayesian-
based SED fitting code BAGPIPES. This lack of stellar mass dependence on
metallicity has also been recently shown in Osborne & Salim (2024).
8 The choice of the point source is due to the FWHM being equal to the size
limit set by our wavelet subtraction method (Sec. 3.1)

limit is too high (≳ 1 dex, compared to ∼ 0.3 dex in near-IR9) for
consideration due to contribution from both star-formation and dust
attenuation.

The location of the artificial clumps are varied across the radius of
the disk, thereby estimating the limits as a function of radial distance
from the centre of the galaxy. Given that this procedure is being
carried out using the rest-frame near-IR flux which directly traces
the stellar mass, we use the ratio of the detection limit and the flux of
the whole galaxy to obtain the associated limit in stellar mass. This
assumes that the SED of the artificial clumps would on average be
similar to that of the whole galaxy. Such a correspondence of near-
IR clumps and the host galaxy is later verified in Sec. 4.4. We also
carry out this detection limit estimation using the annulus subtraction
method (Sec. 3.2). However, the limit in some cases are found to be
negative especially within the central region of some galaxies. We
conclude that underlying flux gradients at longer wavelengths, likely
due to stellar substructures, can be higher than the lowest flux of a
clump that can be detected at the same radial distance.

4 RESULTS

4.1 Clump detection in near-IR vs UV

One of the main goals of this work is to understand the significance of
near-IR detection of clumps in place of UV. Firstly, we find that 40 %
of our sample galaxies show clumps in near-IR within our detection
thresholds (with the 68% completeness limit at 108.1 M⊙ for the most
massive galaxies). Each of these clumps are expected to be within
the stellar disk of the host galaxy as observed in the F444W filter.
Therefore the inclusion of merging neighbours are severely limited.

Such a systematic detection is not possible using UV where the
flux is dependent on the star-formation as well as dust obscuration.
Hence the UV detection limit is found to vary over a magnitude in
stellar mass. The UV flux threshold we set assuming a flat spectrum
(Sec. 3.2) results in a detection of clumps in 25 % of our sample.
Moreover, 82 % of these UV clumps have a near-IR counterpart,
suggesting most of these objects are also detected in near-IR. How-
ever, converse is not true with only 28 % of near-IR clumps having
a spatial counterpart in UV. Taking the above mentioned results into
consideration, we conclude that using the rest-frame near-IR allows
for a more standardized detection of clumps in galaxies in terms of
their stellar mass.

4.2 Clump luminosity function

The detection of clumps in rest-frame UV vs. near-IR can be further
explored using a clump fractional luminosity function, which nor-
malizes clump count as a function of the clump-to-host luminosity
ratio (fractional luminosity). This function for both UV and near-IR
clumps is shown in Fig. 3. The clear offset in fractional luminosity
indicates a difference in contrast with the host and the contribution
from the near-IR bright bulge within the galaxy flux. However, the
similar evolution of the distributions suggests an intrinsic similarity
between the two populations.

The detection of clumps in rest-frame UV allows us to also com-
pare our analysis to previous literature. The largest of these is the
Guo et al. (2015) study of 3239 galaxies across a redshift range
of 0.5 − 3.0, with HST/ACS data. As discussed in Sec. 3, over the

9 these ranges are obtained using the values of mass-to-light ratios of the set
of clumps in every clumpy galaxy
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Figure 3. The fractional luminosity function, which shows the normalised
clump number count as a function of the luminosity ratio between each clump
and the host galaxy at the same observed wavelength. The near-IR clumps
are in red and the UV clumps are shown in blue. The corresponding best fit
Schechter Functions are provided for each set. Also displayed are the average
68% detection limits for both rest-frame near-IR and UV. For comparison,
the distribution from a previous HST study (Guo et al. 2015) is also provided.

redshift range of 1 < 𝑧 < 2 the F606W filter was used for clump
detection allowing a direct comparison to our study. However, some
key differences still exist. The final detection was done with at 2𝜎,
whereas we implement a 3𝜎 threshold. Furthermore, no additional
detection checks were conducted for each clump, as a result of which
we reject 15% of our clumps. The background estimation is also
different as their study implements an estimation using a region of
6 − 10 pixels around the location of the clump. We find this to ap-
proach the disk 𝑟𝑒 and is found to be lower the clump flux by a
factor of ∼ 0.8−0.9 in comparison to the flux measurements without
any background subtraction. Finally, since there was no access to
resolved rest-frame near-IR data at these redshifts before JWST, the
clumps which actually are the galaxy bulges are not removed.

For the comparison, we plot the same clump fractional luminosity
function in Guo et al. (2015) for 1 < 𝑧 < 2 and galaxy stellar mass
range of 109.8−10.6 M⊙ . Although our UV clumps overlap with the
luminous end of the distribution, we do not see an agreement. We
attribute it to our conservative detection algorithm that likely lowers
the normalisation of the luminosity function. Our method includes
the removal of bulges as well as fainter clumps during our robustness
checks. Rejection of clumps beyond the detection region will also
be a possible contributor to this offset, especially since less massive
clumps are likely to be at larger radii (Sec. 4.5).

We emphasize that differences in the detection process inevitably
lead to inconsistencies in the resulting clump populations. This is
primarily because no single detection process is ideal, and each
comes with its own limitations. A recent study by Kalita et al. (2024a)
presents a more detailed analysis without clump filtering. They adopt
a 3 − 4𝜎 detection threshold and ensure the galaxy, along with
its clumps, is well-fitted using a composite morphological model.

Figure 4. (Top) The distribution of clump mass across our sample, with the
red-dashed line indicating the detection limit for the most massive galaxies in
our sample. (Middle) The stellar mass of clumps, in y-axis, as a function of
the host galaxy stellar mass. The black points denote the average trend with
the error bars representative of the dispersion. The red-dashed line indicates
the completeness limit of our detection algorithm across the host galaxy
mass distribution. (Bottom) The y-axis provides ratio of the stellar mass of
clumps and the host galaxy mass. In each of the aforementioned plots, the
data points correspond to individual clumps, with more than one of these
possibly belonging to the same galaxy.

However, even in that study, some residual structures or clumps
remain unincorporated.

4.3 Mass of clumps

In this section about the stellar mass, we limit our discussion to
near-IR clumps (due to the reasons specified in Sec. 4.1). We find
the distribution of clump mass to be between the stellar mass range
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Figure 5. The clump stellar mass function in our sample. This is compared
to the theoretical prediction for hierarchical star-forming regions (𝛼 = −2
Elmegreen et al. 2006) as well as the function derived from clumps in lensed
galaxies (Dessauges-Zavadsky & Adamo 2018). A final comparison to the
model-based clump analysis (Kalita et al. 2024a) in 32 massive galaxies
(> 1010.5 M⊙) is also provided. A constant has been added to the power law
for a visual comparison of the slopes and does not hold any physical relevance.

of 107.5−9.5 M⊙ (Fig. 4, top) with the average being ∼ 108.5 M⊙ .
Meanwhile the 68% completeness limit is found to be at 108.1 M⊙ ,
with our method not suitable for detecting clumps with lower masses
especially in massive (> 1010.5 M⊙) galaxies. We see a drop in the
number of clumps below this limit in Fig. 4, which we regard as
a systematic effect rather than a real physical characteristic. Based
on these measurements, we also model the clump stellar mass func-
tion (cSMF). We fit a power law (log(𝑑𝑁/𝑑𝑀) = 𝛼× log 𝑀 + log
(const)) to the clump number counts above the completeness limit
as a function of stellar mass and find 𝛼 = −1.50 ± 0.14 (Fig. 5). The
normalisation depends on detection thresholds and the input param-
eters of the SED fitting procedure (Dessauges-Zavadsky & Adamo
2018), making direct comparisons between different studies chal-
lenging. Hence the constant that has been added is simply for the
ease of visual comparison in Fig. 5 and does not hold any scientific
relevance.

We show the distribution of clump mass in Fig. 4 (middle), in refer-
ence to the corresponding host galaxy mass. We observe a slight trend
of the clumps progressively growing more massive with increasing
host galaxy mass. However, the scatter is high and the increase can
be partially compensated by the variation in the completeness limit
we provide in red (as determined in Sec. 3.4). Hence it is likely that
we are not detecting clumps less massive than 108.1 M⊙ in massive
galaxies (> 1010.5 M⊙). Detecting them would inevitably increase
the scatter at the high galaxy mass end. Nevertheless, we still can ob-
serve that the most massive clumps (≳ 108.5 M⊙) are preferentially
located in massive galaxies.

If we inspect the ratio of the clump mass and the host galaxy mass
(Fig. 4, bottom), we find a marginal decrease of about ∼ 0.5 dex.
However, the change is not sufficiently significant with respect to
the scatter of the data. Finally, we detect a decrease in the mass and
fraction for clumps at the highest stellar mass bin of 1011 M⊙ . This

is especially interesting because the galaxies sampled in this bin are
mostly in the UVJ-based quiescent regime.

4.4 Color-color classification

We implement the SED fitting results to classify each clump based
on its U-V and V-J colors (Fig. 6). This is done using the fitted SEDs
for each object that are within Δ𝜒2 = 1, based on which the rest-
frame U, V and J band magnitudes are derived. Throughout, we use
the filters prescribed in Whitaker et al. (2011), while also following
their UVJ classification criteria for quiescent (top-left of the figures
demarcated by the dashed lines) and star-forming galaxies. Within
the star-formation regime, progression from the bottom-left to top-
right translates to an increase in dust attenuation. While a trend
from bottom-right to top-left indicates a decrease in specific star-
formation rate which finally leads to a transition into the quiescent
galaxy regime. To ensure quality-control, only those measurements
are plotted for which the SED fitting returns a reduced-𝜒2 = 1 ± 1.

The near-IR clumps show that they primarily lie in the star-forming
regime of the UVJ diagram. Although, a small fraction of them do
occur in the quiescent region, indicating that one can have clumps
with minimal star-formation. The UV clumps however populate only
the low dust-attenuation segment of the star-forming region, which is
expected since clumps being detected in UV implicitly suggests high
star-formation devoid of dust. Focusing on the host galaxy stellar
mass of the clumps, we observe that UV clumps primarily appear in
galaxies below a mass of∼ 1010.5 𝑀⊙ , near-IR clumps are featured in
the whole span of our galaxy mass range. For both the sets of clumps,
there is a clear gradient of increasing host galaxy mass towards the
top right hand-side of the UVJ diagram. This suggests a gradual
increase in dust content and/or reduction in star-formation in clumps
as we progress towards more massive galaxies.

Finally, we place the UVJ colors of clumps in direct reference
to those for their respective host galaxies in Fig. 7. The near-IR
clumps mainly follow the host galaxy properties albeit with an ubiq-
uitous scatter of ∼ 0.4. This suggests that there can be variations
in specific star-formation and dust-attenuation within the surface of
individual galaxies. However, the scatter along the axis of changing
dust-attenuation is observed to be higher than that for specific star-
formation. Nevertheless, this scatter is well below the total extent of
the UVJ positions of both the complete galaxy or the clump sample.
Hence, Fig. 7 suggests that the clump properties in general follow
the host galaxy. Meanwhile, the UV clump distribution concentrates
towards the low attenuation regime, which corroborates Fig. 6

We do note that given our results are based on the clump flux
measurements on the original images rather than the contrast maps,
the correlation between the clumps and the host galaxies may simply
indicate a systematic effect from galaxy flux contribution. We there-
fore redo the whole analysis with the contrast maps where the galaxy
contribution has been removed. The scatter is found to increase by an-
other ∼ 0.4 magnitude in the direction of attenuation and ≲ 0.2 mag-
nitude in the direction of specific star-formation (Appendix, Fig. 2).
Hence the correlation between clumps and host galaxies still remains.

4.5 Spatial distribution

Due to the access we have to the rest-frame near-IR flux of our
galaxy sample, we can accurately assess the distance of each clump
from their host center. We do so by using the asymmetry centers,
which also coincide with the location of bulges, of the galaxies in
our sample (values borrowed from K24). Both are determined using
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Figure 6. (Left) The UVJ plot (all values in AB magnitudes) for individual near-IR detected clumps, with grey circles indicating the ones with corresponding
UV detection. The color of the points refers to the host galaxy mass. (Right) The same plot for the UV clumps, with those having corresponding near-IR
detection featuring additional grey circles. In both the plots, the top-left region demarcated by the dashed lines indicate the quiescent regime, while the rest can
be regarded as star-forming.

Figure 7. (Left) The U-V and V-J (all values in AB magnitudes) color difference of all near-IR and UV clumps, with respect to their respective host galaxies.
The black ‘+’ sign marks the 0 value, with point lying to the bottom left being less dust obscured and to the top right being more dusty. Meanwhile, values
from bottom right to top left have decreasing specific star-formation, with the 0 value suggesting similar value as that of the whole galaxy. (Middle) The same
plot, but only for UV clumps, divided into two groups: with and without corresponding near-IR detection. (Right) The distribution for near-IR clumps, with and
without UV detection.

the stellar light sensitive F444W image. To account for the different
sizes of galaxies within our sample, we normalise the clump distance
by the effective radius of the stellar disk in F444W, also from K24.
The reason behind using the disk rather than the whole galaxy for
the normalisation is to separate the bulge from this measurement.
Moreover, if the central core increases in mass, it will decrease the
net effective radius of the entire galaxy and hence artificially increase
the normalised clump distance.

In Fig. 8 (right), we divide the clumps into three bins of host
galaxy mass. This controls the rise of the detection limit as a
function of galaxy mass indicated in Fig. 4. Across the bins
(109.5−10.0 M⊙ , 1010.0−10.5 M⊙ and 1010.5−11.2 M⊙), we see an in-
crease of ∼ 108.3−8.6 M⊙ , or 0.7 dex between the two extremes of
our range of the distance from the core. It should be noted that we
detect clumps only up to about 2.5 times the effective radius of the
stellar disk, which reemphasise our use of the segmentation map from

F444W to demarcate the region within the galaxy and not include
neighbours. To ensure that the increase in clump mass with decreas-
ing radial distance is not a systematic effect of the method used, with
clumps closer to the centre being harder to detect, we create the same
plot using the detection limits determined in Sec. 3.4 (Fig. 8, left).
We find that the maximum systematic increase in clump mass is of
∼ 0.3 dex for the highest galaxy mass bin, which is ∼ 0.4 dex lower
than the increase in measured clump mass across the same distance
range. The situation is even clearer in the lowest galaxy mass bin
where we actually observe a reverse trend of decreasing limit, most
likely a result of the scatter.

While comparing the two plots in Fig. 8, it is evident that the
underlying density of datapoints in the plot for the detection limit
decreases with decreasing radial distance. This is not observed in
the plot on the right with the measured values. The reason behind
it is simply that the actual length scale covered in the first half of
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Figure 8. (Left) The effective mass of the detection limits for near-IR clumps as a function of the distance from the core of the host galaxy, normalised using
the effective radius of the stellar disk from K24. (Right) The median of measured mass of the detected near-IR clumps within the galaxies as a function of the
distance from the galactic center, found to be generally above the detection limits in the plot on the left. The continuous colorbar on the extreme right indicates
the stellar mass of each clump (point) in the plot, while the three part bar alongside it shows the binned ranges used to measure the median values.

Figure 9. The ratio of stellar mass contained in clumps and that in the entire
host galaxy, as a function of the normalised distance from the core of the host
galaxy (as in Fig. 8). The red line shows the estimation of the detection limits
within the same parameter space.

the logarithmic x-axis is about 3 times smaller than the second half.
Meanwhile, we follow a uniform distribution while artificially intro-
ducing clumps across the whole range. The plot reflects the gradient
due to conversion from a linear to logarithmic scale. However, for the
actual measurements, we detect the real clumps within the galaxy.
The occurrence of these should approximately follow the morphol-
ogy of the exponential disk, which has the same flux within and
outside the effective radius by definition. Therefore, the density of
clumps appears similar in both halves of the second plot. This clear
distinction in clump density distribution between the two plots cor-
roborates the idea of clumps forming from the disk itself, rather than
having an external origin (further discussed in Sec. 5.2).

Fig. 9 provides a generalised representation of Fig. 8 by replacing
the binning of the datapoints based on the host stellar mass with
using the same value to normalise the clump mass. This clump mass
fraction removes possible contributions of the mass evolution within
bins, especially since the detection limit is found to correlate with the
host mass (Fig. 4 and 8). Here too we observe a trend of increasing
fractional mass in clumps with decreasing radial distance, with the

detection limit clearly not responsible for it. Moreover, the detection
limit mainly affects the proper sampling of the population of clumps
further away from the center, flattening the net relation. Hence the
trend could actually be steeper.

Therefore, we conclude that the property change in clumps as a
function of distance from the galactic centre is robust against uncer-
tainties and systematic effects from the methodology of this work. It
could be suspected that the mass increase could be an effect of the
subtraction method we incorporate. We check the corresponding dis-
tribution with the clump flux measured after the annulus subtraction
method (Sec. 3.2). We find the result identical to Fig. 9 but with a
decrease in the normalisation by∼ 0.1 dex. We also recreate the exact
same plot, but with the mass determined from flux measurements in
the contrast images rather than the original images (provided in the
Appendix, Fig. 3). The result is not as identical, but it still shows the
same increasing trend towards the core.

Given that the contrast between the clumps and the galaxy would
decrease towards the core, the subtraction would artificially flatten
this relation. As we still observe the same radial gradient (albeit with
larger scatter), we conclude that the method of subtraction does not
affect our results. Hence, we conclude that the the mass of clumps
do effectively increase as a function of radial distance.

4.6 The host galaxy population

Fig. 10 shows the UVJ position for the population of galaxies within
which we detect clumps, compared to those where we do not. We title
these two sets as ‘clumpy’ and ‘non-clumpy’ galaxies respectively.
The first clear distinction we observe is the fraction that can be
classified as UVJ quiescent. This is found to be 23 % for clumpy
galaxies and 59 % for those without clumps. Hence, clumpy galaxies
are predominantly star-forming, with clumps being detected in either
UV or near-IR. Furthermore, this fraction of UVJ quiescent galaxies
goes down to 13 % if we only include sources showing UV clumps.
We observe that there is a clear gradient with galaxy stellar mass,
with less massive clumpy galaxies featuring low attenuation. A large
fraction of them have UV clumps. In comparison, the non-clumpy
population lacks this gradual trend, and 79 % of this group of galaxies
more massive than ∼ 1010.1 M⊙ appear in the quiescent regime,
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Figure 10. (Left) The UVJ plot for all galaxies within which clumps, either in UV or near-IR are detected. The color indicates the stellar mass of the host galaxy.
The points with an additional black circle are the ones which have UV detected clumps. The dashed lines demarcate quiescent galaxies (region to the top-left).
Moreover, shifting from the bottom-left to top-right involves an increase of dust attenuation. (Right) The same plot for the rest of the sample, which do not
feature any clumps.

while the remaining few are in the highly dust-attenuated regime. This
indicates a fundamental difference in their evolutionary trajectories
being experienced by the two populations of galaxies.

5 DISCUSSION

5.1 The relevance of near-IR clumps

For about two decades, the apparent clumpiness of high-z (≳ 1)
galaxies has been a major subject of interest, with the feature being
observed in rest-frame UV. Although this established the increased
star-formation in these structures, determination of their stellar mass
was uncertain. Estimations could be made, but a stellar mass depen-
dent detection was required to ensure that selection effects do not
influence the results. In this work we exploit the rest-frame near-IR
image from F356W, directly accessing the stellar-mass tracing flux,
essentially circumventing such issues.

K24 already discussed the relevance of clumps detected across
rest-frame optical and near-IR bands in regards to the overall stellar
structural change of galaxies from being disk to bulge dominated. In
this work, we find that 82 % of UV clumps are also detected as near-IR
clumps based on their corresponding spatial overlaps, while it is only
28 % the other way round (Sec. 4.1). This suggests that the near-IR
clumps, appearing in 40 % of all galaxies, forms a more ubiquitous
group of structures compared to those detected in UV. Some of
these near-IR clumps have low enough dust attenuation to also be
detectable (or at least a part of them) in UV, indicated by the location
of UV clumps as well as near-IR clumps with UV counterparts in
the lower left part of the UVJ diagram (Fig. 6). Whereas others can
be classified as highly dust-obscured or quiescent based on the same
UVJ colors.

Furthermore, we make a visual inspection of each contrast map
to understand the regions not selected as clumps. We find that in a
large fraction of cases, one can easily discern more extended but less
concentrated stellar structures, with the detected clumps forming the
most concentrated regions. Some of these structures also resemble
spiral-arms, but we are not in the position to quantify these features
and therefore hold off any conclusions in this regard. Nevertheless, it
is important to understand that the detected clumps in many instances

are not isolated structures. This is a key perspective added by the
near-IR detection.

5.2 Mass of the clumps and galaxy subtraction

The clump mass range of 107.5−9.5 M⊙ with an average value of ∼
108.5 M⊙ (Fig. 4, top) measured in this study is found to be in general
agreement with previous works (Wuyts et al. 2012; Guo et al. 2012,
2018; Huertas-Company et al. 2020). The corresponding fraction of
galaxy stellar mass contained in clumps of 1 − 3% is sufficient to be
driving gas towards the core through tidal torques (Bournaud et al.
2014). Hence, irrespective of the fate of the clumps and their exact
structures, the level of mass concentration we measure establishes
a consequential effect on galaxy evolution through enhancement of
centralised gas concentration. Nevertheless, there may be clumps of
lower masses which are simply below our detection threshold. This is
also indirectly related to the scales we are sensitive to, the lower limit
determined by the PSF size ∼ 0.06′′ and the upper limit dictated by
the smallest scales we subtract ∼ 0.14′′. In physical scales, these will
be between 0.5 − 1.2 kpc for our redshift window.

As discussed in Sec. 3.2, we remeasure the clump flux in each filter
by subtracting a background value, estimated using an annulus at the
radial distance of the respective clump. This process leads to an over-
subtraction in some cases (sec. 3.4), leading to an inability to estimate
detection limits. Nevertheless, we find that the resulting clump mass
distribution remains almost the same (Fig. 11) with an incremental
decrease of ∼ 29% (0.1−0.2 dex) in the median value of the sample.
The upper limit of the clump mass distribution (∼ 109.5 M⊙) remains
the same however. Furthermore, we find no discernible difference in
other results. Therefore, we support the use of the aperture method
that we have primarily discussed for which we have robust detection
limits.

Background subtraction has been implemented with varying
recipes in previous works (Förster Schreiber et al. 2011; Wuyts et al.
2012; Guo et al. 2012, 2018), which have targeted rest-frame UV.
Some also explored the effects different methods may have and found
that the flux values may change up to a factor of ∼ 3 using different
methods with a corresponding UV flux reduction of ∼ 15 − 30 %
(Förster Schreiber et al. 2011; Guo et al. 2012, 2018) as a result of
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the subtraction. In this work, we find a similarly minimal decrease
in the near-IR flux reflected in the stellar mass estimates. This differ-
ence hence does not translate to any detectable offset in the clump
mass estimates between our results and previous works. However, it
is prudent to point out that over-subtraction can especially impact the
rest-frame near-IR bands with lower contrast between clumps and the
background. This makes background estimation more challenging.

5.3 Hierarchical nature of clumps

The cSMF provides key insights into the formation and evolution of
clumps in galaxies. Theoretical models of turbulence-driven clump
formation predict a slope of -2 (Dessauges-Zavadsky & Adamo 2018;
Elmegreen 2018). A similar slope also suggests a hierarchical nature,
comparable to that observed in star-forming regions of local galax-
ies (Elmegreen et al. 2006; Veltchev et al. 2013; Chandar et al.
2014; Adamo et al. 2017; Zhou et al. 2024). However, the slope
is expected to become shallower as clump populations evolve. Ad-
ditionally, resolution can flatten the cSMF due to blending effects
(Huertas-Company et al. 2020). However, these effects are insuffi-
cient to fully alter the stellar mass distribution (Tamburello et al.
2017), as long as the cSMF is estimated for clumps above the detec-
tion limit of the study.

Our cSMF estimation of −1.50±0.14 agrees with values observed
for lensed galaxies in Dessauges-Zavadsky et al. (2017) within their
error bars. However, the shallower profile likely reflects the resolu-
tion limits of our study, as well as possible high-mass bias introduced
by our detection process (Sec. 3.4). Fig. 3 shows that intermediate- to
low-mass clumps are less likely to be included, compared to studies
with less stringent selection criteria. Additionally, near-IR detection
allows for more dust-obscured, and possibly more massive clumps
(indicated in Fig. 4 and 6). Effects of observational limitations were
discussed in Huertas-Company et al. (2020), where they used galax-
ies from VELA simulations and replicated the systematic conditions
of CANDELS images. For their full sample (VELA Candelized), they
find a slope similar to that in our study (−1.55±0.34). Improvements
in resolution are likely to steepen the slope of the cSMF as shown in
Kalita et al. (2024a). They used JWST/NIRCam F150W rest-frame
optical images (with three times higher resolution than F444W), and
a robustness test based on the fitting of composite morphological
models to get a slope of −1.85 ± 0.14.

Nevertheless, our measured slope suggests a hierarchical nature
for clumps. Furthermore, Dessauges-Zavadsky et al. (2017) proposed
that the higher clump mass with increasing galaxy mass could result
from clump mergers, giving rise to a hierarchical population. The
same trend observed in our study (Fig. 4) further substantiates this
conclusion. This could also explain the radial variation of clump
mass (sec. 4.5), with clumps at smaller orbits close to the center of
the galaxy likely to undergo more mergers.

5.4 Similarity with the host properties

Directing the focus on to the host galaxies, we observe that they pre-
dominantly occupy the UVJ star-forming regime. Clumpy galaxies
(in rest-frame UV) being star-forming and preferentially low-mass
has been widely suggested (e.g., Guo et al. 2015). This is clear from
Fig. 10 when we limit ourselves to those featuring UV clumps. How-
ever, if we include the entire sample of clumpy galaxies, including
those featuring clumps in near-IR, we observe that a fraction of these
also populate the high-attenuation or quiescent regimes in the UVJ
diagram. In contrast, the galaxies without any clumps are dominantly
quiescent.

Figure 11. Histogram showing the clump mass distribution within our sample
using the two methods of flux measurement, using the flux within the region
of the clump, and the same after subtracting the annulus background flux.

The distribution of the host galaxies in the UVJ plot resembles the
same for the near-IR clumps. In both cases, we also observe a similar
shift towards the top right of the plot with increasing host stellar
mass, which indicates correlated increase in levels of attenuation
or quiescence. This similarity is further illustrated in Fig. 7, and as
discussed in Sec. 4.4, the scatter suggests similar levels of sSFR
in clumps and galaxies across our sample. However, it is the dust
attenuation that may vary to a slightly higher degree based on the
increased scatter along the bottom-left to top-right direction.

5.5 Possible evidence of migration

Multiple works have suggested a radial change in clump properties
to be an indication of migration into the core (Guo et al. 2012;
Shibuya et al. 2016; Guo et al. 2018; Soto et al. 2017; Huertas-
Company et al. 2020). Our results presented in Sec. 4.5 contribute to
this discussion. We observe an increase of clump stellar mass with
decreasing radial distance, even after taking into account systematic
detection effects (Fig. 8 and 9). We can hence test the feasibility of
the migration scenario using the radial increment in stellar mass.
Given that we do not extract values of star-formation rates from
either the galaxies or individual clumps, we rely on the star-forming
main-sequence relation from Leslie et al. (2020). We assume that
the galaxies predominantly follow it at least during their star-forming
phase. If the mass increase of the clumps are also governed by the
same relation, we find that we get the same increment (with star-
formation rate ∼ 0.1 dex above the relation but within the scatter)
seen at the two extremes of both Figs. 4 and 8. This takes into account
the expected migration timescales∼ 0.4−1.0 Gyr (Dekel et al. 2022).
We can hence suggest a scenario where the clumps follow the galaxy
in their star-formation properties while also migrating inward. This
leads to the more massive clumps (≳ 108.5 M⊙) being closer to the
center, with the less massive ones not surviving disruption due to
stellar feedback.

However, the clumps may not follow the star-forming main se-
quence to produce an exponential rise in stellar mass. Dekel et al.
(2022) concludes that the star-formation rates rather remain constant
as it is dictated by the accretion rate of the clump. However, this dif-
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ference would likely be within the scatter observed in Fig. 7. Neither
of the two scenarios can be rejected based on our SED-based SFR
estimations (Appendix, Fig. 4). Moreover, the constant SFR narra-
tive would also have to contend with the variation we observe in the
UVJ classification of near-IR clumps, with the mass increase of the
clumps resulting in the various positions in the UVJ plot. Although,
if one only considers the UV clumps we observe in our sample, the
UVJ positions are much less scattered. More accurate SFR indica-
tors would be required to resolve this question of SFR variations in
migrating clumps.

On the other hand, the mass gradient may simply be an effect of
higher concentration of gas near the core (e.g., Elbaz et al. 2018;
Puglisi et al. 2021; Gómez-Guĳarro et al. 2022) and the clumps ac-
tually would not survive long enough to migrate across the galactic
disk. This would drive higher levels of star-formation dictated by
the well established Schmidt-Kennicutt relation (Kennicutt 1998).
However, that would imply the stellar mass gradient observed in
Fig.8 is simply due to the inner and outer regions forming stars at
different rates. The difference would hence be created over periods
much shorter than the migration timescales of clumps. Assuming
that the initial mass of the clumps are generally similar, an approx-
imate difference in specific SFR of ≳ 0.4 dex would be required if
one implements an extrapolation of the star-forming main-sequence
relation from Leslie et al. (2020). This difference is well within the
scatter of both the SED-based SFR and specific SFR distribution of
clumps as a function of radial distance from the centre (plots shown
in Appendix, Fig. 4).

We further investigate the stellar ages and dust attenuation across
the surface of the galaxies to understand better the reasons of this
apparent increase in clump mass with decreasing distance from the
centre. As mentioned earlier in Sec. 3.3, the exact values of these
parameter may not be robust enough to include in the conclusions
of this work. Nevertheless, we mention them here primarily for a
discussion and the corresponding plots are provided in the Appendix
(Fig. 5). We find that the stellar ages marginally decrease towards
the core of the galaxy, along with an increase in the attenuation.
However, it is also possible that we are being influenced by the dust-
age degeneracy which can artificially reduce the stellar age through
an increase in attenuation. However, even if one assumes that the
stellar age is being underestimated near the core, we would expect a
further increase in the stellar mass of the clumps in the region. This
would further enhance the gradient in Fig. 8, albeit marginally.

Therefore, we can confirm a radial gradient in the clump properties
based on the SED-based robust stellar mass along with the less
reliable stellar age and dust attenuation measurements. Nevertheless,
detailed sub-mm resolved observations measuring the IR-based SFR
or resolved spectral line SFR measurements would be critical in
understanding the key driver of the observed radial trend in clump
mass. Such observations would also allow for a quantification of
the mass build-up in galaxies and what role clumps play, which is
intrinsically connected to the question of migration.

5.6 The nature of detected clumps

Besides the advantages of detecting clumps in the stellar mass tracing
near-IR light that have been discussed in this work, it is important
to highlight the caveats. Rest-frame UV studies of lensed galaxies
suggest that the the intrinsic sizes of clumps are a ∼ 100 pc with
masses on average ∼ 5 × 107 M⊙ (Dessauges-Zavadsky et al. 2017;
Soto et al. 2017). Whereas, direct observations of non-lensed galaxies
have found sizes ∼ 1 kpc and stellar masses higher by about an order
of magnitude (Elmegreen et al. 2007; Guo et al. 2015, 2018; Huertas-

Company et al. 2020). Comparisons to local galaxies do not resolve
this discrepancy as their clumps are found to be even lower in mass
(∼ 105 M⊙) and a large range of sizes from ∼ 10 pc to ∼ 1 kpc
(Kennicutt et al. 2003; Bastian et al. 2005).

Unsurprisingly, our results from the near-IR study of clumps re-
turns similar results to those predicting massive clumps of ∼ 1 kpc
sizes since the resolution of our images are similar to the UV band
images that have been previously used. However, as discussed in
Sec. 5.1, using the near-IR comes with the added advantage of creat-
ing a stellar mass based detection. Therefore also detecting clumps
which may be highly obscured or have older stellar populations,
leading to suppressed UV flux. However, this can also lead to our
venturing into gravitationally bound over-dense regions including
spiral arms or tidal features. Complicating matters further, simula-
tions suggest that clumps may more likely form at location of stellar
substructures, especially in cases of lower gas fractions (Fensch &
Bournaud 2021).

The similarity between near-IR clumps and their host galaxies
(Sec. 5.4) further adds to the question about the nature of these kpc-
scale ‘clumps’. If UV clumps are primarily star-forming regions, the
near-IR clumps likely indicate associated stellar structures, poten-
tially dense substructures forming within the disks. This brings into
question the contribution of classical clumps, formed from disk in-
stabilities, to the stellar substructures of the galaxy disk (Kalita et al.
2024a, 2025). Further investigation is needed to fully understand the
distinction (and overlaps) between clumps and substructures.

Therefore, we have to reassess the relevance of our definition
of clumps. This work has mainly referred to any clumpy structure
appearing to have a higher surface density than its surroundings
as clumps, similar to the recipe used in previous UV-based stud-
ies. However, based on lensed galaxy studies we can expect that
a sizeable fraction of these are rather clump ‘clusters’ made up of
structures smaller by an about order of magnitude. Our results in
near-IR suggests that irrespective of the smallest building block of
these structures, the net mass concentrated within their ∼ 1 kpc size
is 107.5−9.5 M⊙ . Hence, these structures are theoretically massive
enough to drive structural evolution of the host galaxy by driving gas
inward, corroborated by observational evidence in K24. The clumps
that were previously detected in rest-frame UV make up a part of this
group. However, there are additional structures which also do exist
but happen to feature suppressed UV flux.

5.7 Clumpy vs non-clumpy galaxies

Based on the SED fitting results of the galaxies, with and without
clumps, it is clear that clumpy galaxies are preferentially star-forming.
In comparison, the majority of non-clumpy galaxies are UVJ quies-
cent. Focusing on the clear stellar mass gradient we observe for the
clumpy galaxies in Fig. 10, one could suggest this trend is indicative
of an evolving star-forming galaxy, with rising dust content with in-
creasing mass (Fang et al. 2018). Along with the host, the co-evolving
clumps within it also increase in mass and dust attenuation. How this
gradual change in UVJ characteristics is related to the evolution in
clumpiness as a function of the galaxy morphology (K24) will have
to be understood in future studies.

The non-clumpy population, in contrast seem to be categorised
as quiescent much more predominantly and is likely different phys-
ical conditions compared to the clumpy galaxies. K24 links the low
clumpiness with bulge dominance and hence our results could indi-
cate a bulge-driven morphological quenching. We study the differ-
ence between the two population in a follow-up work (Kalita et al. in
prep)
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6 SUMMARY AND CONCLUSION

In this work we exploit the wide spectral coverage (0.5 − 4.6 𝜇m)
of a stellar mass complete sample of galaxies at 1 < 𝑧 < 2 to
study clumps within them. We combine CEERS public data from
both HST/ACS and JWST/NIRCam to make this possible. Through-
out the wavelength range, we have sufficient spatial resolution to
properly resolve the expected ∼ 1 kpc clump sizes. We use a wavelet
decomposition method to create contrast maps in both rest-frame UV
(F606W) as well as near-IR (F356W) that allows for an automated
clump detection strictly within the stellar extent of the respective host
galaxies.
• We find the total fraction of galaxies showing near-IR clumps is

40%. Amongst the UV clumps, 85% have a spatial overlap with
a near-IR clump. Meanwhile only 28% of near-IR clumps have
a UV counterpart. We suggest that a stellar-mass tracing near-IR
detection of clumps provides a larger and more complete sample
of clumps in galaxies compared to UV. The reason is primarily due
to the effects of dust attenuation and the star-formation influencing
the UV flux.

• Using the rest-frame near-IR for detection allows for a determi-
nation of the detection limit in terms of stellar mass across our
sample. We find that a similar estimation is not possible with an
UV detection due to a widely varying SED influenced by dust
attenuation and stellar age.

• The near-IR clumps closely follow the UVJ characteristics of the
host galaxy, thereby indicating a similarity in sSFR and dust at-
tenuation rates. Furthermore, the hosts (and hence their clumps)
primarily lie in the star-forming regime. A fraction of them (23%)
are located in the UVJ quiescent region however, a characteristic
also shown by near-IR detected clumps (16% are found to be UVJ
quiescent).

• The stellar mass of clumps within our sample is found to be in
the range of 107.5−9.5 M⊙ with an average value ∼ 108.5 M⊙ . We
find the detection limit in F356W filter to correspond to a mass of
∼ 108.1 M⊙ . Furthermore, above this detection limit, we find the
cSMF to follow a power law with 𝛼 = −1.50 ± 0.14. This value
indicates the hierarchical nature of clumps likely a result of growth
through clump mergers.

• We also find a clear increase in the clump mass with decreasing
distance from the near-IR based location of the galaxy center.
This radial trend is also reflected in the fraction of galaxy stellar
mass within clumps. We find both these correlations robust against
selection effects. The less reliable stellar age and dust attenuation
derived from SED fitting also corroborate this conclusion. This
result could suggest inward migration of the clumps, although
accurate star-formation tracers would be required to confirm it.

• Throughout, we have quoted results derived by measuring clump
fluxes directly on the original images. However, we find almost
perfect agreement of the results had the fluxes been measured
after an radial annulus based background subtraction. There is
only a reduction of the median of the clump mass distribution in
our sample by 29%, although without changing the upper limit of
the distribution. We conclude that not subtracting the background
provides more reliable results given that we are not affected by
varying levels of over-subtraction along with the possibility of
determining reliable detection limits.
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DETERMINING WAVELET SCALES FOR SUBTRACTION

We decide on the smallest scale (and everything greater) to be sub-
tracted by making comparisons to the previous method used in K24.
A rough estimation by visual inspection of subtraction residuals of
clumpy galaxies, along with only subtracting upto scales that are
larger than the image PSF, indicates this scale to be somewhere be-
tween 0.3′′ and 0.1′′. Among our seven wavelet scales, this leaves us
three possibilities: 0.27′′, 0.14′′ and 0.08′′. These three options are
shown as Sub. A, B and C respectively in Appendix Fig. 1 under the
column of Method [B]. Method [A] refers to the previous method of
smoothing using a Gaussian kernel of 𝜎 = 3 pixels as done in K24.

We find that only removing scales upto 0.27′′ (Sub. A), leads to

higher negative peaks near emission regions in the residual image,
compared to method [A]. This can also be deduced from the differ-
ence image, where these appear as positive flux. We hence conclude
that this is not a sufficient background removal. On the other hand,
subtracting scales equal to and greater than 0.08′′ leads to much less
negative residuals. However, we find that the clumps hence detected
do not include a large fraction of the flux compared to method [A].
This is found to be significantly higher than the flux measurement
uncertainties10 for each clump. Moreover, through visual inspection
we also observe that this translates to clump getting more difficult to
detect. In other words, this aggressive subtraction severely reduces
our ability to detect clumps in our sample galaxies.

We therefore settle on subtraction B of scales upto 0.14′′. In
this case, the negative residuals are also found to be lower than
the previous method, thereby improving the background subtraction
(by ∼ 30 − 40%). Meanwhile the clump fluxes, are only lower by
an amount much less than the flux uncertainties. Hence detection of
clumps remain at a similar level.

CONTRAST IMAGE PROPERTY LIMITS

Although we support the use of the original images for clump flux
measurements (Sec. 3.4), here we provide the version of results of
this work if the contrast images were used (Appendix Fig. 2, 3). These
should be regarded as limits of the measurements and are shown as
evidence of the robustness of the results presented in the main text.

ADDITIONAL SED BASED PROPERTIES

As discussed in the main text, the measured values of the SFR,
stellar age and dust attenuation (A𝑉 ) would not be accurate enough
to draw reliable conclusions simply given the access to only wide-
band photometric data up to rest frame near-IR. Nevertheless, we
provide the variation of these properties as a function of distance
from the centre of galaxies across our sample (Appendix Fig. 4, 5).

This paper has been typeset from a TEX/LATEX file prepared by the author.

10 the uncertainties for these test cases are borrowed from the values mea-
sured in K24 for the specific sources
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Figure 1. A comparison between two methods of galaxy subtraction

Figure 2. The UVJ plot (top) for clumps as well as their difference in both axes to the respective host galaxies (bottom). These are generally similar to the version
of the results in the main text, albeit with higher scatter by up to ∼ 0.4 dex.
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Figure 3. The version of Fig. 9 with the clump mass estimations derived from the contrast images in each filter rather than the original images. The relation
appears flatter than that in Fig. 9, likely due to reasons discussed in Sec. 3.4 in addition to possible over-subtraction near the core which is also indicated in Fig. 1.

Figure 4. The SED-derived median SFR and specific SFR (SFR/stellar mass) in log scales, on the left and right respectively, as a function of distance from the
galactic core across our sample.

Figure 5. The SED-derived median stellar mass-weighted age (t50) and dust attenuation (A𝑉 ), on the left and right respectively, as a function of distance from
the galactic core across our sample.
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