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The Stellar Mass and Age Distributions of Star-Forming Clumps at 0.5 < z < 5 in JWST CANUCS:
Implications for Clump Formation and Destruction
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ABSTRACT

We investigate the resolved properties of star-forming clumps and their host galaxies at 0.5 < z < 5
in the JWST CANUCS fields. We find that the fraction of clumpy galaxies peaks near z ~ 2 for
galaxies with masses of log(M, ./Ms) > 10. Galaxies with masses of 8.5 < log(M, ./Mg) < 10
show lower clumpy fractions with little redshift evolution. We identify and measure individual clump
masses, finding that the aggregated clump stellar mass function (¢cSMF) follows a power-law slope
of @« = —2 across all redshift bins, broadly consistent with in-situ clump formation. However, when
split by galaxy mass, the ¢cSMF is found to be flatter (a« ~ —1.6) for massive galaxies and steeper
(a ~ —2.3) for lower mass galaxies, with little redshift evolution. We further explore how clump
formation and disruption mechanisms shape the ¢SMF. In particular, we find that the ¢cSMF slope
is flatter with increasing inferred gas fraction in younger clump populations (< 300 Myr), suggesting
that gas availability favors the formation of more massive clumps. Alternatively, many high-redshift
galaxies in our sample have disturbed morphologies and simulations show that clumps of ex-situ origins
are comparably more massive to in-situ clumps, which can flatten the cSMF. We also examine clump
evolution, finding the cSMF slope become flatter as clumps evolve and age. We interpret this as an
indication of the long-term survivability of massive clumps, where feedback mechanisms preferentially
disrupt low-mass clumps. Overall, the galaxy-mass dependent cSMF and age distribution point to
a complex history for clumps, involving different and competing mechanisms for their formation and
destruction.
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1. INTRODUCTION

Star-forming galaxies at z > 1 commonly exhibit ir-
regular morphologies and often host multiple kiloparsec-
scale, rest-frame UV bright star-forming clumps (e.g.,
D. M. Elmegreen et al. 2005; M. Puech 2010; N. M.
Forster Schreiber et al. 2011a,b; E. Wisnioski et al. 2011;
S. Wuyts et al. 2012, 2013; V. Y. Y. Tan et al. 2024).
Particularly, the fraction of clumpy galaxies is found to
increase with redshift (e.g., K. L. Murata et al. 2014; Y.
Guo et al. 2015; M. Huertas-Company et al. 2020; V. Sok
et al. 2022; W. Mercier et al. 2025), with a peak around
z ~ 2, coincident with the peak of the cosmic star for-
mation density (T. Shibuya et al. 2016; Z. Sattari et al.
2023; A. de la Vega et al. 2025). With the recent launch
of JWST, there is also a growing number of spectacu-
larly gravitationally lensed sources observed after cosmic
noon (z 2 5) that host compact stellar structures (e.g.,
A. Adamo et al. 2024; L. Mowla et al. 2024; S. Fuji-
moto et al. 2025; E. Vanzella et al. 2025). While many
of these objects are likely to be globular progenitors, it
naturally raises important questions about how clumpy
star formation occurs, what formation pathways dom-
inate, and how these different mechanisms may evolve
across cosmic time.

The commonly suggested mechanisms for clump for-
mation at z ~ 2 include both in-situ and ex-situ pro-
cesses. Clumps of in-situ origins are typically linked to
violent disk instability (VDI) as the result of sustained
cosmological gas accretion, with gravitational fragmen-
tation governed by the Toomre () instability parameter
(e.g., A. Toomre 1964; O. Agertz et al. 2009; A. Dekel
et al. 2009a,b; D. Ceverino et al. 2010; M. Cacciato et al.
2012). This is motivated by observations of very gas-
rich galaxies at higher redshifts (e.g., E. Daddi et al.
2010; L. J. Tacconi et al. 2010; T.-M. Wang et al. 2022),
with well-ordered rotation (e.g., N. M. Forster Schreiber
et al. 2018; E. Wisnioski et al. 2019). The fragmenta-
tion of clumps in gas-rich disks is also well-studied in
simulations of galaxies in both isolation and cosmolog-
ical context (e.g., D. Ceverino et al. 2016; J. Fensch &
F. Bournaud 2021; F. Renaud et al. 2024). Alterna-
tively, clumps of ez-situ origins are attributed to gas
compression and fragmentation triggered by galaxy in-
teractions (e.g., M. Puech 2010; A. Calabro et al. 2019;
V. Estrada-Carpenter et al. 2024). These clumps could
be remnants of accreted satellites as shown in simula-
tions (N. Mandelker et al. 2017) and suggested in obser-
vations (B. Ribeiro et al. 2017; A. Zanella et al. 2019).
Further supports for ez-situ clumps are also found in

V. Estrada-Carpenter et al. (2025), where some clumps
are found to have lower metallicity offsets compared to
their host gas disks. These metallicity offsets are not
expected if clumps are formed through disk instabili-
ties, suggesting that these are perhaps satellites or even
accreting clumps of near-pristine gas. Such metallicity
offsets are also reported in V. Sok et al. (2025), where
clumpy galaxies are found to have lower metallicities
compared to nonclumpy galaxies.

Clump formation due to VDI has been previously ar-
gued to be more efficient near cosmic noon due to both
the declining of cold gas accretion toward lower red-
shifts (e.g., E. Daddi et al. 2022; S. Waterval et al.
2025) and the generally larger disks toward lower red-
shifts. Recent studies of galaxy morphologies at higher-
z, however, suggest that VDI-driven clump formation
may still be relevant at earlier epochs, given the rela-
tively high fraction of disk-like morphologies observed
out to z ~ 7 (e.g., L. Ferreira et al. 2023; J. S. Kartal-
tepe et al. 2023). At z = 5, both VDI and mergers are
linked to lensed galaxies that exhibit clumpy morpholo-
gies as observed by JWST/NIRSpec IFU observations
(e.g., S. Fujimoto et al. 2025; T. Morishita et al. 2025).
Simulations also offer contrasting pictures. Y. Nakazato
et al. (2024) found that clump formation due to VDI
did not occur until z ~ 6 in their FirstLight simulation,
with their clumps found at 5.5 < z < 9 are associated
with mergers. In contrast, hydrodynamical simulations
in L. Mayer et al. (2025) showed clump formation due
to fragmentation at z > 7 is possible.

Larger, statistical samples of clumps in galaxies are
needed to better constrain clump formation mecha-
nisms. Particularly, the clump stellar mass distribution
also provides insights into these processes. Detecting
clumps and measuring their stellar masses accurately
depend both on the spatial resolution and sensitivity of
the observations. High-z star-forming clumps are gener-
ally observed to be larger and more massive, often esti-
mated to be 10°-10? solar masses (e.g., B. S. Kalita et al.
2025a,b), compared to their star-forming region counter-
parts in the local universe. While observations of gravi-
tationally lensed galaxies have shown that clump masses
are overestimated in those measured in unlensed galaxies
(e.g., R. C. Livermore et al. 2015; A. Cava et al. 2018; U.
Mestri¢ et al. 2022; M. Messa et al. 2024; A. Claeyssens
et al. 2025), the effect of degraded resolution is found to
be negligible compared to the impact of observational
sensitivity, which can overestimate masses by an order
of magnitude (M. Dessauges-Zavadsky et al. 2017; V.
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Tamburello et al. 2017). M. Dessauges-Zavadsky & A.
Adamo (2018) also showed that the slope of the clump
stellar mass function is unaffected when limiting their
sample to just blended clumps. Any inferred physics
using the measured clump properties must therefore ac-
count for these sensitivity limits to ensure robust con-
clusions.

Initial analyses on the redshift evolution of the clump
stellar mass distribution at z < 5 include the work
of M. Dessauges-Zavadsky & A. Adamo (2018) and A.
Claeyssens et al. (2025), where both studies found that
clump formation is broadly consistent with being in-situ.
In this paper, we expand on these analyses by utiliz-
ing the deep, multi-wavelength imaging of the Canadian
NIRISS Unbiased Cluster Survey (CANUCS) to con-
strain the clump properties of a larger sample of ~ 5000
star-forming galaxies (SFGs) at 0.5 < z < 5. In particu-
lar, we analyze the redshift evolution of the clump stellar
mass function in different galaxy mass bins, with clump
completeness considerations to mitigate sensitivity bi-
ases. We further investigate the relationship between
the mass and age of clumps and their host galaxy prop-
erties within the context of the mechanisms for their
formation and destruction. In order to obtain robust
estimates of the stellar mass, age and star formation
rate of clumps, we use images that are PSF-matched
to the F444W filter. This gives an angular resolution
of ~0.16", corresponding to an effective spatial resolu-
tion of ~1 — 1.3 kpc for over our redshift range. In §2,
we briefly describe the CANUCS dataset, while §3 cov-
ers our galaxy selection criteria for the analyses. In §4,
we describe our methodology, which includes spatially
fitting the SED of galaxies, extracting clumps, and es-
timating our clump detection limits. We discuss the
redshift evolution of the fraction of clumpy galaxies in
§5, as well as the clump properties and the clump stellar
mass distribution in §6.

Throughout the paper, all magnitudes are expressed
in the AB system (J. B. Oke & J. E. Gunn 1983). We
adopt a ACDM cosmological model of the universe with
Q) = 0.7, Qu = 0.3, and a Hubble constant of Hy = 70
km/s/Mpc.

2. DATA

This paper makes use of deep and extensive photo-
metric datasets from the Canadian NIRISS Unbiased
Cluster Survey (CANUCS, C. J. Willott et al. 2022). A
detailed overview of the first data release is presented
by G. T. E. Sarrouh et al. (2025). Briefly, the full
datasets for CANUCS include HST, JWST/NIRCam
and JWST/NIRISS photometry, along with spec-
troscopy from JWST/NIRISS and JWST/NIRSpec of
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five strong lensing clusters; Abell 370 (z = 0.375, here-
after A370, J. M. Lotz et al. 2017), MACS J0416.1-2403
(z = 0.395, hereafter MACS0416, J. M. Lotz et al. 2017),
MACS J0417.5-1154 (z = 0.443, hereafter MACS0417,
M. Postman et al. 2012), MACS J1149.5+2223 (z =
0.543, hereafter MACS1149, J. M. Lotz et al. 2017), and
MACS J1423.8+42404 (z = 0.545, hereafter MACS1423,
B. Salmon et al. 2020). The primary cluster fields con-
sist of imaging from NIRISS, including filters FO9OWN,
F115WN; F150WN, and F200WN (where the suffix
“N” denoting the NIRISS filter designation), with NIR-
Cam filters FOOOW, F115W, F150W, F200W, F277TW,
F356W, F410M, and F444W. Also included are support-
ing HST imaging, with filters F435W, F606W, F814W,
F105W, F125W, F140W, and F160W. The typical 3o
magnitude limits are rmap ~ 29.5 for NIRISS, map =
29.5—30.0 for NIRCam, and map ~ 28.0—30.0 for the
HST/ACS and HST/WFC3 filters.

In addition to the primary cluster fields, there are
a total of ten flanking fields, comprising of a NIR-
Cam flanking (NCF) field and a NIRISS flanking (NSF)
field that are observed by the NIRCam and NIRISS
module on either side of each cluster field, respec-
tively. In this work, we utilize the five NCF fields.
Three of these five NCF fields (A370, MACS0416,
MACS1149) include almost the full set of NIRCam
imaging, while the other two NCF fields contain nine
medium bands and four wide-band filters. In brief,
the available filters for the NCF fields include wide-
band filters FO7T0W, FO90W, F115W, F150W, F200W,
F277TW, F356W, and F444W, and medium-band fil-
ters F140M, F162M, F182M, F210M, F250M, F300M,
F335M, F360M, F410M, F430M, F460M, and F480M.
Similarly, the 30 magnitude limits for the medium- and
wide-band filters in the NCF fields are mag ~ 29.5—30.5
for NIRCam, and map =~ 27.5—30.0 for the HST/ACS
and HST/WFC3 filters. We refer the reader to G. T. E.
Sarrouh et al. (2025) for the detailed list of available fil-
ters and limiting magnitude for each cluster and flanking
field.

Details of the PSF-matching, object detection, pho-
tometry and catalog creation are described in G. T. E.
Sarrouh et al. (2025). Briefly, source detection is done
based on a combined chi-mean detection image, with
aperture photometry done using the PHOTUTILS pack-
age (L. Bradley et al. 2024). Each cluster field is also
affected by varying level of gravitational lensing, with
one NIRCam module centered on the cluster and the
other generally sampling a lower-magnification region.
The lensing models for A370 are provided in R. Gled-
hill et al. (2024), for MACS0416 in G. Rihtarsic et al.
(2025), MACS1149 in G. Rhitarsi¢ et al. (in prep), and
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Figure 1. We selected galaxies based on their integrated
SNR within a 0.5” aperture and stellar mass. Additionally,
we used the UV J color selection to select star-forming galax-
ies (see text for details). Only ~20% of all sources with
USE_PHOT = True and FLAG_POINTSRC = False satisfies our
selection criteria. It should also be noted that not all sources
falling within each selection region necessarily satisfy all the
selection criteria in this figure.

MACS0417 and MACS1423 in G. Desprez et al. (in
prep). The lensing models are available on the CANUCS
website!®.

3. SAMPLE SELECTION

We make use of imaging and photometry products
from Data Release 1 (G. T. E. Sarrouh et al. 2025) to
select the galaxy sample for this work. Objects with un-
reliable photometry, USE_PHOT = False, are excluded.
These include sources that are bright cluster galax-
ies, sources contaminated by the bright cluster galaxy
subtraction, and those with Kron aperture overlapping
masked and bad pixels. In addition, point-like objects
are also removed to avoid stellar contamination, using
the flag FLAG_POINTSRC.

Figure 1 shows the main selection criteria of the sam-
ple. The selection criteria include cuts into stellar
masses, redshift, integrate signal-to-noise ratio (SNRipt,
measured within an aperture diameter of 0.5” based on
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the F444W image), and rest-frame colors. The mass
completeness of the CANUCS sample is determined to
be 95% complete down to stellar masses of 1082 Mg,
at z ~ 5 (Sarrouh et al. in prep.). We adopt a con-
servative cut at 108-° Mg, excluding lower-mass galax-
ies to enable a fair comparison of the clump stellar
mass function across redshift. We exclude galaxies that
have a SNRapgros (SNR within an aperture of 0.5")
less than 50 to ensure that each galaxy can be spa-
tially binned using Voronoi tessellation, as described in
§4.1.1, for resolved SED fitting. A lower redshift cut of
z = 0.5 (z = 0.65 for MACS1149 and MACS1423 as
these clusters are at a higher redshift) is also applied
to exclude galaxies associated with the clusters, as our
primary focus is on clump formation irrespective of en-
vironment. Due to the constraints on stellar masses and
SNRAPER0s5, galaxies at z > 5 are also excluded as the
number of galaxies that satisfy these criteria becomes
limited.

Since clumps are regions of intense star formation, we
select star-forming galaxies based on their rest-frame
UVJ colors. The UVJ selection for SFGs at all red-
shift bins follows the prescription from J. Antwi-Danso
et al. (2023), and is defined by the following color cuts,

(U-V) <107
(V—J)>16 (1)
(U—=V) < (V—J)x0.92+0.69

These lines are calibrated for the CANUCS parent
galaxy sample between 0.5 < z < 6, where the slope
and zero-point of the diagonal line is iteratively updated
until a clear bimodality is determined between the red
and blue sequence of galaxies (see V. Y. Y. Tan et al.
2024). Using a broad redshift interval here ensures that
the calibration accounts for any redshift evolution in the
zero-point. While the UVJ color selection is known to
lead to contamination of SFGs in the quiescent sam-
ple (e.g., C. Schreiber et al. 2018), it is still an efficient
method to select different galaxy populations. We note
other color selections can yield a more complete selec-
tion (e.g., G. Noirot et al. 2022; J. Antwi-Danso et al.
2023). However, since our analyses combine clump pop-
ulations across many host galaxies, the results are not
sensitive to the specific choice of color—color selection.
We also exclude galaxies with magnification factors of
© > 2 as the majority of the galaxies in our sample is
unlensed. This threshold removes ~600 galaxies that
are potentially subjected to significant differential mag-
nification, but ensures that the analyses are performed
on images with similar spatial resolution. We apply a
correction to the derived properties for magnification by
accounting for a factor of p where applicable (see §4.2.1).
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Lastly, we exclude highly edge-on galaxies with axial ra-
tio ¢ < 0.2, as projection effects and increased dust at-
tenuation in these systems can obscure clumps, leading
to biases in clump detection and unreliable estimates of
their physical properties. The axial ratio is determined
by fitting a Sérsic profile to each galaxy in the F444W
filter with GALFIT (C. Y. Peng et al. 2002). More de-
tails for the morphological parameter fitting is presented
in Merchant et al. in prep. Finally, the number of galax-
ies in our sample given these criteria is approximately
4500.

4. METHODOLOGY

This section describes the methodology for construct-
ing resolved stellar mass density and rest-frame UV
(Arest ~ 3600A) surface brightness maps. Pixels are
spatially binned to obtain the spectral energy distribu-
tion (SED). These SEDs are fitted to produce resolved
maps of the stellar mass density and U,..s; surface bright-
ness maps. We adopt the recalibrated U filter from J.
Maiz Apelldniz (2006), which is based on the Johnson
system, to retrieve Upest. We also discuss how clumps
are identified within these ULqs brightness maps. Galax-
ies are first classified as clumpy and nonclumpy based on
their ULes¢ brightness normalized profile, and individual
clumps are identified in those galaxies which are classi-
fied as clumpy. Lastly, this section outlines how clump
masses are retrieved from the two-dimensional stellar
mass density maps and discuss our clump detection lim-
its. Again, the following analyses are done using images
that are PSF-matched to the F444W image, with pixel
resolution of 40 mas.

4.1. Spatially-resolved SED fitting
4.1.1. Voronoi Binning

Spatially-resolved SED fitting provides better esti-
mates of stellar masses compared to unresolved fitting
(e.g., R. Sorba & M. Sawicki 2015, 2018). However,
rather than fitting the SED on a pixel-by-pixel basis, as
individual pixels generally have low SNR, we first bin
pixel together to acquire a minimum SNR.

In this paper, the binning step is done based on
Voronoi tessellation using VORBIN (M. Cappellari & Y.
Copin 2003), where pixels are binned until a minimum
S/N threshold is reached in the F444W band. We adopt
F444W for the binning as it provides the most reliable
tracer of the underlying stellar mass. The minimum
SNR per Voronoi bin is defined by the integrated SNR
of the galaxies in the F444W image (i.e., SNRapER05
as measured within a aperture diameter of 0.5”). We
set the minimum SNR to be 5 and 10 for galaxies with
SNRApERos < 500 and SNRapgrros > 500, respectively.
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The choice for varying the minimum SNR on a galaxy to
galaxy basis is because our sample consists of galaxies
at a wide range of stellar masses and redshifts. A fixed
threshold can otherwise yield fine binning in high-SNR
galaxies and unnecessarily coarser binning in low-SNR,
galaxies.

4.1.2. Inferring physical properties

We determine the flux for each bin by summing the
pixel values within that bin. Similar to Y. Han & Z. Han
(2019), the flux uncertainty for each bin is estimated as
the quadrature sum of the statistical uncertainty and
the systematic uncertainty. Here, the statistical uncer-
tainty is the aperture flux uncertainty, while the sys-
tematic component accounts for potential biases during
data reduction and calibration. Since each bin consists
of multiple pixels, we assume that the flux uncertainty
for a given bin is similar to that within a circular aper-
ture encompassing the same area (see G. T. E. Sarrouh
et al. 2025 for estimations of the aperture flux uncer-
tainty). We assume that the systematic uncertainty is
just a multiplicative factor of the flux. A multiplicative
value of 0.05 is used to account for systematic uncer-
tainties in this analyses, similar to that proposed in
Abdurro’uf et al. (2021).

We derive spatially resolved stellar mass and
SED-based star formation rate surface densities for each
galaxy by fitting the SED of every Voronoi bin with
DENSE Basis (K. G. Iyer et al. 2019). DENSE BASIS em-
ploys an amortized brute-force Bayesian approach to de-
termine the star formation history non-parametrically,
which has been shown help mitigate biases against out-
shining from younger stellar populations and lead to
more robust measurements of the SFH (e.g., K. Iyer & E.
Gawiser 2017; J. Leja et al. 2019; S. Lower et al. 2020).
We adopt a Chabrier initial mass function (G. Chabrier
2003) and Calzetti attenuation law (D. Calzetti et al.
2000). In later discussions, we also determine the age of
clumps based on background subtracted aperture pho-
tometry. The clump age is defined to be the lookback
time at which 75% of its total stellar mass formed (de-
noted as t75). We adopt 75 to account for more recent
star formation. To determine t75, we sample the star for-
mation history (SFH) posteriors, integrate each SFH to
obtain the cumulative mass formed, and calculate the
lookback time at which the cumulative mass fraction
reaches 0.75. The adopted t75 for each clump is taken
as the median of the its posterior distribution. Addi-
tionally, we also spatially reconstruct the rest-frame UV
surface brightness maps with EAZY-PY (G. B. Brammer
et al. 2008), using the recalibrated U filter from J. Maiz
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Apellaniz (2006). To this end, we fix the redshift of each
SED to the redshift of its parent galaxy.

Binning pixels together also effectively degrades the

spatial resolution of our maps, especially at the outer
region of galaxies where the SNR is lowest. This re-
sults in Voronoi bins that are generally larger at the
outskirts. Large bins can also smear out clumps in the
rest-frame UV brightness maps as binning is done based
on the F444W image. To recover spatial resolution in
the stellar mass density and U,.s brightness maps, we
“dezonify” the Voronoi bins by redistributing the binned
values according to the flux in the JWST images, sim-
ilar to the dezonification procedure applied in previous
works (e.g., R. Cid Fernandes et al. 2013). Specifically,
for each pixel ¢ within a given Voronoi bin, the value is
rescaled as,
Q= Qun g @)
where Qu,n is the SED-derived quantity for that bin (i.e.,
either mass or Uyes; luminosity), F; is the flux at pixel
i (i.e., either using F444W or another image), and Fy;,
is the sum across all pixels in the bin. Explicitly, the
F444W image is used to scale the stellar mass maps as
F444W closely traces masses, while we use whichever im-
age probes the rest-frame UV at a given redshift to scale
the rest-frame UV surface brightness maps at that red-
shift. We remind the reader that all the images used in
this paper are convolved to match the F444W PSF. This
rescaling therefore preserves the total measured quantity
for each bin while reintroducing spatial resolution at an
angular resolution of ~0.16".

4.2. Identifying clumps in the rest-frame UV maps

We identify clumps in galaxies through two main
steps. First, we select clumpy galaxy candidates us-
ing the normalized light profile method of S. Wuyts
et al. (2012). This method identifies broad regions of
enhanced rest-frame UV emission, which include both
extended and more localized clumpy star formation re-
gions. Second, we apply a clump finding algorithm to
find localized clumps in these clumpy candidates.

The normalized light profile is constructed based on
the rest-frame UV surface brightness maps (see S. Wuyts
et al. 2012; V. Sok et al. 2022, 2025). We refer the reader
to these papers for more details, however we briefly de-
scribe it here. Galaxies with smooth disk will have a
normalized light profile that is brighter near its galac-
tic center and tapers off with radius. As star-forming
clumps are bright UV regions, superimposed on an oth-
erwise smooth disk, clumpy regions will therefore appear
as bumps in this one-dimensional normalized light pro-
file. In order to make the normalized light profile for a

galaxy, we first define two structural parameters of the
galaxy; the axial ratio and the position angle. These
elliptical parameters are inferred from the segmentation
map of the galaxy. The apertures are then used to con-
struct a curve of growth, with apertures centered on
the mass-weighted center. We then define the half-light
radius R, as the radius that contains half of the total
light, and the effective surface brightness as the mean
surface brightness within R.. The normalized light pro-
file is obtained by normalizing the distance of each pixel
to the mass-weighted center of the galaxy by R., and
the rest-frame UV surface brightness of each pixel by
the effective surface brightness. Within this normalized
parameter space, S. Wuyts et al. (2012) defined a region
to identify clumpy pixels. Here, we classify a galaxy as a
clumpy candidate if more than 5% of its total rest-frame
UV light arises from this clumpy region. The choice of
5% is generally consistent with thresholds used in previ-
ous work to classify clumpy galaxies (e.g., Y. Guo et al.
2018; V. Sok et al. 2022; Z. Sattari et al. 2023).

The normalized light profiles only determine broad re-
gions of enhanced rest-frame UV brightness, and will
identify extended regions of star formation as clumpy.
We identify star-forming clumps in these galaxies by us-
ing a clump finding algorithm similar to what is pre-
sented in B. S. Kalita et al. (2025a). We first subtract
the large-scale structures from the rest-frame UV images
to enhance small-scale structures such as clumps. This
is achieved by decomposing the rest-frame UV images
into six spatial scales using a wavelet-based approach,
and reconstructing a smooth model of each imaging by
setting scale one and two to zero. Specifically, we adopt
the Isotropic Undecimated Wavelet Transform, or more
commonly known as starlet transform, as it is well-
suited for astronomical data analysis (J.-L. Starck et al.
2007). The starlet transform has been implemented in
the python package SCARLET (P. Melchior et al. 2018).

Figure 2 illustrates the steps to construct the high-
contrast residual image. It should be noted that the
third wavelet scale corresponds to an angular resolution
of ~0.2”. Subtracting wavelets of this scale and higher
effectively removes any diffuse background emission and
only leaves structures smaller than this scale. The res-
olution at scale 3 is determined by injecting a Gaussian
profile with FWHM = 0.16” into the image and ana-
lyzing its FWHM across wavelet scales. We apply a
peak finding algorithm to find clump candidates using
a threshold of 50 and minimum separation of three pix-
els. To mitigate spurious detection, we further require
that each detected clump has a flux above 30 within a
0.2"”-diameter aperture in the rest-frame UV.



Scale

ID1200579 Urest

Scale 4 Scale 5
. .
-4 o
® (e}
@ @® o6
Reconstructed Residual
Using scales 3 to 6 Usest - Reconstructed

Figure 2. An illustration showing how clumps are identified with starlet wavelet transform. The rest-frame U image is first
decomposed into multiple spatial scales. The top row shows the resulting wavelet scales. A smooth model of the galaxy is
then reconstructed by combining only the large-scale components (scales 3 and higher), while setting scales 1 and 2 to zero.
The bottom row shows the composite color image, the rest-frame U image, the reconstructed smooth image, and finally the
high-contrast residual image obtained by subtracting the smooth model from the original. Clumps are identified using a peak
finding algorithm on the high-contrast image (see text) and are marked by red circles with a diameter of 0.2”. The cutouts

shown here are 3.6” x 3.6".

We note that the clump finding algorithm does not
discriminate between star-forming clumps and bulge-
like components. To remove contamination of bulge-like
structures in the subsequent analyses, we assume that
the center of mass determined from the surface mass
density map traces the galaxy’s gravitational potential.
Any clumps located within 0.24 arcsec of the center of
mass are therefore considered as part of the bulge struc-
tures and are removed from the analyses (see Figure 3
for examples of these bulge-like components). Finally,
we define clumpy galaxies as those with detected clumps
that contribute to more than 5% of the total UV lumi-
nosity. Only clumps detected in clumpy galaxies are
considered for the remainder of the paper.

4.2.1. Galazy subtraction

We measure clump stellar masses directly from the
stellar mass surface density maps using fixed aperture
photometry. Since clumps are generally superimposed
within a galactic disk, it is essential to account for this
underlying background to avoid overestimating their
physical properties.

We assess the robustness of different background sub-
traction techniques in Appendix A. In particular, we test
three different methods, including (1) reconstructing the
smooth underlying disk by decomposing the mass map
into different wavelet scales and removing the contri-
bution of the two lowest scales (similar to §4.2 when
creating a smooth image of the galaxies), (2) model-
ing the disk by fitting a Sérsic profile, and (3) estimat-

ing the local background via an annular aperture. In
general, we find that all three methods reliably recover
masses of artificially injected clumps. In the end, we
adopt the annular subtraction method as it relies on
simpler assumptions of the underlying disk, compared
to parametric modeling approaches such as a Sérsic pro-
file. Other studies such as Z. Sattari et al. (2023) have
also used the annular background subtraction to esti-
mate physical properties of clumps. Overall, performing
background subtraction generally leads to correction of
~0.2 dex per clump.

As the clumps in this study are typically unresolved
and will have a FWHM of ~0.16", we use an aperture of
radius 0.2 to extract clump masses. This aperture size
encloses the majority of the clump’s mass (and similarly,
light) while minimizing contamination from the underly-
ing disk. Local background estimation is done by calcu-
lating the mean stellar mass density between two annuli
at 3.5 and 5 pixels around the clumps. We also mask
other clumps in the galaxy image while measuring the
local stellar mass density to avoid contamination. The
local stellar mass density is subtracted from the aper-
ture measurement to isolate the stellar mass associated
with each clump. We account for magnification, if any,
by dividing the retrieved clump mass by pu.

We note that clump masses can be alternatively re-
trieved by fitting the SED to photometry measured di-
rectly from the multi-band images. To compare this
approach to extracting the clump masses from the two-
dimensional mass maps, we perform similar aperture
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Figure 3. Examples of clumpy galaxies in the CANUCS fields. These galaxies are selected based on their clumpy morphology
to illustrate our clump detection algorithm, and are ordered by redshift, with less massive galaxies (log(Mg,/Ms) < 10) shown
on the left and more massive galaxies (log(My,«/Ma) 2 10) on the right. In each panel, we show the composite RGB image,
the stellar mass maps, the rest-frame UV map, and the same UV map with detected clumps (shown as the circle markers) and
bulges (shown as the star markers).

photometry on images using the same background sub-

traction procedure. Here, magnification is accounted by



dividing each flux by the corresponding p. We find that
clump masses from the two approaches are consistent,
with a scatter of ~0.3 dex.

4.2.2. Clump completeness

Understanding our clump detection thresholds is a
crucial step towards interpreting our results, including
the clump stellar mass function. We determine the
clump detection limit by injecting clumps into galaxy
images across all available filters and applying our spa-
tially resolved SED-fitting and clump-finding algorithm
to quantify our clump recovery.

In Figure 4, we first look at the distribution of all
clumps detected as a function of their luminosity com-
pared to the host galaxy’s luminosity (i.e., the frac-
tional luminosity function). We find that we are able
to detect fainter clumps compared to the host galaxy’s
luminosity at lower redshifts. However, at higher red-
shifts, the distribution is shifted to higher Leciump/Lgal
values as clumps become harder to detect. To deter-
mine the completeness of our detection, we simulate
clumpy galaxies by injecting clumps into them. Rather
than inject clumps from an assumed set of parameters,
we instead sample directly from a parent sample of de-
tected clumps and inject them into different galaxies.
This approach ensures that the simulated clumps re-
flect the intrinsic range of observable clump properties.
Since clumps are detected based on their rest-frame UV
brightness, we explore mass detection limits by ran-
domly scaling clump fluxes so that their final mass span
between 7.4 < log(M., /M) < 8.6.

The parent sample of clumps used for simulating
clumpy galaxies consists of clumps detected between
0.5 < z < 4. We limit this sample to clumps with
masses at 7.4 < log(M,, /M) < 8.6 to avoid selecting
either clumps that are well below the detection limit,
or brighter clumps that could be satellites. To simu-
late clumpy galaxies, we randomly select galaxies from
our galaxy sample. For each simulated galaxy, we inject
“donor” clumps from the parent clump sample whose
redshifts are within Az = 1 of the simulated galaxy’s
redshift. The redshift constraint here ensures that these
clumps are representative of those observed at simi-
lar epoch. Since these donor clumps are generally at
a different redshift compared to the target galaxy, we
shift their spectral energy distributions accordingly to
the new redshift. The SED of clumps is obtained from
DENSE BAsIS, using a 0.2”-diameter circular aperture
centered on the clump, with background subtraction ap-
plied in each filter (see Appendix A). The flux of the
redshifted SED through each JWST filter is measured
with DENSE BAsis, which account for the filter response.
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These are then injected into the corresponding images
of the simulated galaxy. Each clump is modeled as a
2D elliptical Gaussian with semi-minor axis of FWHM
of 0.16”, and is scaled so that the total flux is within an
aperture of 0.2”. We randomize the ellipticity between
0.1 < e < 0.2 and the position angle. For each simulated
galaxy, up to four donor clumps are injected into them.
The uncertainties of the clump mass completeness are
determined by performing twenty independent realiza-
tions of this injection-recovery procedure. In each real-
ization, there are approximately 200 simulated galaxies
with ~800 injected clumps.

The top panels of Figure 5 show the completeness as
a function of the fractional rest-frame UV luminosity in
clumps per redshift bin, separated by galaxy masses. In
general, we find that the completeness is lower for less-
massive galaxies at fixed fractional clumpy luminosity.
This arises because lower mass galaxies will have lower
total luminosities, so clumps corresponding to a given
fraction of that luminosity are intrinsically fainter and
therefore more difficult to detect. Similarly, the bottom
panels of Figure 5 show the completeness as a function
of clump mass. We model the completeness as a sigmoid
function, described as,

100
T 1 e h(Me M) (3)

C(M...)

where k& and M, are parameters. At clump masses of
log(M.,./Mg) ~ 8.0, the clump mass completeness is at
80%. Given the uncertainties, we find that the clump
mass completeness is similar for both low- and high-mass
galaxies. However, we note that the mass completeness
seems lower for massive galaxies at lower redshifts. This
could be driven due to the contrast of the image, where
the light from a clump is weaker compared to more mas-
sive galaxies.

5. THE FRACTION OF CLUMPY GALAXIES

In this section, we examine the abundance of clumpy
galaxies between 0.5 < z < 5. Clumpy galaxies are
defined as those with clumps that contribute to more
than 5% of their total UV luminosity. We denote the
felumpy as the fraction of star-forming galaxies that are
clumpy. Figure 6 shows the evolution of the fraction of
clumpy galaxies at different redshift bins, and the error
bars represent the 1o uncertainties assuming binomial
statistics. We find differences in the redshift evolution
based on galaxy masses. Specifically, massive galaxies
with log(My.«/Mg) > 10 exhibit a stronger evolution
with redshift relative to less massive galaxies with 8.5 <
log(My «/Mg) < 10. The clumpy fraction for massive
galaxies peaks at around 60% near z ~ 2 and remains
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Figure 4. The fractional luminosity function of clumps as a function of redshift. In general, we find that the distribution is
shifted toward higher Lciump/Lgal values at higher redshifts as fainter clumps become harder to detect. The gray regions denote
the 50% and 80% completeness limit determined by simulating clumpy galaxies and determining how many clumps are retrieved
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Figure 5. The completeness limit as a function of host galaxy mass and redshift bins. In the top panels, we show the
completeness as a function of the fractional luminosity of clumps. The bottom panels show the completeness as a function of
clump stellar mass. We determine the completeness by injecting clumps into galaxy images and rerunning our SED fitting and
clump detection pipelines (see text for details). In general, we find that the clump completeness is similar for both galaxy mass
bins.

at around 40% at z ~ 4. For less massive galaxies, the
clumpy fraction is observed to be at 30% for all redshift

bins.

The trend in the redshift evolution of the clumpy frac-
tion can be driven due to incompleteness, where clumps
become fainter and harder to detect at higher redshift.



To estimate a correction to the clumpy fraction, we de-
termine the incompleteness of our classification based
on a Monte Carlo approach. For each redshift bin,
we integrate both the observed and corrected fractional
luminosity function from log(Leiump/Lgal) > —2 (see
§4.2.2) to determine the expected number of clumps per
galaxy. In each realization, we then sample that number
of clumps directly from the fractional luminosity func-
tions to determine if the sampled clumps add up to more
than 5%. This provides an estimate for the classification
completeness X of our sample based on the corrected
fractional luminosity functions. The corrected fciumpy is
then calculated following a similar equation in Y. Guo
et al. (2015),

1
1d 1d
cclcl)lrrrnpy = glumpy + (} - 1)fcolumpy' (4)

The second term on the right hand side accounts for the
fraction of galaxy that may have been clumpy but clas-
sified as non-clumpy due to non-detections of clumps.
In general, we find that the classification completeness
is around 80-95% depending on the redshift bins. These
values are likely lower if clumps of lower fractional lu-
minosity are included, however we limit the correction
to clumps with log(Leiump/Lgal) > —2, where the com-
pleteness is approximately at 50% and the correction is
more reliable.

We also compare our results to other studies. While
the differences in the normalization of the clumpy frac-
tion can be affected by choices in sample selection and
clump detection thresholding, we generally find that the
overall redshift evolution of the clumpy fraction is con-
sistent with previous studies for galaxies of similar mass
bins. This is shown as the gray markers in Figure 6.
In particular, studies of lower-redshift clumpy galaxies
suggest a steep decline in the clumpy fraction at z < 1
(K. L. Murata et al. 2014; R. Hinojosa-Goni et al. 2016;
D. Adams et al. 2022). T. Shibuya et al. (2016) fur-
ther noted that the clumpy fraction peaks near cosmic
noon and declines at earlier times, although the true
clumpy fraction may drop more slowly at z > 2 due to
incompleteness. They suggested that the clumpy frac-
tion broadly traces the evolution of the cosmic star for-
mation rate density (SFRD, P. Madau & M. Dickinson
2014). This redshift evolution is also observed by A.
de la Vega et al. (2025). Their higher clumpy fraction
arises from using a lower threshold at 2% compared to
the 5% of this study.

We reproduce the redshift evolution by fitting
our uncorrected clumpy fraction of galaxies with
log(My,./Mg) > 10 using the empirical prescription
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from P. Madau & M. Dickinson (2014),

B (14 2)°
Fotumes = O ) ©)

where we fix the parameters b, ¢ and d to the values
reported in F. Walter et al. (2020), and only refit for a
to renormalize the best-fit curve. This is plotted as the
dashed gray line in Figure 6. Similarly, the renormalized
molecular gas density is shown as a dotted line. The
observed clumpy fraction broadly follows the redshift
evolution of both the molecular and SFR densities.

Across all redshifts, we find that massive galaxies are
more likely to be clumpy than low mass galaxies. While
previous studies (e.g., V. Sok et al. 2022; Z. Sattari
et al. 2023) have reported a negative correlation between
galaxy mass and clumpy fraction, it should be noted
that our sample contains galaxies with stellar masses
approximately an order of magnitude lower than those
previous works. For example, the clumpy fraction as
observed in both K. L. Murata et al. (2014) and M.
Huertas-Company et al. (2020) is seemingly peaked at
log(M,/Mg) ~ 10 before declining at lower masses. In
addition to stellar masses, the clumpy fraction is also
dependent on additional parameter such as star forma-
tion rate (e.g., K. L. Murata et al. 2014; V. Sok et al.
2022).

6. CLUMP PROPERTIES

In this section, we examine the relationship between
clump properties and the global properties of their host
galaxies, with a particular focus on stellar mass. We
further analyze the clump mass distribution and how it
evolves with redshift. As noted in §4.2, these analyses
are restricted to clumps and do not include bulge-like
components detected in galaxies.

6.1. Clumps/Host Galazies Relations
6.1.1. Number of clumps per galazy

Figure 7 shows the number of clumps found in galaxies
as a function of the host galaxy mass and star forma-
tion rate. The marginal probability distributions are
also shown the top and the right panels. We find that
the number of clumps is generally higher for more mas-
sive galaxies at fixed redshift, similar to what was found
in E. Soto et al. (2017). When looking at star forma-
tion rates, we find that galaxies with higher star for-
mation rate do not seem to preferentially host more
clumps compared to those with lower SFRs. This is seen
more clearly in the lower-right panel, which shows the
marginal probability distribution of SFR, color-coded by
the number of clumps per galaxy. In general, the distri-
butions peak at similar SFR values regardless of clump
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Figure 6. The fraction of clumpy star-forming galaxies for
two different galaxy mass bins, where the red markers de-
note galaxies with log(My,«/Me) > 10 and the blue markers
denotes galaxies with 8.5 < log(My,«/Mg) < 10. We fur-
ther correct the clumpy fraction based on a Monte Carlo ap-
proach where we sample clumps from both the corrected and
observed fractional luminosity function to determine classifi-
cation incompleteness (see text for details). We also compile
and show previous clumpy fraction measurements, shown as
the lighter gray markers. The dashed and dotted line show
the cosmic SFR and molecular gas density from F. Walter
et al. (2020), renormalized to fit our measured clumpy frac-
tion of galaxies with log(M, .«/Mg) > 10.

count. Above z > 3, the number of detected clumps
decreases. However, this is likely driven by detection
limits, where clumps of a fixed fractional luminosity of
their host galaxies are less complete.

6.1.2. Clump masses

Figure 8 shows the distribution between clump mass
and the host galaxy mass for all clumps in our sam-
ple as the contours. We also examine the relationship
between the mass of the most massive clump in each
galaxy and its host galaxy mass. This is shown as the
blue markers, which represent the median mass of these
most massive clumps in host galaxy mass bins of 102,
10%, 10%°, 101, and 10'2 M. Similar trends have been
reported in previous studies; for example, A. Claeyssens
et al. (2025) also found a strong positive correlation be-
tween the maximum clump mass and the host galaxy
mass (reproduced in Figure 8). We further examine the
correlation between the maximum clump mass and host
galaxy mass by computing the Pearson correlation co-
efficient on the binned data points. The Pearson test

0 4 8 12
number of clumps per galaxy

log(SFR [Mg yr~1])

5 0.00 0.25
Redshift PDF

Figure 7. Number of clumps in clumpy galaxies as a func-
tion of their host galaxy mass and SFR. The marginal prob-
ability distributions, color-coded by the number of clumps,
are shown in the top and right panels. Massive galaxies tend
to host more clumps relative to less massive galaxies, how-
ever we find no preference with the total SFR.

measures the linear correlation between two variables,
with coefficients ranging from -1 to 1. A value of one
implies positive correlation. We find a strong and signif-
icant corelation, with a Pearson coefficient of 0.73 and
p-value less than 0.001. The p-value here indicates that
the probability of obtaining such a correlation by chance,
if no correlation existed, is less than 0.1%.

In general, the correlation between clump mass and
host galaxy mass, as shown by the contours of Figure 8,
suggests a fundamental link between clump formation
and the broader physical context of their host galaxy.
In particular, while massive galaxies tend to host the
most massive clumps, the contours also suggest that low-
mass clumps are are less common in massive galaxies.
This becomes clearer in §6.2 when we examine the clump
mass distribution as a function of galaxy mass and find
that galaxies with log(My ./Mg) > 10 appear to have
a flatter slope relative to less massive galaxies. This
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Figure 8. The relationship between clump masses and their
host galaxy masses. The contours show the full distribution
of the clump sample. To further investigate the relationship
between clump mass and host galaxy mass, we select the
most massive clump in each galaxy, and compute the median
mass of these clumps within bins of host galaxy stellar mass.
These median values are shown as blue markers. Similar
correlation between the most massive clump mass and host
galaxy mass is also observed by A. Claeyssens et al. (2025),
who performed analyses on a compilation of clumps found in
lensed sources between 0.6 < z < 5.

suggests that massive galaxies have a higher fraction of
massive clumps relative to lower mass clumps. We do
not expect the absence of low-mass clumps in massive
galaxies to be primarily driven by detection biases as we
note that our completeness limit is generally similar for
all redshift bins at the stellar mass range used for our
analysis (see Figure 5). The next section shows that the
clump mass distribution across galaxy masses are still
different even with a completeness correction.

6.2. The Clump Stellar Mass Function

The clump stellar mass function (¢SMF) contains cru-
cial insights on the formation mechanism of clumps. Ob-
servations in the local Universe indicate that stellar mass
distributions of star clusters often follow a power-law
form with a slope of @« = —2 (e.g., M. R. Krumholz
et al. 2019; A. Adamo et al. 2020), which is expected for
structures formed via hierarchical, scale-free fragmenta-
tion (e.g., P. F. Hopkins 2013; D. Guszejnov et al. 2018).

Due to the limited number of clumps identified in
individual galaxies, a common practice is to combine
clumps across multiple galaxies to analyze their aggre-
gated clump stellar mass function. In the following sec-
tions, we investigate the redshift evolution of the ag-
gregated cSMF, as well as the cSMF's for two different
galaxy mass bins. In order to measure the clump stellar
mass function as a function of redshift, we define the
fiducial redshift bin edges at 0.5, 1.2, 2, 3 and 5. We
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also account for incompleteness in the following anal-
yses. Our sample reaches an 80% completeness limit
for log(M. ./Mg) ~ 7.7 — 8.3 between our lowest and
highest bins.

6.2.1. Fitting the cSMF
The clump mass function is modeled as a power-law,

dN
i oc M7, . (6)

The distribution is first constructed by using uniform
bin width of 0.3 dex spanning 7.5 < log(M, ./Mg) <
9.6. Within each bin, we count the number of clumps
and measure the mean clump mass. We apply the com-
pleteness correction and restrict the fit to the bins where
the average clump mass lies above the 50% completeness
limit. The uncertainties of each bin are determined by
bootstrap resampling. Specifically, we generate 1000 re-
alizations of the clump sample by randomly sampling
the clump masses with replacement. We then compute
the binned ¢SMF for each realization and adopt the dis-
persion of the resulting distributions as the lo uncer-
tainty.

We also fit the clump stellar mass function using a
Bayesian approach. We explore the posterior distribu-
tion of o using a Markov Chain Monte Carlo (MCMC)
method implemented in EMCEE (D. Foreman-Mackey
et al. 2013). The log-likelihood function follows a similar
form to the one outlined in E. Giunchi et al. (2025),

Nei
_ JMF(z;a) C(z) Gi(yi | ) dz

In £(e) = ;m [ [ MF(z; ) C(z) dz (1)
where N is the number of clumps above the 50% mass
completeness, C(z) is the completeness (see §4.2.2),
x = log(M,.), Gi(y; | =) is the measurement uncer-
tainties of the i-th clump mass described as a Gaussian,
and MF is the clump mass function. Similarly, we limit
the analyses to clump masses that are above our 50%
completeness limit. The values for both methods are
provided in Table 1. Both methods yield similar results
that are within uncertainties. All quoted ¢cSMF slopes
in the paper are based on the binned method.

6.2.2. ¢SMF for different galazy mass bins

In this section, we divide the clump mass function by
two host galaxy masses, using the fiducial mass bin of
8.5 < log(My,«/Mg) < 10 and log(M, ./Ms) > 10 to
represent the low- and high-galaxy mass bins, respec-
tively. Figure 9 presents the resulting cSMFs across dif-
ferent redshift and galaxy mass bins. The histograms
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Figure 9. The clump stellar mass function (¢SMF) in relation to redshifts and galaxy masses. Open markers denote the observed
c¢SMF, while solid markers show the corrected cSMF, which has a correction factor based on our clump mass completeness limit.
The darker and lighter gray regions denote where we are mass complete at 50% and 80%, respectively. The slope of the mass
function is only fitted using clump mass bins above our 50% completeness limit and bins that contain more than five clumps.



show the observed (uncorrected) cSMFs, while the solid
markers denote the mass-corrected distributions.

We find that the power-law slope of the cSMF is gen-
erally flatter for more massive galaxies compared to less
massive galaxies, with typical values of Q[nigh—mass) ~
—1.6 compared t0 Q[low—_mass) ~ —2.3. This result is
consistent with §6.1.2, where we find that massive galax-
ies tends to host more massive clumps, likely contribut-
ing to the flatter cSMF slopes. We also note that the
steeper slopes found in less massive galaxies could be
partly driven by the physical limit that clump mass can-
not be more massive than their host galaxy mass. The
c¢SMF slopes also show little to no evolution with red-
shift for both galaxy bins, given the large uncertainty
associated with each measurement.

We also fit the clump stellar mass functions using only
clump mass bins above the 80% completeness limit to
investigate whether the observed differences in slope are
driven by the incompleteness correction. This is summa-
rized in Table 1. Some redshift bins, particularly for the
low galaxy mass bin, have a limited number of clumps,
so in these cases the slope is constrained by only two
data points. Noting this caveat, we generally find that
the results are broadly consistent to the mass complete-
ness correction to the 50% threshold. That is, we find
that massive galaxies tend to have flatter slope com-
pared to lower mass systems, with little to no redshift
evolution.

6.2.3. Combined cSMF

Figure 10 shows the combined ¢SMF for the different
redshift bins. Again, the sloped line shows the fit to
the ¢SMF, where the solid portion of the line highlights
the range of masses where we are mass-complete. In
general, we find power-law slopes that are slighter lower
than a = —2, but is consistent to what are reported by
previous studies. Specifically, the typical reported slope
ranges between —1.5 to —2 in other studies at redshift
of 2 (e.g., M. Dessauges-Zavadsky & A. Adamo 2018;
B. S. Kalita et al. 2025a,b). L. Ambachew et al. (2022)
found a flatter slope of —1.4 for clumps observed in
the DYNAMO sample. This sample consists of galaxies
with rotating, marginally stable disk at z ~ 0.1, which
are proposed to be analogs of high-z clumpy galaxies
(e.g., D. B. Fisher et al. 2017). Using the VELA sim-
ulations, M. Huertas-Company et al. (2020) reported a
shallower slope of & = —1.5. However, they found an
even shallower slope of < —1 for clumps in galaxies with
log(Mg«/Mg) >9 at 1 < z < 3 in CANDELS.

In general, we find no redshift evolution in the slope.
This differs from our earlier results where we find a
slight redshift evolution that gets flatter with redshift
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c¢SMF to account for any completeness differences between
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note where the mass completeness is 50% and 80% complete,
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Table 1. The slope of the clump stellar mass function as a function of redshift and galaxy mass. We include fitted
values using both a binned and Bayesian approach. We account for incompleteness down to the 50% limit. In the
binned method, uncorrected slopes are measured using only data points above the 80% limit, with no correction

applied.

Galaxy Mass Bin Method

056<2z<12 12<2<?2

2<2z<3 3<z2<5

8.5 <log(My,«/My) < 10 Binned + Uncorrected
Binned 4+ Corrected
Bayesian
Binned + Uncorrected
Binned 4 Corrected

Bayesian

log(My,./Ms) > 10

—247+£037 -218+0.19 -191+£0.65 —-0.77£0.77
—2.36+0.17 —-2.27+0.10 -2.52+£0.14 —-1.89+0.33
—247+£0.10 -2.22+0.12 -2.52+£0.19 —-2.36£0.46
—1.66 +£0.08 —-1.58+0.06 —1.57+£0.13 —1.62=£0.67
—-1.61+0.06 —1.56+0.05 —-1.61+£0.06 —1.66=+0.33
—-1.59+0.056 —-1.56+0.04 —-1.60+£0.07 —1.71+£0.20

Combined Binned + Uncorrected —1.93+0.12 —-1.69+0.06 —1.67+0.08 —1.574+0.24
Binned 4 Corrected —1.87+0.05 —-1.70£0.05 —-1.884+0.05 —1.81+£0.24
Bayesian —-1914+0.05 —-1.73+£0.04 —-1.874+0.06 —2.04+£0.16
-0 T T T of galaxy population. For example, while differing slope
evolution in low- and high-mass galaxies are observed,
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Figure 11. The redshift evolution of the cSMF based on
different galaxy mass bins.

for galaxies of lower mass. To assess the impact of com-
pleteness corrections on the result, we also fit the slope
using clump mass bins that are above the 80% mass
completeness limit (e.g., log(My ./Mg) 2 8). Without
any correction, we find similar slope values. There is
a more noticeable redshift evolution in the uncorrected
c¢SMF slopes, where it flattens strongly toward higher
redshifts. This is likely driven by detection limits, where
less massive clumps are becoming increasingly difficult
to detect at higher z.

A summary of the slopes is provided in Table 1, and
Figure 11 shows the redshift evolution of the slopes for
the different galaxy mass bins. When aggregating the
entire clump sample, we find that the slope is fairly con-
sistent throughout redshift with a slope of a ~ —2.
Massive galaxies tend to have flatter slopes compared
to less massive galaxies, with apigh—mass) ~ —1.6 com-
pared t0 Q[low—mass] ~ —2-3. This could reflect a mixing

the slope of the ¢cSMF, limiting our analyses to clump
masses above the 50% completeness limit and apply-
ing corrections for incompleteness. When aggregating
the clump sample for all galaxies, our results show little
evolution in the slope of the clump mass function be-
tween 0.5 < z < 5. Our finding is consistent with what
is reported by M. Dessauges-Zavadsky & A. Adamo
(2018); A. Claeyssens et al. (2025). In the latter case,
A. Claeyssens et al. (2025) compiled one of the largest
sample of ~1700 lensed clumps and found that their cu-
mulative mass functions are largely consistent with a
power-law slope of &« = —2 for 0.7 < z < 5.5. As dis-
cussed in M. Dessauges-Zavadsky & A. Adamo (2018),
these results are consistent with a scenario where clumps
form predominantly in-situ, with their mass distribution
arising from turbulence-induced gravitational fragmen-
tation. The comparable ¢cSMF slopes across redshifts
suggest similar formation conditions.

However, our findings suggest differences in the cSMF
for the two different galaxy mass bins, where galax-
ies with masses of log(M,./Ms) > 10 have slopes
of Q[nigh—mass) ~ —1.6 while galaxies with masses of
85 < log(My./Mg) < 10 have steeper slopes of



Oflow—mass] ~ —2.3 . We find that there is little red-
shift evolution in the slopes for both mass bins. Sim-
ilarly, M. Huertas-Company et al. (2020) found flatter
slope in massive galaxies in the CANDELS sample, but
attributed this to incompleteness with low-mass clumps
being less complete in massive galaxies. However, we
find that this difference cannot be fully explained even
with a completeness correction in our analyses.

Taken together, the observed trends of the cSMF likely
reflect an interplay between the conditions for clump for-
mation and the mechanisms that destroy them over cos-
mic time. A flatter slope for a cSMF could reflect either
an intrinsically more top-heavy distribution of clumps at
formation, or a universal initial cSMF with preferential
destruction of low-mass clumps over time, or a combi-
nation of both. We explore some of these possibilities
in the following discussion. First, we consider potential
mechanisms for clump formation and how it may flatten
the ¢cSMF slopes, focusing on the roles of gas and merg-
ers. We then examine how clump destruction can also
flatten the cSMF's by preferentially disrupting clumps of
lower masses.

7.1. Clump formation origins
7.1.1. Are the slopes of the ¢cSMF driven by gas fraction?

The prevalent theory for clump formation is through
violent disk instability, regulated by the Toomre @ pa-
rameter, which depends on the dynamical state of the
disk and its gas content (e.g., A. Dekel et al. 2009a; D.
Ceverino et al. 2010). Consequently, gas fraction plays a
role in setting the conditions for instabilities and the re-
sulting clump population. For example, several simula-
tions suggest that higher gas fractions flatten the cSMF
slope by enabling the formation of more massive clumps
(e.g., J. Fensch & F. Bournaud 2021; F. Renaud et al.
2024).

We further explore this relation using our observed
slopes. We first limit the discussion to galaxies with
stellar masses above 10'° solar masses due to the larger
number of detected clumps in this mass bin. While we
do not have a direct measurement of molecular gas, we
instead estimate the gas fraction based on the mean stel-
lar masses and SFRs for each of our redshift bin, follow-
ing the relation described in T.-M. Wang et al. (2022).
Figure 12 therefore shows the relationship between in-
creasing gas fraction and the cSMF slope, as well as val-
ues reported in F. Renaud et al. (2024). At fixed masses,
the galaxies in our redshift bins generally have a higher
gas fraction with increasing redshifts. Contrast to what
is reported by F. Renaud et al. (2024), we find little cor-
relation between gas fraction and the ¢cSMF slope (open
markers).
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Figure 12. The relationship between the ¢cSMF slope and
gas fraction. The data from F. Renaud et al. (2024) repre-
sents simulations of isolated galaxies at varying fgas, and are
analogous of the Milky-Way at different redshifts, with mass
of ~10'%7 solar masses. In comparison, we plot the slope of
c¢SMF for galaxies between log(My,./Mg) > 10 for the differ-
ent redshift bins and their corresponding fgas, derived using
the relation from T.-M. Wang et al. (2022). The open circle
markers denote the ¢SMF slopes derived using all clumps,
while the filled circle markers only account for clumps that
are <300 Myr old. The filled circle markers have been shifted
by 0.005 in fgas for visual clarity.

However, J. Fensch & F. Bournaud (2021) noted the
c¢SMF slopes tend to flatten from an initial cSMF as
clumps evolve and gain mass in their simulation. It
could therefore be that initial cSMF is dependent on gas
fraction, where more massive clumps are formed in gas-
rich disks at beginning, but population mixing as clumps
evolve will average out the cSMF slope. To remove the
effects of different clump population, we further focus on
clumps with ages less than 300 Myr old. We remind the
reader that the age is defined to be the lookback time
at which 75% of the total stellar mass had formed, de-
rived from SED fitting with a non-parametric SFH and
typically more than ten photometric bands. The age
criterion therefore provides a closer probe of the initial
clump population while retaining a large clump sample
for the analyses. The filled circle markers in Figure 12
show the cSMF slope for clumps with ages less than
300 Myr old. We find that the slope of the ¢cSMF of
younger clumps appears to correlate with gas fraction,
albeit with larger uncertainties.

Contradictory, the clump stellar mass function slopes
for low-mass galaxies are steeper than those in high-mass
systems, despite potentially having higher molecular gas
fractions (i.e., if the relation from T.-M. Wang et al.
(2022) extends to lower masses). However, this paradox
can be resolved by two effects that regulate clump forma-
tion. Firstly, massive clumps are preferentially formed
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in massive disks that have larger total gas reservoirs.
From Toomre analyses, the fragmentation scale in a dif-
ferentially rotating disk is given by A\, ~ GX/Q? (e.g.,
J. Binney & S. Tremaine 2008, Chapter 6.2.3), where G
is the gravitational constant, 3 is the gas density, and 2
is the angular circular velocity. A. Dekel et al. (2009a)
showed that this sets the maximum clump scale, with
Ae = R. « §Ry, and the mass of clumps as M, o< §2M,.
Here, § is the disk-to-total mass fraction, Ry and My
are the radius and mass of the gas disk, respectively.
This scaling implies that more massive disks preferen-
tially host more massive clumps. Secondly, the number
of clump formed is related to the dynamical states of the
disk, with more clumps typically produced in rotation-
ally supported systems (e.g., M. E. Orr & D. Rennehan
2024). Less massive galaxies, which are generally more
dispersion-dominated (e.g., M. A. C. de los Reyes et al.
2023), will generally form both fewer and lower mass
clumps.

It is important to note a few caveats in this discussion.
The simulated galaxies in F. Renaud et al. (2024) repre-
sent Milk-Way analogues, spanning from local universe
to z ~ 2.5, and are isolated systems without any evolu-
tionary, cosmological contexts. Their gas fraction fgas
also span between 0.1 — 0.4. Our galaxies span between
0.5 < z < 5, and are estimated to be more gas-rich
based on the relation from T.-M. Wang et al. (2022),
with 0.5 < feas < 0.7. While our galaxies are different
compared to those in F. Renaud et al. (2024), we empha-
size that this comparison only aims to investigate how
the slope of the ¢SMF changes in different gas environ-
ment, but for galaxies of comparable masses. While the
result suggests a trend between increasing gas fractions
and flatter ¢SMF slope for massive galaxies, this cor-
relation cannot account for the differences in the slope
across galaxy mass bins. This points to other factors
that affect the shape of the clump mass distribution.

7.1.2. Can mergers affect the cSMF?

In this section, we now consider how mergers, specifi-
cally clumps that are of ex-situ origins, affect the slope of
the ¢cSMF. Clumps of ez-situ origins, possibly accreting
satellites, generally have higher masses relative to those
formed in-situ (e.g., N. Mandelker et al. 2014, 2017),
possibly flattening the slope of the mass function. Ob-
servational studies, including B. Ribeiro et al. (2017);
A. Zanella et al. (2019), have also suggested that some
clumps are remnants of accreting satellites, due to their
extended sizes and larger masses relative to other clump
populations.

The major merger pair fraction is observed to increase
from z = 0 to z = 3, but remains flat approximately af-

ter z ~ 3 (e.g., Q. Duan et al. 2025; D. Puskds et al.
2025). If ez-situ clumps are typically larger and more
massive compared to in-situ clumps, this suggests that
the cSMF slopes may flatten with redshift when mergers
are more frequent. A visual inspection of Figure 3 shows
a lack of disky galaxy at higher redshifts, where, instead,
clumpy galaxies resemble galaxy pairs or satellites. This
hints at the possibility a part of the clump populations
is of ex-situ origins. Indeed, a recent resolved spectro-
scopic observation with JWST/NIRISS indicates metal-
poor gas accretion in cosmic noon galaxies, in which
a non-negligible fraction of clumps is observed having
lower gas-phase metallicity compared to the host disks
(V. Estrada-Carpenter et al. 2025). Simulations have
shown that proto-clumps can form along gas filaments
accreting onto the host galaxies (F. van Donkelaar et al.
2023). In these scenarios, such metallicity offsets in
clumps point to other formation channels such as ac-
creting gas clumps.

In addition to gas fraction, clumps of ez-situ origins
may also contribute to the clump mass distribution by
flattening the distribution if they represent a higher pro-
portion of the clump population relative to those formed
in-situ. Identifying satellites based on imaging alone is
challenging, and future works involving large IFU sur-
veys are needed to be able to distinguish in-situ and
ex-situ, clumps.

7.2. Clump destruction

In the previous discussions, we investigate how the
slopes of the ¢cSMF are affected by formation mecha-
nisms. Here, we consider whether the ¢cSMF is shaped
by processes that destroy clumps. For example, massive
galaxies tend to exhibit a flatter clump mass function
slope compared to low-mass galaxies, which could re-
sult from either the creation of more massive clumps,
or from the preferential destruction of low-mass clumps.
Feedback processes, such as supernovae and radiation
pressure, limit clump survivability, particularly at lower
clump masses (e.g., C. E. Moody et al. 2014; N. Man-
delker et al. 2017; O. Ginzburg et al. 2021; A. Dekel et al.
2022). Their survivability is also further dependent on
clump and disk kinematics, along with bulge and disk
mass fraction (A. Dekel et al. 2023).

Here, we test whether lower mass clumps are pref-
erentially disrupted by comparing clump mass and age,
using clump ages to define two samples of young and old
clumps. The top of Figure 13 shows the distribution of
clump ages in low- and high-mass galaxies. The bottom
panel shows the relationship between clump mass, their
age, and the host galaxy mass. As suggested in the top
panel, in addition to the formation of new young clumps,
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Figure 13. The top panel shows the normalized distribution of clump ages, while the bottom panels show the distribution of
clump ages with respect to the their masses. The error bars denote the 16th, 50th and 84th percentile. We find that the age of

clumps is correlated with their mass.
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Figure 14. The evolution of the normalized clump mass
function for young clumps (<300 Myr old) over ~ 1.5 Gyr
of cosmic time. As clumps evolve, the mass function shows
a relative absence of lower mass clumps and the abundance
of massive clumps, consistent with a scenario for the prefer-
ential destruction of lower mass clumps. The arrow denotes
the average mass that would be gained from star formation
assuming that the clump’s star formation rate remains con-
stant over this period. This result is independent of the
choice for the age selection (e.g., shifting the selection win-
dow by 200 Myr does not affect the overall flattening of the
clump mass function, which is shown as the dotted line).

there is also a population of clumps that appear to be
aging, as indicated by the shift of the age distribution
toward older values at lower redshifts.

If clump disruption is not mass-preferential, the shape
of the cSMF should remain similar between young and
old populations. This scenario is tested by selecting a
population of young clumps (< 300 Myr) in our high-
mass galaxy bin at z ~ 2.5 and compare its cSMF to a
population of older clumps (> 1 Gyr and < 1.5 Gyr) at
z ~ 1.5 at the same galaxy mass bin. Again, we focus
on the high galaxy mass bin due to the larger clump
sample size. The choice of redshift intervals here is mo-
tivated by the fact that there is approximately 1.5 Gyr
of cosmic time between z ~ 2.5 to z ~ 1.5, roughly
tracing the age evolution of the clump populations un-
der the assumption that the young clumps at z ~ 2.5
will evolve to become those found at z ~ 1.5. Figure
14 shows the ¢cSMF of the young and old clump popula-
tions, normalized by the number of clumps in each sam-
ple. We find that the mass function slope is steeper for
younger clumps, pointing to a higher abundance of low-
mass clumps. However, the cSMF becomes flatter for
as the clump population ages. This trend supports the
scenario in which lower-mass clumps are preferentially
disrupted, while massive clumps are more likely to sur-
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vive and age as their host galaxies evolve. This finding
suggests that the clump mass function is not only affect
by formation mechanisms, but also by mass-dependent
disruption processes.

8. CONCLUSION

In this work, we use imaging from the CANUCS fields
to measure the properties of clumpy star-forming galax-
ies and their clumps at 0.5 < z < 5. Particularly, we
measure the evolution of the fraction of clumpy SFGs
with cosmic time, and investigate various relationships
between clump properties and their host galaxies. We
also examine the evolution of the clump mass distribu-
tion as a function of galaxy masses and redshifts. We
summarize our main finding below:

e The fraction of clumpy galaxies (fclumpy) €volves
differently for different galaxy mass bins. For
galaxies with log(M, ./Mg) > 10, the fraction
of clumpy SFGs peaks near cosmic noon, and de-
creases at earlier and later times. We find little
to no redshift evolution in the fraction of clumpy
SFGs of 8.5 < log(M, ./Mg) < 10.

e Massive galaxies tend to host more clumps com-
pared to less massive galaxies. However, we do
not find the number of clumps per galaxies to be
dependent on the integrated star formation rate of
the host galaxies.

e We find that the mass of clumps appears to corre-
late with the masses of the host galaxies, implying
that massive clumps are generally found in galax-
ies with massive disks.

e When aggregating all clumps, we find little red-
shift evolution in the clump stellar mass function
slope.

e When separating the clump stellar mass function
based on galaxy mass bin, we find that galax-
ies with log(M, ./Mg) > 10 tend to have flatter
slopes (Q[high—mass] ~ —1.6) relative to less mas-
sive galaxies (Q[iow—mass] ~ —2.3). This suggests
either an abundance of massive clumps or an ab-
sence of less massive clumps in massive galaxies.

e We also explore the relationship between the
cSMF slope and inferred gas fraction. We find
that when considering all clumps, the cSMF slope
of galaxies with log(M, ./Mg) > 10 has is uncor-
related to gas fraction. However, when considering
younger clumps with age less than 300 Myr old,
the slope of the ¢cSMF is flatter with increasing

gas fraction. This suggests that higher gas frac-
tion leads to more massive clumps at the time of
formation.

e By comparing the slope of a young clump popula-
tion (<300 Myr old) at z ~ 2.5 to that of an older
clump population with ages between 1 to 1.5 Gyr
old at z ~ 1.5, we find that the slope is steeper
for the younger clump population. Assuming that
the young clump population evolves to become the
older clump population, the flattening of the cSMF
slope suggests that lower mass clumps are prefer-
entially destroyed, while more massive clumps are
likely to survive disruptive feedback processes.

Overall, our results show that the aggregated clump
mass function remains relatively constant with redshift.
However, when considering the ¢cSMF by host galaxy
mass bin, we find that it is sensitive to galaxy masses.
This likely reflects an interplay between the conditions
for clump formation and feedback regulation that dis-
rupt them. Our results are consistent with the in-
terpretation that clump formation in massive galaxies
(log(Mgy +/Mg) > 10) happens as a result of instabil-
ities and fragmentation within gas-rich disks. Higher
gas fraction can lead to the formation of more massive
clumps, which flattens the slope of the clump mass func-
tion. However, alternative formation mechanisms, such
as accreting satellites, can also be responsible for creat-
ing flatter slopes as clumps of ex-situ origins are gener-
ally considered to be more massive than formed in-situ.
Together with feedback mechanisms that preferentially
disrupt lower-mass clumps, these processes shape the
clump mass distribution across different galaxy popula-
tions. Additional observational studies will be critical
to better constrain the origin of clumps. Particularly,
resolved TFU spectroscopy can disentangle the relative
contributions of clumps formed via in-situ fragmenta-
tion and ez-situ accretion by exploring the resolved kine-
matics of clumps with respect to the host disks. Such
studies will provide essential insights into the origin of
clumps and their role in galaxy evolution.
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APPENDIX

A. MASS RETRIEVAL WITH DIFFERENT BACKGROUND SUBTRACTION

We test different disk subtraction methods to determine the most reliable approach to extract clump masses. Specif-
ically, we estimate the underlying stellar disk contribution using three techniques: (1) fitting a 2D Sérsic profile, (2)
modeling a smooth disk with wavelet transformation and by setting lower scales to zero, and (3) performing local
background subtraction by estimating the mean background within an annular aperture around each clump.

To model the disk using a Sérsic profile, we follow the methodology described in V. Y. Y. Tan et al. (2022). In brief,
we normalize the stellar mass maps to the F444W images, and inject Gaussian noise sampled from the pixel-to-pixel
noise of the F444W image. We then use STATMORPH (V. Rodriguez-Gomez et al. 2019) to determine the best Sérsic
model, which is then scaled back to the original stellar mass range. For wavelet transformation, similar to what
is described in §4.2, we decompose the mass maps into 6 different wavelet scales using SCARLET and estimate the
underlying disk by setting the first two scales to zero. This effectively remove structures with scales less than 0.2”.
These estimates of the stellar disk are then subtracted from the stellar mass maps to produce background-subtracted
mass maps. Finally, the local background using the annular method involves measuring the mean background within
two annuli with radii of 3.5 and 4.5 pixels (corresponding to 0.14 and 0.18 arcsec, respectively). This estimated
background is then subtracted from the aperture measurement.

To test the robustness of each method, we inject simulated clump of mass between 7.0 < log(M./Mg) < 7.8 into the
stellar mass map of nonclumpy galaxies. Nonclumpy galaxies have smoother mass distributions, and therefore present
baseline for these tests. We add two clumps to each galaxy at random location, with FWHM of 0.2”. We randomize
the position angle of each clumps, with ellipticity ranging between 0.1 < e < 0.2. The mass of each injected clump is
recovered by measuring the mass within a aperture of radius 0.18”. It should be noted that the underlying stellar disk
can be overestimated for some clumps, leading to over-subtraction of the clump mass. This occurs more frequently for
both the Sérsic and wavelet methods.
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Figure 15 shows the distribution of the retrieved clump masses relative to their clump mass. In general, all three
methods are able to account for the local stellar disk, resulting in typical mass correction of 0.4 dex. While each
method has its strengths and weaknesses, we adopt the annular subtraction method for this work. This is because
using wavelets tends to overestimate the disk contribution, while the Sérsic model does not always capture irregular
features of the disk.
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