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A B S T R A C T 

We study the populations of stellar clumps in three high-redshift galaxies, at z = 4.92, 4.88, and 4.03, gravitationally lensed 

by the foreground galaxy clusters MS1358, RCS0224, and MACS0940, respectively. The lensed galaxies consist of multiple 
counter-images with large magnifications, mostly abo v e μ > 5 and in some cases reaching μ > 20. We use rest-frame UV 

observations from the HST to extract and analyse their clump populations, counting 10, 3, and 11 unique sources, respectively. 
Most of the clumps hav e deriv ed effectiv e radii in the range R eff = 10 –100 pc, with the smallest one down to 6 pc, i.e. consistent 
with the sizes of individual stellar clusters. Their UV magnitudes correspond to SFR UV 

mostly in the range 0 . 1 –1 M � yr −1 ; the 
most extreme ones, reaching SFR UV 

= 5 M � yr −1 are among the UV-brightest compact ( R eff < 100 pc) star-forming regions 
observed at any redshift. Clump masses span a broad range from 10 

6 to 10 

9 M �; stellar mass surface densities are comparable 
and in many cases larger than the ones of local stellar clusters, while being typically 10 times larger in size. By compiling 

published properties of clump populations at similar spatial resolution between redshifts 0 and 5, we find a tentati ve e volution of 
� SFR 

and � M � 
with redshift, especially when very compact clumps ( R eff � 20 pc) are considered. We suggest that these trends 

with redshift reflect the changes in the host galaxy environments where clumps form. Comparisons with the local universe 
clumps/star clusters shows that, although rare, conditions for elevated clump � SFR 

and � M � 
can be found. 

Key words: gravitational lensing: strong – galaxies: high-redshift – galaxies: star clusters: general – galaxies: star formation. 
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 I N T RO D U C T I O N  

ince the first deep observations with the Hubble space telescope
 HST ), galaxy morphology was recognized to change from disc-like
r elliptical into more irregular appearance at increasing redshifts
e.g. Abraham et al. 1996 ; Brinchmann et al. 1998 ). In addition,
alaxies around the cosmic noon ( z ∼ 1–3) are characterized by
he presence of bright stellar clumps dominating their rest-frame
ltraviolet (UV) morphology (e.g. Cowie, Hu & Songaila 1995 ; van
en Bergh et al. 1996 ). The JWST is bringing new insight into the
roperties of high- z galaxies, especially at the epoch of re-ionization
 z � 7); the first results seem to confirm the o v erall morphological
volution traced by HST at lower redshifts, with galaxies at redshift
–12 characterized by irregular (yet compact) structures and in a
inor part ( ∼20 per cent) by interaction/mergers (Treu et al. 2023 ). 
One of the current main efforts in the community is to understand

he link between clump formation (and evolution) and galaxy growth.
nitially observed as large structures, with sizes ∼1 kpc and masses
10 8 –10 9 M � (e.g. Elmegreen et al. 2007 ; F ̈orster Schreiber et al.

011a , b ; Guo et al. 2012 ; Soto et al. 2017 ), stellar clumps are
 E-mail: matteo.messa@inaf.it 

t  

2  

o  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
eing recently studied in gravitationally-lensed fields, where lensing
llows to reach resolutions down to ∼10 pc in size and ∼10 6 M � in
ass (e.g. Livermore et al. 2012a ; Adamo et al. 2013 ; Livermore

t al. 2015 ; Johnson et al. 2017 ; Vanzella et al. 2017a , b ; Cava
t al. 2018 ; Vanzella et al. 2019 , 2021 ; Messa et al. 2022 ; Me ̌stri ́c
t al. 2022 ; Vanzella et al. 2022b ), and thus to investigate clump
ubstructures a v oiding o v erestimates driv en by poor resolutions
e.g. Dessauges-Zavadsky et al. 2017 ; Meng & Gnedin 2020 ). The
xquisite performance of JWST is also contributing to increase
he resolution and depth at which clump samples are studied (e.g.
anzella et al. 2022a , c ; Claeyssens et al. 2023 ), and recently pro v ed

he possibility of observing the progenitors of local globular clusters
Mowla et al. 2022 ; Claeyssens et al. 2023 ). 

Most of clumps at redshift z < 3 may have formed in situ
ithin their host galaxies. This scenario is supported by several
bserv ational e vidence, such as: (1) the redshift evolution of clumpy
alaxies, closely follo wing e volution of the o v erall star formation
ate (SFR) volume density and inconsistent with the evolutionary
rends of minor and major mergers (Lotz et al. 2011 ; Shibuya et al.
016 ); (2) the presence of numerous clumpy galaxies (at least up
o z ∼ 3) still dominated by disc-like appearance (Shibuya et al.
016 ), with comparable disc scale-heights in case of either presence
r absence of clumps (Elmegreen & Elmegreen 2006 ; Elmegreen
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Observed (lensed) rest-frame UV magnitudes and angular area 
co v ered by spectroscopically confirmed z > 3.5 galaxies gravitationally 
lensed by galaxy clusters taken from the literature (see text for details). 
The sizes of the markers is proportional to the number of clumps observed in 
the galaxy. The final selection of three galaxies analysed in the current work 
are highlighted by the following markers: a circle (MS1358), a diamond 
(RCS0224), and a square (MACS0940). 
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t al. 2017 ); (3) the kinematics of the majority of clumpy star-
orming galaxies at cosmic noon being dominated by ordered disc 
otation (yet with ele v ated velocity dispersions, F ̈orster Schreiber 
t al. 2009 ; Wisnioski et al. 2015 ; Rodrigues et al. 2016 ; Simons
t al. 2017 ; Swinbank et al. 2017 ; Turner et al. 2017 ; Girard et al.
018 ). Simulations show that such turbulent high- z discs fragment 
ecause of gravitational instability and can form gas clouds that 
urn into stellar clumps (Bournaud et al. 2014 ; Tamburello et al.
015 ; Mandelker et al. 2017 ); (4) the observations of very young
lumps (age � 10 Myr), inconsistent with an ‘external’ origin (e.g. 
 ̈orster Schreiber et al. 2011b ; Zanella et al. 2015 ); (5) finally,

he stellar mass function of these clumps follows a power law 

ith slope −2 (Dessauges-Zavadsky & Adamo 2018 ), characteristic 
f nearby star clusters and H II regions (see e.g. the re vie ws by
rumholz, McKee & Bland-Hawthorn 2019 ; Adamo et al. 2020a ) 

nd expected for stellar structures formed in a hierarchical manner via 
urbulence-driv en fragmentation (e.g. Elme green 2010 ; Guszejno v, 
opkins & Grudi ́c 2018 ; Ma et al. 2020 ). In this scenario, UV-
right clumps are simply star cluster comple x es formed in high- z 
alaxies, and thus likely trace the star-formation process in their host
alaxy. 

With respect to local stellar clusters and cluster comple x es, high-
edshift clumps are more extreme systems, usually with ele v ated star
ormation rate (SFR) and SFR densities (e.g. Livermore et al. 2015 ;

essa et al. 2022 ; Claeyssens et al. 2023 ), and sometimes observed
s mini-starburst entities within their host galaxies (Zanella et al. 
015 ; Iani et al. 2022 ). Within the in situ formation scenario, this
ifference can be explained by high- z discs fragmenting at much 
arger scales (and possibly densities) than in local MS galaxies 
ecause of their gas-rich and turbulent nature, as suggested by models 
e.g. Immeli et al. 2004 ), numerical simulations of turbulent high- 
edshift galaxies (e.g. Tamburello et al. 2015 ; Renaud, Romeo & 

gertz 2021 ; van Donkelaar, Agertz & Renaud 2022 ), observations 
f dense giant molecular cloud comple x es from CO data in galaxies
t z = 1 (Dessauges-Zavadsky et al. 2019 , 2023 ), as well as by
bservations in nearby analogues (e.g. Fisher et al. 2017a , b ; Messa
t al. 2019 ). 

While the in situ origin seems to explain the formation of ∼70 per
ent of the clumps at redshifts z < 3 (Zanella et al. 2019 ), it is still
ossible that galaxies at earlier times were characterized by clumps 
ormed ex situ , i.e. by a merger process during which the satellite is
tripped and its nucleus appears as a massive clump (e.g. Somerville 
t al. 2000 ; Hopkins et al. 2008 ; Puech 2010 ; Straughn et al. 2015 ;
ibeiro et al. 2017 ). This scenario could be justified by the increasing
alaxy (minor and major) merger rate towards higher redshifts (e.g. 
otz et al. 2011 ), as well as by the increasingly lower number of
assive galaxies (Marchesini et al. 2009 ); simulations show that 

arge-enough galaxy masses are needed for disc fragmentation to 
appen (e.g. Tamburello et al. 2015 ). Unfortunately systems before 
osmic noon ( z � 4), where violent disc instability is thought to have
ess impact on clump formation, are currently under-represented in 
lump studies (e.g. Me ̌stri ́c et al. 2022 ). The JWST will soon bring
 new insight on clump formation at these redshifts, by providing 
eep, high-resolution rest-frame optical observations (as seen from 

he first results by e.g. Claeyssens et al. 2022 ; Mowla et al. 2022 ;
anzella et al. 2022a ). 
In this paper, we analyse the clump populations of three bright and

ighly magnified gravitationally-lensed galaxies at z > 3 . 5 in order
o pave the way for upcoming JWST studies of larger samples. The
election, main properties, and observational data of the sample are 
resented in Section 2 ; the clump analysis methodology is described 
n Section 3 ; results are presented in Section 4 and discussed,
lso in the context of other literature works, in Section 5 ; finally,
he main details of this analysis are summarized in Section 6 .
hroughout this paper, we adopt a flat � -CDM cosmology with H 0 =
8 km s −1 Mpc −1 and �M 

= 0 . 31 (Planck Collaboration et al. 2014 ),
nd the Kroupa ( 2001 ) initial mass function. All quoted magnitudes
re on the AB system. 

 SAMPLE  A N D  DATA  

.1 Galaxy sample 

e search for spatially extended lensed galaxies at z > 3.5, with
pectroscopically-confirmed redshifts. These criteria are chosen to 
haracterize subgalactic scales at redshifts where, as outlined in the 
ntroduction, we may expect different formation mechanisms than 
osmic noon. The search is restricted to cluster lensing to allow for
arger magnifications across the full extent of the arcs. The sample
f clusters is taken from the full MAssive Clusters Surv e y (MACS;
.g. Ebeling et al. ( 2010 ); Repp, Ebeling & Richard ( 2016 )), as
ell as other clusters taken from the LoCuSS (Richard et al. 2010 ),
LASH (Postman et al. 2012 ), Frontier Fields (Lotz et al. 2017 ), and
ELICS (Coe et al. 2019 ) cluster samples. In Fig. 1 , we observe how,
hile the typical population of background lensed galaxies behind 
an y massiv e galaxy clusters is distributed around apparent (and
agnified) rest-frame UV magnitudes in the range 26–30 mag (see 

lso Richard et al. 2021 , Claeyssens et al. 2022 ), three galaxies clearly
tand out in terms of brightness and angular area. Those galaxies are
ocated beyond the lensing clusters MS 1358 + 62 (at z cl = 0 . 33),
CS 0224–0002 (at z cl = 0 . 77), and MACS J0940.9 + 0744 (at z cl =
 . 34); the lensed systems are in the redshift range z = 4 –5 and are all
agnified by large factors ( μ > 5). The selected targets are typical

f their redshift, in terms of masses and SFRs (see Sections 2.1.1 ,
.1.2 , and 2.1.3 ) but appear ‘clumpy’, i.e. host more than one bright
lump (in Fig. 1 , the marker size is proportional to the number of
bserved clumps), due to their large magnification factors, making 
hem optimal candidates for the study of star formation at small
ubgalactic scales, down to 10 pc (see Section 4.1 ). In addition, their
MNRAS 529, 2162–2179 (2024) 
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Figure 2. RGB composite (r: F160W , g: F110W , b: F775W ) of the galaxy cluster field MS 1358 + 62, containing the z = 4.93 lensed western (W) and eastern 
(E) arcs and their counter-image (CI). The zoomed-in inset, showing the observations in the reference F775W filter, highlights the positions and names of the 
extracted stellar clumps in all the different multiple images. A partial northern image (N) of the lensed galaxy contains only one clump and is labelled as ‘N 1’. 
Dashed lines show regions of constant magnifications at μ = 5, 10, and 50 (green, red, and cyan, respectively) at the redshift of the lensed arcs. Reference 
angular scale are given; the image is aligned with north-up and east-left. 
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arge magnified observed brightness makes them ideal targets for
uture JWST observations. 1 

We summarize below the main properties of these galaxies from
revious studies in the literature; for simplicity, we will use the
hortened names of the galaxy clusters as the names of the high- z
ensed galaxies we analyse in this work. 

.1.1 MS1358 

he z = 4.92 lensed galaxy behind MS 1358 + 62 galaxy cluster
as first disco v ered and studied by Franx et al. ( 1997 ). The galaxy

est-frame UV/optical morphology is dominated by several compact
tar-forming regions. Fitting the broad-band SED from HST and
pitzer imaging, Swinbank et al. ( 2009 ) derived a total mass M � =
4 . 7 ± 1 . 3) × 10 8 M �2 from a young stellar population (14 ± 7 Myr)
ith subsolar metallicity ( Z = 0 . 2 Z �); the stellar extinction is

onsistent with being close to zero, E ( B − V ) = 0.05 ± 0.05 mag.
 star formation rate of SFR = 28 ± 5 M � yr −1 was derived from

he [O II ] emission-line flux (Swinbank et al. 2009 ). The galaxy is
haracterized by the presence of two main subgalactic star-forming
NRAS 529, 2162–2179 (2024) 

 JWST observations with NIRSpec-IFU and NIRCam imaging have been 
ppro v ed for these targets, GO program 3433. 
 The original values of mass ( M � = 7 × 10 8 M �) and star formation rate 
 SFR = 42 M � yr −1 for the entire galaxy and SFR = 18 M � yr −1 for the two 
rightest clumps) were derived by Swinbank et al. ( 2009 ) assuming a Salpeter 
 1955 ) IMF and are here converted to match the assumption of Kroupa ( 2001 ) 
MF used throughout the current paper. 

2

M  

i  

(  

3

f

egions (IDs: 1 and 2 in Fig. 2 ) accounting for 12 ± 1 M � yr −1 in
FR. IRAM PdBI observations in CO(5–4) emission suggest that the
alaxy has a large gas fraction, f gas = 0 . 6 (Livermore et al. 2012b ),
imilarly to what is observed in z ≥ 3 galaxies (Dessauges-Zavadsky
t al. 2020 ). 

.1.2 RCS0224 

 lensing-magnified arc at z = 4.88 in the RCS 0224-0002 cluster,
t was first disco v ered as a bright Ly α halo by Gladders, Yee &
llingson ( 2002 ). Swinbank et al. ( 2007 ) studied the rest-frame
ltraviolet and optical properties of the galaxy by combining HST
maging to VIMOS and SINFONI spectroscopy, deriving a dynam-
cal mass of ∼10 10 M � (within the estimated 2 kpc intrinsic size of
he galaxy) and a star formation rate of 8 . 2 ± 1 . 4 M � yr −1 (using
O II ] observations 3 co v ering only the central and western, C and

, images in Fig. 3 ). A further study with MUSE suggested that
he detected emission lines are powered by a young ( < 5 Myr) and
ow-metallicity ( Z � 0 . 05 Z �) stellar population (Smit et al. 2017 ). 

.1.3 MACS0940 

ACS0940 at z = 4 . 03, first studied by Leethochawalit et al. ( 2016 )
s observed as a strongly stretched arc made of two mirrored images
see Fig. 4 ). Two complete counter-images of the same galaxy are
 This value has been adapted from the original 12 ± 2 M � yr −1 to translate 
rom Kennicutt ( 1998 ) to the Kennicutt & Evans ( 2012 ) calibrations. 



Stellar clumps in redshift 4-to-5 galaxies 2165 

Figure 3. Same as Fig. 2 , for RCS0224 (r: F160W , g: F125W , b: F814W , zoom-ins: F814W ). According to the lens model, the clump seen in the central (C) 
image is consistent with the position of either clump 2 or 3; the study of clump properties suggests that what is observed is a counter-image of clump 2 (see 
Section 5.1 and Table 3 ). 

Figure 4. Same as Fig. 2 for MACS0940 (r: F160W, g: F125W, b: F814W, zoom-ins: F814W). According to the lens model of the system, the SE and SW 

arcs (and all the clumps they host) are different lensed images of the main galaxy (labelled as ‘0’ in the N and E fields). The clumps 9, 10, and 11, observed in 
the N and E fields, do not have counterparts in the SE and SW fields. 
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een northern and eastern from the arc. The galaxy is characterized by 
 bright Ly α halo (Claeyssens et al. 2019 ), suggesting recent episodes
f star formation. Bright compact sources are clearly visible along 
he arc in rest-frame UV observations. 
.2 Hubble Space Telescope ( HST ) observations 

ST observations with WFPC2, ACS/WFC, and WFC3/IR are 
vailable on the HST MAST archive (see Data Availability section at
MNRAS 529, 2162–2179 (2024) 
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Table 1. Galaxy sample and HST data: (1) ID of the galaxy (we remind that we are using the name of the hosting galaxy clusters as names/IDs of the lensed 
arcs studied); (2) redshift of the galaxies from Franx et al. ( 1997 ), Gladders, Yee & Ellingson ( 2002 ), and Leethochawalit et al. ( 2016 ); (3) number of lensed 
images analysed (in parenthesis the number of counter-images not included in the clump study); (4) range of magnification values co v ered by the galaxy; (5) 
references for the lens models; (6) reference filter used to extract the size and UV magnitude of the clumps; (7) other filters used to derive the broad-band SED 

of the clumps. † All filters are from either WFC3 or ACS, except F606W from WFPC2. ‡ F775W is used instead of F814W as the reference filter for MS1358 
because of its longer exposure time, providing better signal-to-noise. 

Galaxy z N img μrange Lens model ref. F 

† 
ref Other filters † 

(1) (2) (3) (4) (5) (6) (7) 

MS1358 4.92 3 (1) 3–20 Swinbank et al. ( 2009 ) F 775 W 

‡ F625W , F814W , F850LP , F110W , F160W 

RCS0224 4.88 3 (1) 30–85 Swinbank et al. ( 2007 ), this work F 814 W F606W , F125W , F160W 

MACS0940 4.03 4 (0) 6–33 Claeyssens et al. ( 2019 ); Richard et al. ( 2021 ) F 814 W F606W , F125W , F160W 

Table 2. Main properties of the observations in the reference filter for each 
galaxy: (1) galaxy ID; (2) reference filter; (3) rest-frame pivotal wavelength; 
(4) exposure time; (5) & (6) extraction and completeness limits for a point- 
like source within the galaxy, as described in Section 3.2.1 ; note that these 
values are corrected for the Galactic reddening. 

Galaxy F ref λrest t exp PSF lim ext lim com 

[ Å] [s] [arcsec] [mag] [mag] 
(1) (2) (3) (4) (5) (6) (7) 

MS1358 F775W 1300 5470 0.10 27.7 27.9 
RCS0224 F814W 1370 2168 0.11 26.5 27.1 
MACS0940 F814W 1600 7526 0.12 27.3 27.4 
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he end of the publication for details about program IDs). The list
f filters used is given in Table 1 . For each galaxy, we choose
 reference filter, co v ering the rest-frame UV wavelengths (see
able 2 ), where we measure the size and UV luminosity of the clumps
as described in Section 3.2 ); the other filters are used to infer the
road-band SED of the clumps (see Section 3.4 ). Individual flat-
elded and CTE-corrected exposures were aligned and combined

n single images using the AstroDrizzle procedure from the
rizzlePac package (Hoffmann et al. 2021 ). The astrometry was
ligned to the Gaia DR2 (Gaia Collaboration et al. 2018 ). 

We model the instrumental point-spread function (PSF) from
solated bright stars within the field of view of the observations.
n each filter, we fit the selected stars with an analytical function
escribed by a combination of Moffat, Gaussian, and 4 th degree
ower-law profiles. Such a generic combination is chosen to mitigate
ossible bias introduced by the choice of a specific function. The fits
rovide good descriptions of the stars up to a radius of ∼0.8 arcsec,
.e. more than 10 × larger than the half-width at half-maximum
HWHM) of PSF in the reference filters (the full width at half-
aximum, FWHM, of the reference filters are 0.10, 0.11, and

.12 arcsec for MS1358, RCS0224, and MACS0940, respectively,
ee Table 2 ). The modelled PSF is used to derive the size and
uminosity of the clumps, as described in detail in Section 3.2 . 

.3 Gravitational lens models 

ur study relies on the reconstruction of intrinsic properties of the
dentified clumps, accounting for the anisotropic lensing magnifica-
ion which is estimated from a lens model. 

As a starting point, we make use of existing mass models of
he cluster cores (references in Table 1 ), which include the lensed
rcs as constraints. In summary, these models use a parametric
ass distribution describing the cluster-scale and galaxy-scale mass

omponents of the clusters as a combination of double pseudo
sothermal elliptical (dPIE) profiles. The models are optimized with
NRAS 529, 2162–2179 (2024) 
he Lenstool Jullo et al. ( 2007 ) software 4 based on multiple imaged
onstraints, similarly to the modelling performed in e.g. Richard et al.
 2014 ). In the case of the older models for MS1358 and RCS0224,
e have performed a new optimization using the latest version (v8)
f Lenstool. 
In all cases, individual clumps identified as mirrored images in

he three lensed arcs are individually used as constraints in the
odel, ensuring a very good reproduction of the images. The rms

etween the observed and predicted locations of the images used in
he model is 0.06, 0.08, and 0.24 arcsec for MS1358, RCS0224, and

ACS0940, respectively. 
The outcome of the Lenstool optimization is a statistical sample

f mass models sampling the posterior distribution function of the
odel parameters. We make use of both the best model (achieving

he lowest rms) and the range of mass models to estimate the mag-
ification factors (along each direction) at each position across the
rc and their 68 per cent percentile error. The range of magnification
actors obtained is summarized in Table 1 . 

 DATA  ANALYSI S  

.1 Clump extraction 

lump candidates have been extracted by running SExtractor
Bertin & Arnouts 1996 ), requiring 3 σ detections in at least 4 pixels
px) in background subtracted images (where the background is
 v aluated on a 30 px scale) in the reference filter. In order to check
or ‘redder’ sources that could be missed in the reference filter, we
an SExtractor with the same set of parameters also in all the
ther available filters in each galaxy; this test did not produce any
urther sources. The colours of the clumps and the lens models have
een used to identify interlopers, mainly bright compact sources at
ifferent redshifts, among the extracted sources (some examples are
ighlighted in Figs 2 and 4 ). 
The extracted clumps are shown together with their assigned

Ds in Figs 2 , 3 , and 4 . The lens models predictions were used to
atch the same clump o v er different images. Ten and eight clumps

re observed in the western (W) and eastern (E) arcs of MS1358,
espectiv ely; only fiv e of them are clearly visible in the counter-
mage (CI). The brightest clump (ID:1) is the only one visible in the
orthern image (N 1). RCS0224 appears in the eastern image (E) as
omposed of two bright regions, one of which is composed by two
ubclumps. Only one of such regions (containing clumps 2 and 3)
s visible in the western image (W); the central image (C) is instead
haracterized by a single source (either clump 2 or 3), with a very

https://projets.lam.fr/projects/lenstool/wiki
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igh magnification. The counter-image (CI) of RCS0224 appears 
s a single source, where clumps are indistinguishable. MACS0940 
ounts a total of eight clumps in the eastern arc (SE), the one with the
argest magnification o v erall. Only six of those clumps are seen in
he western arc 5 (SW), while both the eastern and northern counter- 
mages (E and N) look like a single bright source (consistent with the
uperposition of the brightest clumps, IDs: 1, 2, 3, and 4) surrounded
y diffuse light and by three sources (IDs: 9, 10, and 11, not seen in
he arcs). 

.2 Clump modelling 

lumps are modelled on the image plane, fitting their sizes and 
uxes on the observed data of the reference filter; such quantities are

ater converted into intrinsic values, using the magnification maps 
roduced by the lens model (Section 2.3 ). The clump modelling 
ollows accurately the methodology applied to the study of stellar 
lumps in the z = 1 galaxy A521-sys1 (Section 3.2 of Messa et al.
022 ), of which we summarize here the main features. We assume
hat clumps have Gaussian profiles in the image plane, and therefore 
e fit a model consisting of 2D Gaussian functions, convolved 

o the instrumental point spread function (i.e. the response of the 
nstrument), to obtain their observed profiles. 

We performed clump fitting in 9 × 9 px cut-outs centred on each
f the clumps, where a 1st degree polynomial function is added to
ccount for the galaxy background luminosity: both size (including 
xis-ratio and orientation for elliptical sources) and flux of the clumps 
re left as free parameters of the fit in the reference filter. The best-fit
odels and residuals are shown in Appendix A . The clump shape

s then kept fixed in the other filters, where only the source flux
s fitted, under the assumption that the intrinsic clump shape is the
ame in all bands. In order to reduce the possibility of contamination
rom nearby bright sources, the brightest clumps were fitted first, 
nd then their best-fitting model subtracted from the data. The fitted 
uxes, in units of e −/ s , are converted into observed AB magnitudes
y considering the instrumental zero-points and by subtracting the 
eddening introduced by the Milky Way in each of the filters. The
observed) ef fecti ve radius of the clumps, R eff, obs , here defined as
he radius enclosing half of the source’s luminosity, is equal to the
circularized) full width at half-maximum, in the current assumption 
f Gaussian profiles. In the occurrence of multiple clumps separated 
y less than 5 px, a single fit is performed in cut-outs large enough
o include all sources (typically 15 × 15 px). 

As already discussed in Messa et al. ( 2019, 2022 ), the o v ersam-
ling of the HST PSF (FWHM ∼ 2 px in the filters considered in
his work) allow to resolve subpixel clump sizes. By inserting mock 
lumps of various sizes in the image frames and fitting them as for the
eal clumps, we derive the minimum resolvable size, σmin = 0 . 40 px
or MS1358 and MACS0940, and σmin = 0 . 45 px for RCS0224.
hese limits, converted into physical sizes at the redshift of the 
alaxies, are highlighted in the top panels of Fig. 5 . We refer to
ppendix C of Messa et al. 2022 for more details on the process of

stimating the minimum resolvable size. 

.2.1 Completeness of the sample 

e separately tested the completeness we reached in extracting and 
nalysing our samples. In order to test the sensitivity of our extraction
 Due to the uncertainties in the clumps predicted positions given by the lens 
odel, one source is consistent with being the counterpart of either SE 5 or 
E 6 and was labelled SW 5,6 to reflect this. 

R  

u  

t  

T
t

rocess, we insert, one by one, 1500 synthetic clumps at random
ositions within the region covered by the lensed systems (in the
eference filter used in the original extraction, Section 3.1 ). The
lumps are modelled as symmetric Gaussians and divided into three 
size groups’, with σ = 0.4 (0.45 for RCS0224), 1.0, and 2.0 px;
he first value corresponds to the minimum resolvable size (see 
ection 3.2 ), while the last encompasses the largest clumps observed

n the samples (see Fig. 5 , top row). Clumps are randomly drawn
rom a flat distribution in magnitudes. For each realization, we run
EXTRACTOR with the same sets of parameters used in Section 3.1 ,
nd we check if the synthetic clump has been e xtracted. F or each
f the three sizes chosen, we consider as extraction limit, lim ext the
agnitude below which the fraction of extracted clumps goes above 

0 per cent. 
In order to test the reliability of the derived photometry, we

stimate the completeness of the sample in a second way, following
he method described in Appendix D of Messa et al. ( 2022 ); the same
ynthetic clumps used to estimate the extraction limits are photomet- 
ically analysed in the same way as the real sources. We consider
s good sources the ones where the relative error on the recovered
ux is below 50 per cent, flux rel = | flux in − flux out | / flux in < 0 . 5. We
onsider as completeness limits, lim com 

, the magnitudes below which 
he fraction of good sources reco v ered goes abo v e 80 per cent. All the
xtraction and completeness limits are compared to the photometry 
f the clumps in the sample in Fig. 5 (top row). The limits in the case
f point-like clumps are also reported in Table 2 . 

.3 Conversion to intrinsic sizes and magnitudes 

n order to reco v er the intrinsic clumps’ properties, we considered
he magnification map produced by the best-fit lens model of 
ach galaxy; we used as reference amplification, μtot , the median 
mplification value found in the region centred on each clump 
oordinates and extending within one FWHM of its size. We use
he standard deviation of amplification values found in the same 
egion as an estimate of the magnification uncertainty associated 
o the clump position. To estimate the uncertainty associated to the
agnification map, we consider, for each cluster, the 1 σ interval (16 th 

o 84 th percentiles) of the amplification values found in the 500 lens
odel variations described in Section 2.3 . The two magnification 

ncertainties are combined (by the sum of the squares) into a final
ncertainty. We note that the uncertainty from the 500 ‘variation’ 
aps is the one usually dominating the final value. 
The observed magnitudes are converted into absolute ones by 

ubtracting the distance modulus and adding the k correction, a 
actor 2 . 5 log (1 + z); the amplification is accounted for by adding
 . 5 log ( μtot ), converting the magnitude into the intrinsic value. 
We consider three cases when measuring the intrinsic ef fecti ve

adius, R eff , following the methodology already used and discussed 
n the literature (e.g. Vanzella et al. 2017a ; Claeyssens et al. 2023 ).
f the clump is resolved along both minor and major axis in the
mage plan, we simply divide the observed R eff, obs by the square-
oot of the clump amplification. If the clump is un-resolved along the
ransversal direction of the magnification, we consider as informative 
nly the size measured in the shear direction, and we divide the latter
y the tangential component of the magnification ( μtan ). Finally, if
he clump is unresolved in both directions, we divide the observed
 eff, obs (consistent with the instrumental PSF) by μtan to derive a size
pper limit. In the last two cases, the underlying assumption is that
he clump has approximately a circular shape in the source plane.
he final uncertainties on the intrinsic properties combine both pho- 

ometric and magnification uncertainties via the root sum squared. 
MNRAS 529, 2162–2179 (2024) 
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M

Figure 5. (Top panels): observed sizes and magnitudes (in the reference filter) for all the clumps in this study. Estimates of the observed sizes consider the 
angular diameter distance of the host galaxy but do not take into account their lensing magnification. The grey shaded areas highlight the size of the regions 
below our resolution limits. Black dot markers (connected by dashed lines) indicate the extraction limits for each of the simulated sizes considered (see main 
text in Section 3.2.1 for details); similarly, markers connected by dotted lines are used to indicate completeness limits. (Bottom panels): Intrinsic sizes and 
magnitudes of the clumps. UV magnitudes have been converted into SFR UV values using the Kennicutt & Evans ( 2012 ) relation on the right-hand side of each 
panel. Uncertainty bars combine both photometric and lensing uncertainties. The extraction limits shown in the top panels have been converted here to surface 
brightness limits (dashed lines, each line corresponds to the limit derived for one simulated size). Solid grey lines are of constant SFR surface density for 1, 10, 
10 2 , and 10 3 M � yr −1 kpc −2 . In all panels, open symbols are used for upper limits and same markers are used for the same clumps in different counter-images. 
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.4 Broad-band SED fitting 

e use the broad-band photometry to estimate the clumps’ masses.
ollowing the methodology of Messa et al. ( 2022 ) and Claeyssens
t al. ( 2023 ), photometry in the filters other than the reference one
s performed by assuming that each source has the same observed
ize (derived in Section 3.2 ) in all the bands, and thus fitting only the
ux and the background. Due to the ele v ated redshift of the sources,

he available HST filters co v er only the rest-frame wavelength range
1000–3000 Å. As a consequence our SED-derived values are UV-
eighted quantities. In particular, ages and extinctions are only
oorly constrained; on the other hand, mass estimates are more robust
nd within a factor of a few correct (see also Messa et al. 2022 for
he robustness of mass estimates o v er different model assumptions).

To mitigate the effects of degeneracies between parameters of the
t (in particular ages, extinctions, metallicities, and star formation
istories, SFHs), we limit the number of free parameters. First of
ll, we fixed the metallicity of the stellar models; following Stark
t al. ( 2009 ), we use a subsolar metallicity, Z = 0 . 2 Z �. Smit et al.
 2017 ) suggests that the nebular C IV lines observed in RCS0224 must
ome from a young stellar population with metallicity Z = 0 . 05 Z �
r lower. For this reason, we perform, for all galaxies, a second
control’ fit using stellar models with metallicity Z = 0 . 02 Z �. As a
econd strong assumption, we consider SFHs described by a 10 Myr
ontinuous star formation. This choice is driven by the sizes of the
lumps (Section 4.1 ), larger than typical stellar clusters (for which an
nstantaneous burst is usually assumed); assuming longer histories,
NRAS 529, 2162–2179 (2024) 

y

ike a 100 Myr continuous star formation, would lead to larger masses
n average (as already found by, e.g. Adamo et al. 2013 ; Messa et al.
022 ; Claeyssens et al. 2023 ). We use the stellar models from the
ggdrasil stellar population synthesis code 6 (Zackrisson et al.
011 ), based on Starburst99 P ado va-AGB tracks (Leitherer et al.
999 ; V ́azquez & Leitherer 2005 ), with a universal Kroupa ( 2001 )
MF (in the mass interval 0 . 1 –100 M �), processed through Cloudy
Ferland et al. 2013 ), assuming a 50 per cent nebular co v ering
raction, to obtain the evolution of the nebular continuum and line
mission produced by the ionized gas. The model spectra, at each
ge, are attenuated with a colour excess ranging between E ( B − V ) =
–1 mag, using the Calzetti et al. ( 2000 ) law, before being convoluted
ith the filter throughput. We do not use the differential expression

ormulated by Calzetti et al. ( 2000 ), but we apply the same reddening
o both stellar and nebular emission, assuming that stars and gas are
ell mixed. We check a-posteriori that the accepted solutions for

he SED fit have low extinctions, E ( B − V ) ≤ 0.4 mag in most cases.
ge, mass and extinction are left as free-parameters in the SED fitting
rocess. Best-fit parameters are given by the model with the lowest
educed χ2 ( χ2 

red ., min ). Their uncertainties are given by the entire
ange of solutions whose reduced χ2 satisfies χ2 

red . ≤ 2 × χ2 
red ., min ;

his value was chosen by inspecting the fit results, as it encompasses
imilarly-good solutions. Like it was the case for magnitudes in
ggdrasil.html 

https://www.astro.uu.se/~ez/yggdrasil/yggdrasil.html
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ection 3.3 , de-lensed masses are derived by dividing the observed 
ass of each clump by its total magnification. 

 RESULTS  

.1 Clumps sizes and luminosities 

he observed (i.e. not de-lensed and therefore not ‘intrinsic’) clump 
izes and magnitudes are shown in the top row of Fig. 5 , where they
re compared to the extraction and completeness limits described 
n Section 3.2.1 . The magnitude ranges are similar among the 
ifferent galaxies ( ∼28–25 AB mag) and, in the great majority 
f cases, the analysed clumps are abo v e the completeness limit,
uggesting that their photometry is robust. The shallower extraction 
nd completeness limits in RCS0224 (consistent with the exposure 
ime of this galaxy being the shortest, see Table 2 ) cause the average
lump magnitude in this galaxy to be bright ( ∼26–25 mag). This
esult may suggest that we are missing clumps at lower surface 
rightness. A shaded-grey area in the plot marks the region below 

he size lower limits discussed in Section 3.2 ; in the absence of
ravitational lensing, we wouldn’t be able to study clumps below 

100–200 pc scales. 
The intrinsic (i.e. de-lensed) clump sizes and magnitudes are 

hown in the bottom row of Fig. 5 and are reported in Table 3 . Intrinsic
izes are smaller than 200 pc and in many cases reach values close
o 10 pc; in particular, due to the magnification factors associated to
ur galaxies, we are studying clumps at scales comparable to large 
ndividual star clusters in RCS0224 ( R eff = 5 –25 pc) and slightly
arger scales in the other two cases, consistent with the sizes of
ompact star-forming regions ( R eff = 13 –200 pc in MACS0940 and
 eff = 30 –150 pc in MS1358). The rest-frame UV magnitudes, on

he y -axis of Fig. 5 (bottom panels), have also been converted into
 SFR value (using the conversion factors from Kennicutt & Evans 
012 ), as this is a commonly used parameter in high- z clump studies.
n the same panels, we show lines of uniform SFR surface densities
 � SFR = 1 , 10 , 10 2 , 10 3 M � yr −1 kpc 

−2 
). The extraction limits de-

cribed abo v e, when translated into surface-brightness limits (dashed 
ines), correspond to � SFR ∼ 10 M � yr −1 kpc 

−2 
. In all cases, the 

ompleteness is abo v e the typical � SFR values of clumps in local
ain sequence galaxies ∼0 . 6 M � yr −1 kpc 

−2 
(Kennicutt Robert C. 

t al. 2003 ; Livermore et al. 2015 ). 
In some cases, we are not able to robustly constrain the clump

roperties, mainly due to very large uncertainties on the magni- 
cation. Those cases are discussed for each galaxy individually in 
ection 5.1 and are then remo v ed from following analyses. A detailed
iscussion of clump intrinsic properties for each of the galaxies is
iven in Section 5.1 , while a comparison of clump sizes and SFRs
ith other literature samples is given in Section 5.2 . 

.2 Clumps masses 

e report in Table 3 the properties derived from the broad-band 
ED fitting of the clumps. Due to the large uncertainties on ages and
xtinctions, we choose to provide only a range of allowed values 
or those two degenerate properties. The majority of clumps are 
onsistent with being as young as ∼1 Myr (this is consistent with
he observations of bright nebular emission in Ly α, C IV , and [O II ]
eported in literature, e.g. Smit et al. 2017 ; Claeyssens et al. 2019 )
ut with equally-probable solutions at ages as old as ∼100 Myr.
n the latter case, a star formation longer than what is considered
hould be accounted for in order to explain the nebular emission.
he derived colour excesses mainly span the range E ( B − V ) =
.0–0.3 mag (up to 0.6 mag in MS1358), suggesting low o v erall
xtinctions in these galaxies. 

Model de generacies hav e lo wer ef fect on clump masses, which we
rovide as best-fit values; intrinsic masses are affected by uncertain- 
ies on the lens model, as seen for absolute magnitudes in the previous
ection. Derived clump masses span the range M = 10 6 –10 9 M �.
sing models with lower metallicity ( Z = 0 . 02 Z �) than the ref-

rence one ( Z = 0 . 2 Z �) we get, on average, the same masses
within 0.1 dex) as the ones reported in Table 3 for MS1358 and

ACS0940. In the case of RCS0224, we get 0.3 dex larger masses
ssociated to older best-fit ages, on average. We also expect that,
sing models with longer SFHs, we would derive, on average, larger
asses (e.g. by ∼0.1 dex for 100 Myr continuous star formation, see
essa et al. 2022 ). Both these alternative assumptions would cause
ass differences that are within the mass uncertainty ranges reported 

n Table 3 . 
The comparison of clump masses to their sizes in Fig. 6 reveals

hat we are looking at very dense systems; they ha ve, on a verage,
ass surface densities � M � 

∼ 10 3 M � pc −2 , similar to those of stellar
lusters in local galaxies (e.g. Brown & Gnedin 2021 ) but on scales
hich are up to ∼10 times larger, i.e. up to ∼100 pc in the case
f MS1358. The densest systems observed in these three high- z 
alaxies reach values > 10 4 M � pc −2 , matching the most extreme
tellar ensembles observed at any redshift (see the discussion in 
ection 5.2 ). 
The combination of mass ( M � ) and size ( R eff ) of the clumps

rovides an estimate of their crossing time, defined as (Gieles &
ortegies Zwart 2011 ): 

 cr ≡ 10 

(
R 

3 
eff 

GM � 

) 1 
2 

. (1) 

n local studies of stellar clusters, crossing times are compared 
o cluster ages to derive the so-called ‘dynamical age’ of clusters
 
 ≡ Age /T cr ); a value 
 > 1 indicates that the stars in the system
emained clustered together, without freely expanding into their 
urroundings, for a time longer than their crossing time, implying that
he system is likely gravitationally bound (e.g. Gieles & Portegies 
wart 2011 ; Ryon et al. 2015 , 2017 ; Krumholz, McKee & Bland-
awthorn 2019 ; Brown & Gnedin 2021 ). The same kind of analysis
as been recently applied to the study of high- z stellar clumps (e.g.
anzella et al. 2021 ; Messa et al. 2022 ; Vanzella et al. 2022a ;
laeyssens et al. 2023 ). Crossing times for the clumps in the three
alaxies of the current sample are reported in Table 3 . Given the
arge age uncertainties, we do not attempt to calculate the respective
ynamical ages; ho we ver, we notice that T cr � 10 Myr for ∼55 per
ent of the cases, suggesting that (even if their young ages are
onfirmed), a large fraction of the clumps we are observing can
e of gravitationally bound systems. 

 DI SCUSSI ON  

.1 Stellar clump populations 

e discuss in this section, the results presented in Figs 5 and 6 and
ollected in Table 3 by putting the clump properties in the context of
heir host for each of the galaxies studied. 

.1.1 The clump population of MS1358 

S1358 is characterized by the presence of several clumps; 10 were
xtracted in the western image (the one with the largest o v erall
MNRAS 529, 2162–2179 (2024) 
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Table 3. Main clump properties: (1) clump ID; (2) total magnification; (3) tangential magnification, reported only if used to derive the intrinsic size, R eff ; (4) 
intrinsic ef fecti ve radius; (5) intrinsic absolute UV magnitude; (6) SFR (UV-derived) surface density; (7) stellar mass; (8) age range of uncertainty; (9) range of 
uncertainty for the colour excess; (10) mass surface density; (11) crossing time, defined by equation ( 1 ). 

ID μtot μtan R eff Mag UV log( � SFR UV ) log ( M � ) Age E ( B − V ) log 〈 � M � 〉 T cr 

[pc] [AB] [ M � yr −1 kpc 
−2 

] [M �] [Myr] [mag] [M � pc −2 ] [Myr] 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

MS1358 
W 1 7 . 9 + 7 . 1 −0 . 9 – 74 + 9 −34 −20 . 1 + 1 . 0 −0 . 1 2 . 1 + 0 . 4 −0 . 4 9 . 1 + 1 . 1 −1 . 1 1–300 0.0–0.4 4 . 6 + 1 . 2 −1 . 1 3 + 1 −3 

W 2 16 . 7 + 10 . 1 
−2 . 8 – 48 + 6 −15 −18 . 3 + 0 . 7 −0 . 2 1 . 8 + 0 . 3 −0 . 3 8 . 0 + 0 . 4 −0 . 8 1–13 0.2–0.4 3 . 8 + 0 . 5 −0 . 8 5 + 2 −4 

W 3 8 . 1 + 7 . 1 −0 . 9 – 138 + 39 
−71 −17 . 9 + 1 . 0 −0 . 2 0 . 7 + 0 . 5 −0 . 5 9 . 1 + 0 . 4 −1 . 4 1–300 0.0–0.4 4 . 0 + 0 . 6 −1 . 4 7 + 4 −7 

W 4 9 . 3 + 6 . 8 −1 . 2 – 67 + 11 
−27 −17 . 7 + 0 . 8 −0 . 1 1 . 3 + 0 . 4 −0 . 4 7 . 4 + 0 . 5 −0 . 9 1–12 0.1–0.3 2 . 9 + 0 . 6 −0 . 9 17 + 7 −17 

W 5 12 . 8 + 8 . 9 −1 . 9 6.0 66 + 19 
−49 −17 . 4 + 0 . 8 −0 . 2 1 . 2 + 0 . 6 −0 . 4 8 . 8 + 0 . 3 −1 . 3 2–300 0.0–0.4 4 . 4 + 0 . 7 −1 . 3 3 + 2 −3 

W 6 18 . 8 + 11 . 1 
−3 . 5 – 109 + 37 

−48 −17 . 0 + 0 . 7 −0 . 2 0 . 6 + 0 . 4 −0 . 4 7 . 4 + 0 . 9 −1 . 1 1–100 0.0–0.4 2 . 5 + 0 . 9 −1 . 2 34 + 23 
−34 

W 7 11 . 4 + 7 . 9 −1 . 6 – 118 + 26 
−48 −17 . 3 + 0 . 8 −0 . 2 0 . 6 + 0 . 4 −0 . 4 7 . 5 + 0 . 3 −0 . 8 1–9 0.2–0.3 2 . 5 + 0 . 4 −0 . 8 36 + 15 

−24 

W 8 10 . 5 + 7 . 5 −1 . 4 5.5 50 + 45 
−50 −16 . 2 + 0 . 8 −0 . 2 0 . 9 + 0 . 9 −0 . 8 7 . 7 + 0 . 6 −1 . 0 1–90 0.0–0.5 3 . 5 + 1 . 1 −1 . 2 7 + 10 

−7 

W 9 9 . 6 + 7 . 6 −1 . 2 – 172 + 54 
−87 −17 . 6 + 0 . 9 −0 . 3 0 . 4 + 0 . 5 −0 . 5 7 . 5 + 1 . 3 −1 . 1 1–200 0.0–0.4 2 . 2 + 1 . 4 −1 . 1 61 + 37 

−61 

W 10 10 . 0 + 7 . 8 −1 . 3 4.9 125 + 62 
−114 −17 . 2 + 0 . 9 −0 . 2 0 . 5 + 0 . 8 −0 . 6 8 . 9 + 0 . 7 −1 . 5 1–400 0.0–0.6 4 . 0 + 1 . 0 −1 . 6 7 + 6 −7 

E 1 4 . 2 + 1 . 4 −0 . 8 – 101 + 18 
−23 −19 . 8 + 0 . 4 −0 . 2 1 . 8 + 0 . 2 −0 . 2 8 . 9 + 0 . 9 −0 . 6 1–200 0.0–0.4 4 . 1 + 1 . 0 −0 . 6 5 + 2 −5 

E 2 10 . 8 + 5 . 1 −1 . 3 7.0 34 + 9 −18 −18 . 3 + 0 . 5 −0 . 1 2 . 1 + 0 . 5 −0 . 3 7 . 9 + 0 . 5 −0 . 7 1–14 0.2–0.4 4 . 1 + 0 . 7 −0 . 7 3 + 2 −3 

E 4 7 . 3 + 2 . 7 −0 . 9 5.0 57 + 31 
−36 −17 . 3 + 0 . 4 −0 . 2 1 . 3 + 0 . 6 −0 . 5 7 . 7 + 0 . 4 −0 . 6 1–11 0.2–0.4 3 . 4 + 0 . 7 −0 . 8 9 + 8 −9 

E 5 7 . 2 + 3 . 2 −1 . 2 – 130 + 37 
−46 −17 . 6 + 0 . 5 −0 . 2 0 . 7 + 0 . 3 −0 . 3 8 . 5 + 0 . 3 −1 . 0 4–100 0.0–0.3 3 . 5 + 0 . 4 −1 . 0 12 + 7 −8 

E 6 12 . 7 + 5 . 9 −1 . 4 8.3 73 + 38 
−50 −16 . 6 + 0 . 5 −0 . 2 0 . 8 + 0 . 6 −0 . 5 7 . 3 + 0 . 9 −0 . 7 1–100 0.0–0.4 2 . 8 + 1 . 1 −0 . 8 20 + 17 

−20 

E 7 7 . 8 + 3 . 2 −1 . 0 – 109 + 33 
−39 −17 . 2 + 0 . 5 −0 . 2 0 . 7 + 0 . 3 −0 . 3 6 . 9 + 0 . 7 −0 . 7 1–13 0.0–0.3 2 . 0 + 0 . 8 −0 . 7 61 + 35 

−61 

E 9 5 . 4 + 2 . 1 −0 . 9 – 113 + 48 
−52 −17 . 3 + 0 . 5 −0 . 3 0 . 7 + 0 . 4 −0 . 4 7 . 0 + 1 . 8 −0 . 6 1–100 0.0–0.3 2 . 1 + 1 . 9 −0 . 7 56 + 40 

−56 

E 10 6 . 1 + 2 . 4 −1 . 0 4.0 151 + 109 
−122 −17 . 3 + 0 . 5 −0 . 3 0 . 4 + 0 . 7 −0 . 7 8 . 2 + 0 . 8 −0 . 7 1–200 0.0–0.5 3 . 0 + 1 . 1 −0 . 9 22 + 25 

−22 

N 1 3 . 6 + 1 . 5 −1 . 0 – 121 + 22 
−29 −19 . 9 + 0 . 5 −0 . 3 1 . 7 + 0 . 2 −0 . 2 8 . 4 + 1 . 4 −1 . 0 1–100 0.0–0.4 3 . 4 + 1 . 4 −1 . 0 13 + 7 −13 

RCS0224 
E 1 28 . 2 + 19 . 4 

−2 . 7 16.7 16 + 3 −11 −17 . 9 + 0 . 7 −0 . 1 2 . 6 + 0 . 6 −0 . 3 7 . 5 + 0 . 2 −0 . 8 1–20 0.0–0.2 4 . 3 + 0 . 6 −0 . 9 2 + 1 −2 

E 2 47 . 3 + 55 . 2 
−8 . 0 27.1 17 + 3 −17 −16 . 3 + 1 . 3 −0 . 2 1 . 9 + 0 . 9 −0 . 5 7 . 2 + 0 . 7 −1 . 4 1–70 0.0–0.3 4 . 0 + 1 . 1 −1 . 4 3 + 1 −3 

E 3 52 . 2 + 63 . 4 
−12 . 0 29.5 25 + 6 −25 −16 . 6 + 1 . 3 −0 . 3 1 . 7 + 0 . 9 −0 . 6 6 . 6 + 0 . 3 −1 . 3 11–15 0.0–0.0 3 . 0 + 0 . 9 −1 . 3 10 + 3 −10 

W 2 35 . 3 + 10 . 4 
−6 . 8 19.7 < 9 + 2 −3 −16 . 4 + 0 . 3 −0 . 2 2 . 5 + 0 . 3 −0 . 2 7 . 4 + 0 . 7 −0 . 4 1–90 0.0–0.3 > 4 . 7 + 0 . 8 −0 . 5 < 1 + 0 −1 

W 3 36 . 7 + 10 . 6 
−8 . 1 20.3 24 + 5 −7 −16 . 7 + 0 . 3 −0 . 2 1 . 7 + 0 . 3 −0 . 2 6 . 3 + 0 . 4 −0 . 3 1–12 0.0–0.1 2 . 8 + 0 . 5 −0 . 4 12 + 4 −9 

C 2,3 82 . 4 + 21 . 9 
−25 . 7 44.8 6 + 3 −3 −16 . 0 + 0 . 3 −0 . 3 2 . 7 + 0 . 4 −0 . 4 7 . 0 + 0 . 7 −0 . 6 1–60 0.0–0.2 4 . 7 + 0 . 8 −0 . 8 1 + 1 −1 

MACS0940 
SE 1 26 . 1 + 0 . 8 −19 . 6 14.3 46 + 37 

−14 −17 . 0 + 0 . 1 −0 . 8 1 . 3 + 0 . 4 −0 . 7 7 . 1 + 0 . 8 −0 . 1 1–2 0.1–0.2 3 . 0 + 0 . 9 −0 . 7 13 + 15 
−6 

SE 2 25 . 3 + 0 . 7 −18 . 9 13.9 24 + 18 
−1 −17 . 4 + 0 . 0 −0 . 8 2 . 0 + 0 . 3 −0 . 6 7 . 9 + 0 . 9 −0 . 5 3–90 0.0–0.3 4 . 3 + 0 . 9 −0 . 8 2 + 2 −2 

SE 3 25 . 6 + 0 . 7 −19 . 1 14.0 < 14 + 11 
−0 −17 . 6 + 0 . 0 −0 . 8 2 . 5 + 0 . 3 −0 . 6 7 . 5 + 1 . 0 −0 . 1 11–40 0.0–0.1 > 4 . 4 + 1 . 0 −0 . 7 < 2 + 2 −2 

SE 4 25 . 6 + 0 . 9 −19 . 1 13.9 55 + 41 
−2 −17 . 3 + 0 . 0 −0 . 8 1 . 2 + 0 . 3 −0 . 6 7 . 7 + 0 . 8 −0 . 5 11–40 0.0–0.1 3 . 5 + 0 . 8 −0 . 8 8 + 10 

−1 

SE 5 27 . 1 + 0 . 8 −20 . 5 14.5 < 14 + 146 
−14 −15 . 3 + 0 . 2 −0 . 8 1 . 6 + 0 . 9 −9 . 2 – – – – –

SE 6 29 . 2 + 1 . 0 −22 . 5 15.4 < 14 + 19 
−14 −14 . 8 + 0 . 3 −0 . 9 1 . 4 + 0 . 9 −1 . 2 6 . 2 + 1 . 0 −0 . 5 1–30 0.0–0.2 > 3 . 1 + 1 . 3 −1 . 3 < 6 + 13 

−6 

SE 7 33 . 5 + 1 . 5 −26 . 6 17.1 44 + 45 
−29 −15 . 7 + 0 . 2 −0 . 9 0 . 8 + 0 . 7 −0 . 9 6 . 6 + 0 . 9 −0 . 4 1–15 0.0–0.2 2 . 5 + 1 . 1 −1 . 0 22 + 35 

−22 

SE 8 26 . 1 + 0 . 9 −19 . 6 14.1 49 + 36 
−2 −16 . 3 + 0 . 0 −0 . 8 0 . 9 + 0 . 3 −0 . 7 – – – – –

SW 1 13 . 2 + 15 . 7 
−2 . 7 – 127 + 13 

−75 −17 . 9 + 1 . 3 −0 . 2 0 . 7 + 0 . 5 −0 . 5 7 . 4 + 0 . 2 −1 . 3 1–10 0.1–0.1 2 . 4 + 0 . 6 −1 . 3 44 + 9 −39 

SW 2 14 . 0 + 15 . 3 
−2 . 9 9.9 < 20 + 4 −20 −17 . 6 + 1 . 2 −0 . 2 2 . 2 + 0 . 9 −0 . 5 7 . 4 + 0 . 2 −1 . 2 3–13 0.1–0.2 > 4 . 0 + 0 . 9 −1 . 2 < 3 + 1 −3 

SW 3 14 . 2 + 13 . 3 
−3 . 0 10.0 39 + 8 −37 −18 . 2 + 1 . 0 −0 . 2 1 . 9 + 0 . 8 −0 . 4 8 . 1 + 0 . 2 −1 . 2 11–40 0.0–0.1 4 . 1 + 0 . 8 −1 . 2 3 + 2 −3 

SW 4 13 . 8 + 8 . 7 −3 . 5 9.8 < 21 + 12 
−17 −17 . 2 + 0 . 7 −0 . 3 2 . 0 + 0 . 7 −0 . 6 7 . 6 + 0 . 3 −0 . 7 1–11 0.2–0.3 > 4 . 2 + 0 . 8 −0 . 9 < 2 + 2 −2 

SW 5,6 11 . 8 + 2 . 4 −4 . 1 8.4 29 + 22 
−21 −16 . 4 + 0 . 3 −0 . 4 1 . 4 + 0 . 7 −0 . 7 7 . 2 + 0 . 7 −0 . 3 1–40 0.0–0.3 3 . 5 + 1 . 0 −0 . 8 6 + 7 −6 

SW 7 11 . 6 + 1 . 9 −4 . 4 8.4 30 + 38 
−30 −16 . 1 + 0 . 3 −0 . 5 1 . 3 + 0 . 9 −1 . 1 6 . 7 + 0 . 9 −0 . 4 1–30 0.0–0.2 3 . 0 + 1 . 2 −1 . 2 11 + 21 

−11 

N 9 12 . 8 + 0 . 1 −8 . 7 7.2 40 + 42 
−32 −16 . 5 + 0 . 1 −0 . 7 1 . 2 + 0 . 8 −0 . 9 – – – – –

N 10 12 . 9 + 0 . 2 −8 . 7 7.2 110 + 92 
−56 −16 . 4 + 0 . 2 −0 . 7 0 . 2 + 0 . 5 −0 . 7 – – – – –

N 11 12 . 5 + 0 . 2 −8 . 3 7.0 80 + 72 
−49 −16 . 5 + 0 . 2 −0 . 7 0 . 5 + 0 . 6 −0 . 8 6 . 3 + 0 . 7 −0 . 1 1–10 0.0–0.0 1 . 7 + 0 . 9 −0 . 8 72 + 99 

−70 

E 9 6 . 5 + 1 . 5 −1 . 8 4.3 58 + 122 
−58 −16 . 8 + 0 . 3 −0 . 4 1 . 0 + 0 . 9 −1 . 8 7 . 1 + 0 . 7 −0 . 3 1–50 0.0–0.2 2 . 8 + 1 . 1 −1 . 9 18 + 58 

−18 

E 10 5 . 8 + 1 . 1 −1 . 7 3.8 81 + 24 
−15 −16 . 5 + 0 . 2 −0 . 3 0 . 6 + 0 . 2 −0 . 3 – – – – –

E 11 5 . 7 + 1 . 0 −1 . 7 – 197 + 30 
−17 −17 . 5 + 0 . 2 −0 . 3 0 . 2 + 0 . 2 −0 . 2 – – – – –
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Figure 6. Intrinsic sizes and masses of the clumps. Solid grey lines are of constant mass surface density for 10 2 , 10 3 , and 10 4 M � pc −2 . The same colour and 
marker notation as in Fig. 5 is used. 
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agnification), eight of which are also seen in the eastern image. 
he analyses on the two images of the galaxy produce comparable 
lump properties (see Table 3 ; Figs 5 and 6 ). For clump 8, visible only
n the western part of the galaxy, we were not able to derive a robust
ize estimate. As suggested by previous studies and as clearly visible 
rom Fig. 2 , MS1358 is dominated in the rest-frame UV by two main
lumps (ID: 1 and 2); those account for ∼25 per cent of the flux in
775W , rest-frame ∼1300 Å (clump 1 alone accounts for ∼20 per 
ent, while if all clumps are considered, their contribution to the rest-
rame UV emission of the galaxy is ∼40 per cent), suggesting that
hey are major contributors to the recent star formation of the galaxy.
heir rest-frame UV flux es, conv erted to the SFR via the Kennicutt
 Evans ( 2012 ) relation, correspond to 5 and 1 M � yr −1 . Nebular

racers of the current star formation indicate that their contribution 
s even larger ( ∼40 per cent of the SFR of the galaxy, Swinbank
t al. 2009 ). The [O II ]-derived SFR, 7.5 and 3 . 7 M � yr −1 for the
wo clumps 7 ), suggests that the SFR UV values we derived for our
lumps may be underestimated; this could either be due to the SFR
pisode in the galaxy being more recent than what is assumed by the
ennicutt & Evans ( 2012 ) conversion and/or due to the presence of

ome e xtinction. The deriv ed masses span the range 10 7 –10 9 M � and
re therefore comparable to the mass of the entire galaxy as estimated
y Swinbank et al. ( 2009 ). The derived young ages for some of the
lumps ( � 10 Myr), combined to the nebular emission observed in the
alaxy (Swinbank et al. 2009 ) suggest that a considerable fraction of
he stellar mass in the galaxy is being formed during the current star
ormation episode, and that the clumps are an important contributor 
o that process. 

.1.2 The clump population of RCS0224 

CS0224 is characterized by three bright clumps, accounting for 45 
er cent of the rest-frame UV emission. The brightest one (ID: 1,
FR UV = 0 . 7 M � yr −1 ) is not multiply imaged and therefore is only
isible in the eastern image of the arc. The other two clumps do not
a ve rob ust intrinsic size (and flux) estimates in the eastern image,
ue to the large uncertainties related to the magnification values; we 
an, ho we ver, rely on their properties derived in the western image.
hey are seen down to very small scales; both their sizes (below
0 pc for clump 2) and masses (10 6 –10 7 M �) are close to the ones
f super star clusters in nearby galaxies (e.g. Leitherer et al. 2018 ;
 Adapted from original values SFR = 12 and 6 M � yr −1 reported in Swin- 
ank et al. ( 2009 ), see footnote 2. 

i  

E  

d  

m  
anzella et al. 2019 ; Adamo et al. 2020b ). The mass surface density
f clump 3 ( � M � 

∼ 10 3 M � pc −2 ) is also consistent with nearby star
lusters (e.g. Brown & Gnedin 2021 ), while clump 2 has a density
lose to � M � 

∼ 10 5 M � pc −2 , one of the largest observed for star-
orming regions (see also the discussion in Section 5.2 ). A single
ource is visible in the central image of the galaxy (see Fig. 3 ) but
he lensing model cannot distinguish which source it is. The intrinsic
ize of the source is 6 pc and both the luminosity and mass suggest
hat this is another image of clump 2. 

Summing the SFR UV of the clumps in the central and western
mages and comparing it to the value estimated from [O II ] emission
n the same region (8 . 2 M � yr −1 , Swinbank et al. 2007 ), we derive
hat only < 10 per cent of the galaxy SF is in the observed clumps.
his result is consistent with bright [O II ] emission being observed
long the entire arc seen in F814W (a long part of which is devoid of
ompact sources, see Fig. 3 ); it may also indicate, as pointed out for
S1358, that SFR UV values are underestimates and therefore that 

he bulk of star formation in the galaxy is very recent. This galaxy is
lso the one with the shallowest data (as discussed in Section 4.1 ),
nd therefore there is also the possibility that current observations 
re missing a population of low surface brightness clumps, currently 
ndetected along the arc. 

.1.3 The clump population of MACS0940 

ompact sources are seen all along the lensed arcs of MACS0940; the
alaxy is dominated by four bright clumps (IDs: 1 to 4) contributing
o ∼40 per cent of the rest-frame UV emission of the galaxy (the
ontribution of all the clumps in the arcs is ∼50 per cent). For some
f the clumps, we were not able to derive robust size estimates.
E 5 and SE 6 have large size uncertainties; contrary to the rest of

he sample, they both have de-lensed magnitudes that differ largely 
rom their SW counterpart (SW 5, 6), hinting to a possible mis-
ssociation. We point out that there are no detected SW clumps with
imilar photometric properties to the former. Many of the clumps 
n the SW region (e.g. IDs: 2, 3, 4, and 7) also have large size
ncertainties, mainly due to uncertainties in the lens model in that
egion of the arc; on the other hand, their SE counterparts have robust
easurements that help inferring their intrinsic properties and will 

e used in the further analyses of this work, Section 5.2 . For some
lumps, we could not perform SED fitting due to the lack of signal
n some of the filters (clumps SE 5, SE 7, N 10, N 11, E 11, and
 12). The sizes and masses of the bright clumps in the galaxy,
istributed mainly between 15–60 pc and 10 6 –10 8 M �, lead to large-
ass surface densities, � M � 

= 10 3 –10 4 M � pc −2 . While little is
MNRAS 529, 2162–2179 (2024) 
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nown about the properties of MACS0940, the clump contribution
o the rest-frame UV emission and the spatial superposition of the
eaks of Ly α emission (Claeyssens et al. 2019 ) on the location of
he brightest clumps suggest that the observed clumps are strongly
ontributing to the host galaxy recent star formation. 

.2 Comparison to literature samples 

.2.1 Size and SFR across redshifts 

he sizes and luminosities of the clumps in these three galaxies
re compared to samples from the literature in Fig. 7 (top-left-
and panel); in the case of clumps with multiple images, we will
onsider only the values reco v ered from the one with the highest
agnification. The samples are colour-coded according to their

edshift. The figure shows that, at any scale between ∼1 and ∼10 3 pc,
lumps become on average increasingly brighter, moving to higher
edshifts; a similar trend was already suggested by Livermore et al.
 2015 ) using samples studied in H α emission. We point out that
he SFR scale in Fig. 7 (derived from the Kennicutt & Evans 2012
onversion, as already described in Section 4.1 ), is used to directly
ompare samples studied in H α (SINGS, L12, L15, DYNAMO, see
gure caption) to the others studied in rest-frame UV. We are not

ncluding, in this study, SFR v alues deri ved from the analysis of
he clump spectral energy distributions. 8 The average clump SFR H α

urface densities for z = 0, 1, 3, and 5 proposed by Livermore et al.
 2015 ) are shown as dashed lines in Fig. 7 (top-left-hand panel), and
re consistent with the o v erall densities of the plotted samples. In the
ame figure, we show as black–grey contours (enclosing 1 and 2 σ of
he sample), the sizes and SFRs of H II regions in the SINGS sample
f local MS galaxies (Kennicutt Robert C. et al. 2003 ); already at
 = 1, clumps are clearly detached from the region covered by the
INGS sample, as pointed out by previous studies (e.g. Livermore
t al. 2012a , 2015 ; Messa et al. 2022 ; Claeyssens et al. 2023 ). 

The redshift evolution of clump � SFR is made explicit in the
ottom-left-hand panel of Fig. 7 via violin distributions. For the
hole sample, we consider only clumps with R eff < 100 pc, as we
ant to focus this analysis on compact star-forming regions; ho we ver,

imilar results would be derived considering clumps at all scales
see Appendix B ). A clear redshift evolution of � SFR is observed
omparing local clumps ( z = 0) to samples at cosmic ‘afternoon’
0 < z < 1 . 5) and at cosmic noon (1 . 5 � z < 3 . 5). A shallower
volution is seen at earlier cosmic times: while the distributions are
n average shifted towards denser � SFR at higher redshifts, extreme
alues can be observed already at z ∼ 2, as it is the case for the
lump population of the Sunburst galaxy (purple triangles in the top-
eft-hand panel of Fig. 7 ), studied at scales < 10 pc (Vanzella et al.
022b ). 
A necessary caveat is that the surface brightness completeness

s different for each of the samples considered. Completeness
imits are unavailable for many of the samples; ho we ver, it can
e assumed that they become brighter moving to higher redshift.
 or e xample, the completeness limits deriv ed in the current work,
 –10 M � yr −1 kpc 

−2 
, are larger than the densest clumps at z < 1 . 5.

e argue that the completeness limits, biasing the study of high- z
ystems towards the most extreme (i.e. densest) sources, may be the
ain driver of the � SFR redshift evolution o v erall, especially of the
NRAS 529, 2162–2179 (2024) 

 The published sample from Me ̌stri ́c et al. ( 2022 ) includes SED-derived SFR 

 alues; ho we v er, for consistenc y with the other samples included in Fig. 7 , 
e chose to plot only their rest-frame UV magnitudes. 

<  

s  

s  
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c  
edian values of their distributions. As mentioned in the discussion
f individual galaxies (Section 5.1 ), other factors possibly affecting
he o v erall � SFR distributions are the ages of the clumps and their
xtinctions. On the other hand, we expect that the high-density end
f each distribution is not affected by the completeness; in this case,
he evolution of the densest clumps would be real and may reflect
he redshift evolution of the properties of their host galaxies. We also
emind that there is a great in-homogeneity in how the considered
iterature samples were selected and analysed. Systematic statistical
tudies of clumps across redshift ranges are needed to truly pro v e
nd map the evolution of clumps; forthcoming studies with the JWST
ill indeed provide this statistics. 
We can interpret the clump � SFR redshift evolution discussed in

his section as an evolution of the host galaxy conditions, where the
lumps form. Main sequence galaxies are characterized by higher
FR densities at higher redshift, with the most extreme change
appening during the cosmic noon ( z = 1 –3 . 5, e.g. Schreiber et al.
015 ). In order to test this possibility, we consider in the next section,
he properties of clumps in local starburst g alaxies, i.e. g alaxies which
o not fall into the local main sequence but rather present typical
roperties of higher redshift systems. 

.2.2 Size and SFR of nearby samples 

n order to test the effects of galaxy environments on their stellar
lump population, we consider local samples of galaxies charac-
erized by properties typical of high- z systems. Galaxies in the
YNAMO sample, at z = 0 . 2, were selected to contain gas-rich
alaxies with turbulent and marginally stable discs, well representing
he star formation conditions at cosmic noon, z ∼ 1 –3 (Green et al.
014 ); their star-forming regions were studied in H α down to ∼50 pc
esolution (Fisher et al. 2017a ). In a similar way, the Lyman-Alpha
eference Sample (LARS), at redshift z = 0 . 03 –0 . 20, contains
alaxies selected to be analogues of z ∼ 3 (Lyman-break and Lyman-
mitter) galaxies, characterized by ele v ated UV luminosities and
FRs ( ̈Ostlin et al. 2014 ); their stellar clumps were studied in far-
V emission down to 10 pc scales (Messa et al. 2019 ). Finally,
lue compact galaxies (BCGs) are (usually low mass) star-forming
ystems with high specific star formation rate (e.g. Östlin et al.
001 ); among the best studied ones, SBS 0335–052E, ESO 338-
G04, and Haro 11 are known to host populations of bright young
tellar clusters/clumps (e.g. Östlin & Kunth 2001 ; Östlin et al. 2003 ;
damo et al. 2010 ; Adamo, Östlin & Zackrisson 2011 ; Sirressi et al.
022 ). Sizes and UV magnitudes of clumps in ESO 338-IG04 were
erived in Messa et al. ( 2019 ). No size measurements are available
n the literature for clumps in SBS 0335–052E and Haro 11; we
herefore perform, for the clumps in these galaxies, the same size-
uminosity analysis described in Section 3.2 in the F140LP filter,
racing FUV emission. 

The sizes, UV magnitudes (and SFRs), and � SFR distributions
f the clumps in these nearby samples are shown in Fig. 7 (top-
ight-hand and bottom-left-hand panels). In the case of SBS 0335–
52E, we plot the six main super star clusters discussed in Adamo
t al. ( 2010 ); for Haro 11 we select, from the sample of Sirressi
t al. ( 2022 ), the brightest clusters, corresponding to UV magnitudes
 23 mag; for ESO 338-IG04 and LARS, we plot all the clumps

rom the Messa et al. ( 2019 ) samples with a photometric uncertainty
 0.3 mag in UV. Clump sizes span a broad range from 4 (individual

tellar clusters) to ∼1 kpc (large star-forming regions). When con-
idering only the compact ( R eff < 100 pc) clumps in Fig. 7 (bottom-
eft), their median SFR surface densities are similar to the ones of
lumps observed in galaxies at 0 < z < 3.5; the most extreme cases



Stellar clumps in redshift 4-to-5 galaxies 2173 

Figure 7. (Top left): sizes and magnitudes of the clumps in the current study compared to clump samples from literature, colour-coded by their redshift (blue: 
z < 1 . 5, purple: 1 . 5 ≤ z < 3 . 5, red: 3 . 5 ≤ z < 5, orange: z ≥ 5). The sample at z = 0 from SINGS (Kennicutt Robert C. et al. 2003 ) is shown as black density 
contours (enclosing 1 and 2 σ of the distribution). On the y -axis, we are showing either H α luminosities converted to SFR values (for L12 and L15) or UV 

magnitudes (for the rest of the samples). Values of typical SFR surface densities for samples at z = 0, 1, 3, and 5, as derived by L15 are shown as dashed lines. 
Individual redshifts (or ranges) for each of the samples are given in the bottom-right-hand panel. The references for the samples considered are: the Cosmic snake 
arc (Cava et al. 2018 ), A521-sys1 (Messa et al. 2022 ), L12 Livermore et al. ( 2012a ), the Sunburst arc (Vanzella et al. 2022b ), SDSSJ1110 + 6459 (Johnson et al. 
2017 ), Abell2744-arc (Vanzella et al. 2022c ), the Sunrise arc (Vanzella et al. 2022a ), SMACS0723 (considering only clumps at z > 5, i.e. where JWST -NIRCam 

traces their rest-frame UV emission, see Claeyssens et al. 2023 ), L15 (Livermore et al. 2015 ), V17&V19 Vanzella et al. ( 2017a , b , 2019 ), MACSJ0416 (Me ̌stri ́c 
et al. 2022 ). In the case of multiply-imaged clumps, we consider only the one with the largest magnification. (Top right): comparison to nearby clump samples 
of: blue compact galaxies (ESO338-IG04, Messa et al. 2019 ; SBS0335-052E and Haro11, this work), LARS (Messa et al. 2019 ), and DYNAMO (Fisher et al. 
2017a ). On the y -axis, we are showing H α luminosities converted to SFR values for DYNAMO and UV magnitudes for the rest of the samples. (Bottom left): 
distribution of SFR densities (shown as violin plots, with median and extreme values of the distribution marked) of the clump samples, binned by redshift; only 
clumps with R eff < 100 pc are considered. The clumps from the current work are also shown as a separate sample. 

a  

w
s
e  

o

5

W
(  

t  

s
w  

a

S
o  

(  

o
p  

c  

w
(  

s  

T  

o  

A  

E
i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/3/2162/7616100 by guest on 24 N
ovem

ber 2024
re as dense as the clumps in the z ∼ 5 of the sample studied in this
ork. These distributions suggest that the environmental conditions 

etting the starburst nature of these galaxies (interactions, mergers, 
le v ated gas fractions, and turbulence) can indeed drive the formation
f clumps with ele v ated SFR densities. 

.2.3 Mass surface densities 

e investigate if the SFR redshift evolution discussed in Section 5.2.1 
and Fig. 7 ) is also reflected in the clump masses. We plot in Fig. 8
he clump mass surface densities, � M � 

, as a function of the clump
izes (left-hand panel) and as violin distributions (right-hand panel); 
e use the same clump samples as in Fig. 7 , when mass values

re available. In more detail, masses are unavailable for L12, L15, 
DSSJ1110, the nearby DYNAMO sample, and the SINGS sample 
f local galaxies; instead, we plot the LEGUS sample of local clusters
from the analysis of Brown & Gnedin 2021 ) to help the comparison
f compact clumps to single stellar clusters. For comparison, we 
rovide also the stellar surface density of a typical 10 5 . 2 M � globular
luster with R eff = 3 pc (Brodie & Strader 2006 ). In this analysis,
e consider the entire SMACS0723 sample by Claeyssens et al. 

 2023 ) and not only the one at z > 5, as done in Fig. 7 , because the
election here is based on clump mass and not on FUV luminosity.
he references for the samples are the same reported in the caption
f Fig. 7 , except for masses of clumps in: (i) SBS0335-052E, from
damo et al. ( 2010 ); (ii) Haro 11, from Sirressi et al. ( 2022 ); (iii)
SO338-IG04 and LARS, from a forthcoming paper (Messa et al., 

n preparation). 
MNRAS 529, 2162–2179 (2024) 
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M

Figure 8. ( Left-hand panel) : mass surface densities of clumps in function of their intrinsic sizes; the colour and marker coding of the plotted samples are the 
same presented in Fig. 7 ; the only differences are the LARS sample, plotted as yellow contours instead of square markers, and the inclusion of the LEGUS 
sample of local stellar clusters (from the analysis of Brown & Gnedin 2021 ), instead of SINGS, as black contours, due to the lack of available masses for the 
latter. Both yellow and black contours enclose 1 and 2 σ of the relative distribution. The location of a typical globular cluster with M = 10 5 M � and R eff = 3 pc 
(Brodie & Strader 2006 ) is shown with a black star marker. (Right-hand panel) : � M � distributions, shown as violin plots; the distributions of clumps with 
R eff � 20 pc are shown as filled violins, while clumps in range 20 < R eff � 100 pc are shown with empty violins with dashed edges (a dashed line marks also 
the median value of each distribution). 
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Mass surface densities span almost five orders of magnitudes
 � M � 

∼ 10 0 –10 5 M � pc −2 ). Contrary to the � SFR values (Fig. 7 ),
o clear redshift trend is visible in the left-hand panel of Fig. 8 .
ome of the clumps in the current study, from MS1358 and
ACS0940, stand out, together with other few z > 1 . 5 sources, as

ery dense ( � M � 
> 10 4 M � pc −2 ), large (20–100 pc) clumps; these

re the densities of the densest gravitationally bound local stellar
ystems (young and globular clusters), yet on much larger scales.
he absence of a clear redshift evolution of � M � 

can also be deduced
rom redshift-binned violin distributions (see Appendix B ). 

A tentati ve redshift e volution of � M � 
can be seen when considering

he clumps at R eff � 20 pc, i.e. at the scales of star clusters, Fig. 8 ,
ight-hand panel. An apparent feature of the figure is the increase
n the upper-end of the � M � 

distribution at z > 5, but this is driven
y a single massive ( M ∼ 10 7 M �) compact ( R eff = 1 . 4 pc ) source
bserved in the Sunrise arc (Vanzella et al. 2022a ). The high-stellar
ensities of high- z clumps become evident when local clusters are
onsidered (black contours and black distribution in Fig. 8 ); there
s only little o v erlap between local clusters and their counterparts
t higher redshifts, the latter being on average denser. As already
uggested in the previous section, this evolution probably reflects the
mbient pressure where clusters form; galaxies at higher redshift are
haracterized by densest environment, which in turn are able to form
enser clusters. This environmental effect was observed locally for
tellar clusters (e.g. Johnson et al. 2017 ; Messa et al. 2018 ; Adamo
t al. 2020b ). This trend seems to be confirmed by the clumps in the
ocal starburst BCGs, reaching densities comparable to their z > 1 . 5
ounterparts. We w ould lik e to point out that the current sample of
igh- z clumps with R eff � 20 is very limited; new insight will come
rom samples observed with JWST able to combine extreme spatial
esolution with a better age and mass characterization of the clumps
see, e.g. Claeyssens et al. 2022 ; Vanzella et al. 2022a , c ). We also
otice that at larger scales ( R eff > 20 pc, dashed violin distributions
n Fig. 8 ) only clumps from the z > 1 . 5 samples are observed to reach
he most extreme densities ( � M � 

� 10 4 M � pc −2 ), again suggesting
 redshift evolution even for large star-forming complexes. 
NRAS 529, 2162–2179 (2024) 
As final remark, we remind that UV luminosities, and conse-
uently SFR UV values, are strongly affected by the age and extinction
f the clumps; this could be the cause of the different strengths in the
edshift evolution of � M � 

and � SFR UV . 

 C O N C L U S I O N S  

e presented the analysis of a small sample of stellar clumps in three
alaxies at redshift between 4 and 5, namely the lensed arcs beyond
he galaxy clusters MS1358, RCS0224, and MACS0940. These
alaxies were chosen to be among the most highly magnified systems
osting multiple stellar clumps in a redshift range currently under-
epresented in clump studies. Each galaxy is multiply-imaged; many
f the images are amplified by factors μ > 5 and reaching in some
ases, μ > 20. The clumps were studied using multiband photometry
rom the HST , providing a maximum angular resolution for the clump
adii of ∼0.02 arcsec; combined to the large amplifications of these
ystems, it allows the study of physical scales down to ∼10 pc, i.e.
omparable to the sizes of individual stellar clusters. 

Clump populations in the three galaxies were extracted from
 reference rest-frame UV filter (ACS-WFC- F775W for MS1358,
CS-WFC- F814W for RCS0224, and MACS0940); we further
hecked that our extraction did not miss clumps of different (redder)
olours by testing the clump extraction also on the other available
ST filters. Clump colours in combination with the lens models were
sed to recognize (and discard) foreground sources in the field; we
nd in total 10 unique clumps in MS1358, three in RCS0224 and 11

n MACS0940. 
Clumps sizes and magnitudes were derived in the reference rest-

rame UV filter for each of the galaxies; the other filters were used
o fit a broad-band SEDs and derive the clump masses. Intrinsic
izes, magnitudes, and masses were derived using the lens models;
ue to the large amplifications involved, the uncertainties associated
o the amplification factors dominate these intrinsic quantities. The
eri ved ef fecti ve radii range from ∼10 to ∼200 pc; the smallest sizes
re reached in RCS0224, the galaxy with the largest amplification,
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here we observe sources down to R eff = 6 pc. UV magnitudes are
lso converted to SFR UV following the conversion by Kennicutt & 

vans ( 2012 ); they range from ∼10 −2 to the most extreme values
f 5 M � yr −1 in MS1358. The completeness limits of the samples
hen converted into SFR UV surface densities, � SFR , are typically 
10 M � yr −1 kpc 

−2 
, and in all cases abo v e 1 M � yr −1 kpc 

−2 
, i.e.

bo v e the typical value for clumps in local main sequence galaxies
Kennicutt Robert C. et al. 2003 ; Livermore et al. 2015 ); we deduce
hat an eventual population of clumps with low surface brightness 
ould be missed in this study. 
By focusing individually on the galaxies of this study, we find that:

(i) the morphology of MS1358 is dominated by two bright clumps, 
ccounting for 20 and 5 per cent of its rest-frame UV emission; when
ll the 10 observed clumps are considered together, this fraction 
aises to ∼40 per cent. The UV-derived SFR, SFR UV , of the brightest
lumps are lower than the literature values derived from nebular 
mission (Swinbank et al. 2009 ), suggesting either the presence of
ust extinction or that the current star-formation episode is much 
ounger than the assumption used in the Kennicutt & Evans ( 2012 )
UV-to-SFR conversion. Clump masses range between 10 7 and 
0 9 M �; they are consistent with the entire galaxy mass as derived by
winbank et al. ( 2009 ). We deduce that clumps in MS1358 are major
ontributors to the recent star formation episode(s) in the galaxy and 
o the build-up of its mass. The two main clumps of MS1358 are
he UV-brightest among the galaxies studied in the current work and 
mong all the compact ( R eff < 100 pc) clumps known in literature.
espite most of the clumps in this galaxy having sizes in the range of
0–100 pc, their mass surface densities are comparable (and in many 
ases higher) to the ones of the densest local stellar clusters. 

(ii) RCS0224 is characterized by three bright and compact clumps, 
ccounting for ∼45 per cent of the rest-frame UV emission. The 
alaxy also shows a larger region of diffuse UV emission, appearing 
s a very elongated arc devoid of clumps, but actively forming stars,
s derived from nebular [O II ] emission by Swinbank et al. ( 2007 );
eeper observation would be needed to test the presence of low- 
urface brightness clumps along the arc. Despite RCS0224 has the 
hallowest data in the studied sample, its large magnification allows 
t to reach very small intrinsic scales; the clumps sizes and masses,
 eff = 6 –25 pc and M � = 10 6 –10 7 . 5 M �, respectively, are close to

he ones of the most massive stellar clusters in local galaxies. As is
he case for clumps MS1358, also in RCS0224 the clump densities
each higher values than what typically observed in local samples. 

(iii) Four bright clumps characterize the rest-frame UV morphol- 
gy of the lensed arc MACS0940, accounting for ∼40 per cent of
he emission, with other four sources contributing to another ∼10 
er cent. Their derived intrinsic sizes ( R eff = 10 –100 pc) and masses
 M � = 10 6 –10 8 M �) suggest also for these clumps extreme stellar
ensities. 

Finally, we compare the SFR and stellar mass surface densities 
f the clumps to the ones of known samples in the literature. We
nd o v erall an increase of � SFR with redshift, particularly when
omparing clumps in local main sequence galaxies to their coun- 
erparts at cosmic noon z ∼ 1 –3 . 5; the evolution is less prominent
t higher redshifts. A weaker evolution is suggested for � M � 

(more 
vident for very compact sources, R eff � 20 pc). We can interpret the
volution of both clump quantities in the context of the evolution of
he properties of their host galaxies; the latter, at higher redshifts, are
haracterized by increasingly denser environments, which produce 
enser galactic (and subgalactic) star-forming regions and, in turn, 
lso denser stellar products. This interpretation is supported by the 
tudy of nearby starburst galaxies, whose clump properties resemble 
igh- z samples more than the local average ones. With current data,
e do not find any discontinuity in the redshift evolution of SFR and
 � surface densities when considering redshift earlier than cosmic 

oon ( z > 3 . 5); this may imply that the clump formation conditions
t z ∼ 5 are not different compared to later times. This result is in
ine with recent ALMA findings suggesting the presence of turbulent 
isc galaxies even at z > 5 (Jones et al. 2021 ; Lelli et al. 2021 ; Rizzo
t al. 2021 ; Herrera-Camus et al. 2022 ; Parlanti et al. 2023 ). 

We remark that these redshift trends and relative interpretations 
re still tentative, for two main reasons. First, populations of clumps
elow ∼100 pc are still limited, leading to a small sample statistics
hen a binning in redshifts is considered. Second, the samples 

onsidered are in-homogeneous in how they have been extracted 
nd analysed; this is true especially for what concerns SED-derived 
uantities, e.g. clump masses, ages, and extinctions. On going 
bservations with the JWST will go in the direction of tackling both
roblems by observing large galaxy samples and extending the rest- 
rame optical co v erage also to high-redshift sources. 
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PPENDIX  A :  BEST-FIT  M O D E L S  

e collect data, best–fit clump models, and fit residuals in the 
eference filter of each galaxy in Fig. A1 . 

PPENDIX  B:  A D D I T I O NA L  PLOTS  

he distributions of � SFR across redshift bins, shown in Fig. 7 , are
xpanded to include clumps of all sizes, loosening the constraint 
f R eff ≤ 100 pc in Fig. B1 (left-hand panel). The main result
eported in Section 5.2.1 , i.e. the o v erall redshift evolution of the
 SFR distributions, up to redshifts z ∼ 3 . 5 is valid also in this

ase; the main difference when comparing Fig. B1 to Fig. 7 is
he presence of more low- � SFR systems, reflected in longer tails
t the bottom of the violin distributions. These low-density clumps 
re consistent with being ‘large’ ( R eff > 100 pc) star forming
egions. 

In a similar way to what is done for the � SFR distributions, the right-
and panel of Fig. B1 shows violin distributions of � M � 

, binned by
edshift ranges and including clumps of all sizes. As already pointed
ut in Section 5.2.3 , no clear redshift evolution for the mass surface
ensity is observed for the o v erall sample; a tentativ e evolution can be
educed when only the very small clumps, with sizes consistent with
ndividual stellar clusters ( R eff < 20 pc ) are considered (right-hand
anel of Fig. 8 ). 
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Figure A1. Data (left column), best-fit models (central column), and residuals (right column) for the main lensed arcs in the reference filters of each galaxy. 
Clumps IDs are reported in the central panels. F ore ground sources are marked with red arrows in the right-hand panels. Grids of 1 × 1 arcsec are plotted to 
facilitate the comparison between panels. For the position of the galaxy images within the cluster fields, see Figs 2 , 3 , and 4 . 
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Figure B1. (Left) : same as the bottom panel in Fig. 7 , but including clumps of all sizes. (Right): same as the right-hand panel of Fig. 8 but including clumps of 
all sizes. The list and references of the samples used in both panels are given in the captions of Figs 7 and 8 . 
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