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A B S T R A C T 

We present the clump populations detected in 18 lensed galaxies at redshifts 1–8.5 within the lensing cluster field SMACS0723. 
The recent JWST Early Release Observations of this poorly known region of the sky have revealed numerous point-like sources 
within and surrounding their host galaxies, undetected in the shallower Hubble Space Telescope images. We use JWST multi-and 

photometry and the lensing model of this galaxy cluster to estimate the intrinsic sizes and magnitudes of the stellar clumps. We 
derive optical restframe effective radii from < 10 to hundreds pc and masses ranging from ∼10 

5 to 10 

9 M �, o v erlapping with 

massive star clusters in the local universe. Clump ages range from 1 Myr to 1 Gyr. We compare the crossing time to the age of the 
clumps and determine that between 45 and 60 per cent of the detected clumps are consistent with being gravitationally bound. 
On average, the dearth of Gyr old clumps suggests that the dissolution time scales are shorter than 1 Gyr. We see a significant 
increase in the luminosity (mass) surface density of the clumps with redshift. Clumps in reionization era galaxies have stellar 
densities higher than star clusters in the local universe. We zoom in into single galaxies at redshift < 6 and find for two galaxies, 
the Sparkler and the Firework, that their star clusters/clumps sho w distincti ve colour distributions and location surrounding their 
host galaxy that are compatible with being accredited or formed during merger events. The ages of some of the compact clusters 
are between 1 and 4 Gyr, e.g. globular cluster precursors formed around 9–12 Gyr ago. Our study, conducted on a small sample 
of galaxies, shows the potential of JWST observations for understanding the conditions under which star clusters form in rapidly 

evolving galaxies. 

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  

arly deep field observations with the Hubble Space Telescope (HST)
evealed that galaxy morphologies rapidly evolve into more irregular
nd clumpy appearance as a function of increasing redshift (Abraham
t al. 1996 ; Brinchmann et al. 1998 ). New JWST observations con-
rm the morphological evolution already traced with HST studies,

.e. galaxy appearance between redshift 2 and 7 is dominated by
lumpy structures and only in a small fraction by mergers (Treu et al.
022 ). 
A long-standing effort in the community has focused in under-

tanding the link between clump formation and evolution, and galaxy
rowth. Initial HST studies focused on the physical properties of the
lump populations within field galaxies up to redshift ∼3 concluded
hat these stellar clumps are more massive counterparts of local giant
tar-forming regions, with comparable sizes of ∼1 kpc, thus, o v erall
enser stellar entities than typically observed in the local universe
Elmegreen & Elmegreen 2006 ; Wisnioski et al. 2012 ). Based on
 E-mail: adelaide.claeyssens@astro.su.se 
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olour properties and the location of clumps within galaxies, it has
lso been speculated that these clumps survive longer within their
isk galaxies and therefore migrate towards the or being responsible
or proto-bulges (Elmegreen et al. 2009 ; F ̈orster Schreiber et al.
011 ). Systematic studies of clump populations in the Far UV (FUV)-
ptical rest-frames of deep surv e ys consistently reported that clumps
ignificantly contribute to the total FUV light of galaxies, supporting
heir young ages, as well as the presence of redder clumps, consistent
ith old or extincted stellar populations (Guo et al. 2012 , 2015 ).
lumps have been reported as regions of ele v ated star formation

ate (SFR) and specific SFR, as mini-starburst entities within their
ost galaxies (Zanella et al. 2015 ; Iani et al. 2021 ). Considering the
olume densities of galaxies with ultravioelt (UV) light dominated
y multiple clumps, Guo et al. ( 2015 ) and Shibuya et al. ( 2016 )
eported that the fraction of galaxies with clumpy structures peaks
t cosmic noon, suggesting that clump formation is closely related
o the physical conditions under which star formation takes place in
alaxies. 

Different approaches have been undertaken to further impro v e our
nderstanding of star formation operating at sub-galactic scales in
apidly evolving galaxies. Numerous studies of local-analogues of
© 2023 The Author(s) 
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ain-sequence galaxies at redshift 1–2 have been carried out. The 
dvantage of this approach is the access to several observing facilities 
ampling different gas phases and their dynamical conditions as well 
s clump physical properties at hundreds parsec physical resolution. 
hese studies have focused on highly star-forming disk galaxies 

Fisher et al. 2017a , b ) or starburst systems, with properties similar to
hose of Lyman α and/or Lyman break galaxies (Messa et al. 2019 ).
hese local analogues host clump populations that dominate their UV 

ight and have masses and sizes encompassing the range observed in 
igh-redshift main sequence galaxies at cosmic noon (Messa et al. 
019 ). The host galaxies show galactic dynamics dominated by 
andom motion and turbulent thick disks, suggesting that clumps 
re produced by fragmentation in gravitationally unstable disks 
Fisher et al. 2017b ). These results align with the continuous progress
ade by numerical simulations. Initial low-resolution simulations of 

solated disk galaxies (e.g. Bournaud, Elmegreen & Elmegreen 2007 ; 
ournaud, Elmegreen & Martig 2009 ; Agertz, Teyssier & Moore 
009 ) formed massive kiloparsec-scale clumps from fragmentation 
nd collapse taking place in thick, and gravitational unstable, gas- 
ich disks. In these simulations, clumps survived long enough to 
igrate and contribute to the formation of bulge structures in galaxies 

e.g. Elmegreen, Bournaud & Elmegreen 2008 ; Ceverino, Dekel & 

ournaud 2010 ). 
The fate and survi v al of clumps in high-redshift galaxies has

een since long debated. On one side, fundamental constraints have 
een produced by studies of stellar clumps in gravitationally lensed 
alaxies (Jones et al. 2010 ; Livermore et al. 2012 , 2015 ; Adamo et al.
013 ; Johnson et al. 2017 ; Cava et al. 2018 ; Vanzella et al. 2017a , b ,
022b ; Me ̌stri ́c et al. 2022 ). Once the magnification, which can reach
actors between 2 and > 30 at the centre of the lensing cluster, is
ccounted for, few to several clumps are detected within these star-
orming galaxies with sizes from a few parsecs to hundred parsecs 
nd masses ranging between 10 5 and 10 8 M � (e.g. Dessauges- 
a vadsky et al. 2017 ; Tamb urello et al. 2017 ). Resolution, hence,
lays an important role in defining the main physical properties of
tellar clumps, both observ ationally (e.g. Dessauges-Zav adsky et al. 
017 ; Cava et al. 2018 ), and numerically (Tamburello et al. 2015 ). On
he other side, increasing particle numbers and physical resolution, 
s well as inclusion of stellar feedback, in numerical approaches 
as led to question initial results leading to bulge formation via 
lump migration. Clump survi v al timescales appear clearly linked to 
eedback prescriptions and implementations (Oklop ̌ci ́c et al. 2017 ; 
ekel et al. 2022 ) as well as gas fractions in disks, with cosmological

imulations producing short-lived clumps while isolated galaxy 
imulations find longer-lived clumps (e.g. Fensch & Bournaud 2021 ). 

From the observational perspective, clump ages, important to 
etermine clump survi v al, have been dif ficult to pin do wn (e.g. Cav a
t al. 2018 ). Initial HST studies of clumps in lensed galaxies at
edshift � 2, find age ranges between a few and tens of Myr up to a
ew hundreds of Myr (e.g. Adamo et al. 2013 ; Johnson et al. 2017 ;

essa et al. 2022 ; Vanzella et al. 2022b ). The main limitation has
een so far the lack of homogeneous co v erage of the UV-optical rest-
rame of galaxies at redshift > 2 (e.g. see Me ̌stri ́c et al. 2022 , which
ncluded ground-based data, although limiting, to impro v e age and 

ass estimates of clumps), a key phase for star formation and galaxy
volution. 

Stellar clumps have long being suggested to host massive star 
lusters, which would survive long after clumps dissolve and possibly 
ontribute to the globular cluster population surrounding spiral 
alaxies in the local universe (Shapiro, Genzel & F ̈orster Schreiber 
010 ; Adamo et al. 2013 ). Indeed, for the highest magnification
egions and with HST resolution, it has been possible to resolve 
hysical scales down to tens of parsec or better, where clump sizes
tart to o v erlap to star cluster ones (e.g. Vanzella et al. 2017a , b ;
ohnson et al. 2017 ; Welch et al. 2022 ). Star clusters form and
volve within their host galaxies across cosmic times (e.g Adamo 
t al. 2020a ). State-of-art cosmological simulations follow cluster 
ormation and evolution during galaxy assembly like the Milky 

ay and M31 (e.g. Grudi ́c et al. 2023 ; Reina-Campos et al. 2022 ,
mong the latest). These simulations agree that the peak formation 
f massive star clusters (masses > 10 5 M �) is around redshift 3
Reina-Campos et al. 2019 ) in these Milky Way-like progenitors. 
he feedback produced by the numerous massive stars residing in star
lusters might has played a significant role towards the reionization 
f the universe (Ma et al. 2021 ; Vanzella et al. 2020 ) and could be
etected in JWST observations with the aid of gravitational lensing 
Renzini 2017 ; Sameie et al. 2022 ). Very little is actually known from
irect observations about star cluster formation and evolution in the 
igh-redshift universe. Pioneering work conducted by Vanzella et al. 
 2017a , b , 2020 , 2022b ) would suggest that star clusters are indeed
etectable and produce extreme feedback within their host galaxies. 
JWST observ ations of se v eral gravitationally lensed re gions will

e a game-changer for the field. Initial studies already give an idea of
he potentialities of having access to high-spatial resolution optical 
est-frames of lensed galaxies at redshift higher than 1. For example,

owla et al. ( 2022 ) and Vanzella et al. ( 2022a ) report detections
f cluster candidates and discuss the implications for massive star 
luster formation. 

In this work we use the first imaging observation acquired with
he JWST of the galaxy cluster SMACS J0723.3–7323 (hereafter, 
MACS0723, z = 0.388, Fig. 1 ). This region has been previously
bserved with HST as part of the RELICS program by Coe et al.
 2019 ). We mo v e be yond the initial single object studies by Mowla
t al. ( 2022 ) and Vanzella et al. ( 2022a ), by extending our analysis
o the clump populations of galaxies in the redshift range 1–8.
his statistical approach enables us to look at clump formation and
volution across the most important phases of galaxy growth and 
ddress key questions related to their survi v al timescales, as well as
he capability of detecting and resolving them into their star cluster
omponents. 

The manuscript is organized as following. In Section 2 , we present
he observational data used in this work. The lensing model and
alaxy selection are described in Section 3 and 4 . In Section 5
e present the method we use to perform photometry and size
easurements, the conversion to de–lensed quantities, and the 

pectral energy distribution (SED) analysis. The results obtained 
y studying clumps as a population are presented and discussed in
ection 6 , whereas in Section 7 we focus on the physical properties
f clumps in particularly interesting galaxies. In Section 8 we discuss
he physical properties of clumps in the reionization era. Final 
emarks and conclusions are gathered in Section 9 . 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 JWST data 

.1.1 NIRCam observations 

n this work, we utilize the first JWST imaging data targeting
he lensing cluster SMACS0723. These observations have been 
btained as part of the Early Release Observations program [ID 

736; PI: Pontoppidan, Pontoppidan et al. ( 2022 )] and released on
he July 13th and retrieved from the Mikulski Archive for Space
elescopes (MAST). The cluster has been imaged using the Near- 
MNRAS 520, 2180–2203 (2023) 
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Figure 1. Jwst/Nircam Colour Image (F090w , F150w , F200w) Of The Smacs0723 Cluster. The Blue And Red Lines Represent The Critical Lines At z= 2 And 
z= 5, Respectively. The Selected Galaxies Are Shown In White (Cf. Table 2 ). The Fiv e Box es Zoom In On The Five More Extended Sources Detected In The 
Cluster. 
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nfrared Camera (NIRCam; Rieke et al. ( 2005 )) F090W, F150W, and
200W short wavelength (SW) and F277W, F356W, F444W long
av elength (LW) filters, co v ering an observ ed wav elength range of
obs = 0.8 −5 μm, for a total of 12.5 h of integration time. We focus
n the portion of data that co v ers the centre of the cluster, that is
ntirely contained in the NIRCam module B. The HST and JWST
rocessed imaging data for SMACS0723 are publicly accessible. 1 

he y hav e been processed using the grizli pipeline (Brammer et al.
022 ), which co-adds all calibrated single exposures in each filter,
nd aligns all stacked images to the GAIA DR3 catalogues (Gaia
ollaboration et al. 2021 ). The NIRCam SW images are drizzled

o 0.02 ′′ pixels, while the HST final images and the NIRCam LW
mages are drizzled to 0.04 arcsec pixels. 

The grizli v4 images use jwst 0942.pmap NIRCam calibra-
ions first made available July 29. Impro v ed relativ e calibrations for
ach NIRCam module have been available and independently tested
ith other approaches (Boyer et al. 2022 ) showing agreement con-

istent to within < 5 per cent of the most recent jwst 0995.pmap
alibrations in each filter and detector. We applied these flux
orrections to our final photometry, 2 accounting that our targets
re acquired in module B, making our photometric measurements
NRAS 520, 2180–2203 (2023) 
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onsistent with the latest calibration release. We use AB magnitude
ystem throughout our analysis. 

.1.2 NIRSpec observations 

dditionally, we retrieve from MAST the reduced NIRSpec two-
imensional and one–dimensional spectra for all targets observed
ithin the NIRCam module B. We identify the main spectral features

[OII], [OIII], Balmer or Paschen lines.) for 10 galaxies in the redshift
ange 1 < z < 9, including one multiple system (S7) from Mahler
t al. ( 2022 ). The spectroscopic redshift and the main identified lines
rom NIRSpec are provided in Table 2 . 

.2 Hubble space telescope data 

his cluster is part of the RELICS program (Coe et al. ( 2019 )), and
herefore was observed with HST in seven filters F435W, F606W,
814W , F105W , F125W , F140W , and F160W using the Advance
amera for Surv e y and Wide Field Camera 3 (WFC3). On av erage,
etween 0.5 and 2 orbits have been used per filter, co v ering a
avelength range between 0.4 and 2 microns. These observations

re, ho we ver, significantly shallo wer than the JWST ones of 2–3
ag at comparable wavelengths (see Table 1 ). 
The HST data have been reduced in a similar fashion as the

IRCam data (Brammer et al. in prep) and aligned on the JWST

art/stac3791_f1.eps
https://s3.amazonaws.com/grizli-v2/JwstMosaics/v4/index.html
https://zenodo.org/record/7143382#.Y1-ucS0w2jg
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Table 1. Calibration details of the HST and JWST images. The magnitude 
limits reported in the third column have been measured in a PSF-like aperture 
in each filter. The HST filter limiting magnitudes are consistent (within 0.2 
mag) with the values reported by Coe et al. ( 2019 ). The fourth column gives 
the galactic extinction we have removed in each filter. The last column gives 
the point-spread function FWHM (Full width at half maximum) (measured 
on a stack of three isolated and not saturated stars). 

Filter Exp Time mag lim 

E(B − V) gal PSF FWHM 

[s] AB mag [arcsec] 

HST F435W 2,233 27.0 0.776 0.120 
HST F606W 2,289 27.5 0.502 0.120 
HST F814W 2,529 27.2 0.315 0.120 
JWST F090W 7,537 29.2 0.265 0.050 
HST F105W 6,058 26.7 0.203 0.160 
HST F125W 3,248 26.0 0.151 0.180 
HST F140W 5,233 26.2 0.125 0.190 
JWST F150W 7,537 29.1 0.112 0.060 
HST F160W 4,523 26.4 0.102 0.190 
JWST F200W 7,537 29.1 0.074 0.068 
JWST F277W 7,537 29.1 0.048 0.110 
JWST F356W 7,537 29.1 0.034 0.130 
JWST F444W 7,537 29.0 0.027 0.140 
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bserv ations. The se v en science frames hav e a pix el scale of 0.04
rcsec. 

 LENSING  M O D E L  

e briefly summarize the methodology and discuss rele v ant aspects 
f the lens model used in this work. 3 We refer the reader to Mahler
t al. ( 2022 ) for the details. A more in-depth discussion of the
dopted lensing algorithm to construct the model of the cluster mass
istribution is given in Kneib et al. ( 1996 ), Richard et al. ( 2010 ),
erdugo et al. ( 2011 ). 
We adopt a parametric approach using LENSTOOL (Jullo et al. 

007 ) to model the galaxy cluster mass distribution surrounding 
ur targets as a combination of dual pseudo-isothermal ellipsoids 
dPIEs; El ́ıasd ́ottir et al. 2007 ). Using a Monte Carlo Markov Chain
MCMC) method we estimate the mass model parameters and their 
ncertainties. These dPIE clumps are combined to map the dark 
atter (DM) at the cluster scale and to model the cluster mass

istribution, whereas galaxy-scale DM potentials are used to describe 
alaxy-scale substructure. To reduce the o v erall parameter space, we 
cale the parameters of each galaxy using a reference value with a
onstant mass-luminosity scaling relation (Limousin et al. 2007 ). We 
onstruct a galaxy cluster catalogue using the red sequence technique 
Gladders & Yee 2005 ), where we select galaxies that have similar
olours in the HST filter F606W-F814W colour versus F814W-band 
agnitude diagram. In this method, the central galaxy of the cluster 

s modelled separately. To allow for a better estimation of the lensing
agnification, we remo v e from the galaxy catalogue one cluster 
ember responsible for the main perturbation of the lensed object 

alaxy S2.2 and model it separately. 
In addition, as discussed in Mahler et al. ( 2022 ), the model includes

ne additional large-scale dark matter clump associated with the 
mooth extended profile of the intra-cluster light west to the core. Our
nal lens model of SMACS J0723 includes one cluster-scale DM halo 
arameterized as dPIE profile. We constrain the cluster lens model 
sing 21 multiply-imaged lensed systems with five systems with 
pectroscopic constraints [see Table 2 in Mahler et al. ( 2022 ) for the
xact coordinates]. The resulting model presents a good rms of 0 . ′′ 3.
he goodness of the model assures a reduced statistical uncertainty 

or the magnification globally. We note that this is not an indication
f the systematic uncertainty and further analysis beyond the scope 
f this paper would be necessary to estimate it. 

 G A L A X Y  SELECTION  

n this work, we focus on studying stellar clumps within galaxies with
 robust redshift measurement and/or a high lensing magnification 
actor (i.e. to get high spatial resolution on these images). A 

ignificant fraction of targeted galaxies has been selected from the 
ultiple systems identified and used by Mahler et al. 2022 to build

he lens model. Among them, four have a spectroscopic redshift 
alue measured from MUSE data (systems S1, S2, S3, and S5)
nd one measured from the NIRSpec data (system S7, see Mahler 
t al. 2022 ). The remaining systems have a geometric redshift value
btained from the lens model optimisation (cf. Section 3 ). Each 
alaxy image has been visually inspected on NIRCam F150W and 
200W filters (reference filters for this study, see Section 5.1 ) to
onfirm that at least one stellar clump (compact source surrounded 
 The lens model used in this work is available here: https://github.com/guill 
umemahler/SMACS0723-mahler2022 

t
 

c
T  
y diffuse extended emission) is clearly detected in both filters. Of
he 21 multiple systems identified by Mahler et al. 2022 , we rejected
2 systems with poorly constrained redshift estimations from the lens 
odel (with a 1 σ uncertainty > 0.3) and/or very faint/diffuse (S/N < 3)

etections in the F150W and F200W NIRCam images. In addition 
o the multiple systems, we include nine galaxies located outside 
he multiple images area, but for which we were able to measure
 robust spectroscopic redshift from the available NIRSpec data. 
he final sample is, therefore, composed of 18 galaxies producing 
6 images presented in Table 2 . The selected images are shown in
ig. 1 . 

 C L U M P  PHOTOMETRY  A N D  SPECTRAL  

N E R G Y  DI STRI BU TI ON  ANALYSI S  

.1 Clumps identification 

hanks to the high resolution and sensitivity of the NIRCam images,
e detect a large quantity of clumpy structures within the selected
alaxies. We first visually identify clumps on a colour image 
omposed of the six NIRCam filters (Blue: F090W + F150W, Green:
200W + F277W and Red: F356W + F444W, Pontoppidan et al.
 2022 )). Clump candidates are selected as compact systems that stand 
ut of the diffuse light of the host galaxy. The use of colour images
as been indispensable in order to discriminate which compact clump 
elongs to the targeted galaxy and a v oid inclusion of interlopers, such 
s globular clusters belonging to the galaxy cluster or other point-
ike background and foreground sources (an example is presented 
n Appendix A). Critical lines have been used to separate clump
andidates belonging to different images of the same galaxy. In a
econd step, we produce high contrast median smoothed images 
f the F150W and F200W filters (using a 30 pixels side median
lter) and we visually confirm each clump detection in the F150W
nd F200W NIRCam filters and add any missing one. These filters
esulted to be the most sensitive to clump detection and analysis and
hey are, hence, used as reference filters in this study. 

The methodology adopted abo v e is limited by contrast, i.e. bright
lumps will easily dominate and be detected against fainter clumps. 
o o v ercome this problem, we add a third iteration of detection.
MNRAS 520, 2180–2203 (2023) 
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Table 2. Galaxy sample used for clump identification. From left to right: identification (S = multiple system from Mahler et al. 2022 , I = additional 
individual image), right ascension and declination, spectroscopic redshift, Lenstool-predicted redshift, spectrograph and main spectral features, 
magnification measured at the centre of the image of the galaxy (notice it can change significantly as a function of position in the image), reference, 
and the number of clumps detected in each image. 

ID α δ z spec z model Main spectral features μ Reference # clumps 
[deg] [deg] 

S1.1 07:23:21.77 −73:27:03.89 1.449 MUSE - [OII] 5.4 + 0 . 5 −0 . 4 (Mahler et al. 2022 ) 7 

S1.2 07:23:22.31 −73:27:17.42 1.449 MUSE - [OII] 9.8 + 1 . 5 −1 . 1 (Mahler et al. 2022 ) 12 

S1.3 07:23:21.36 −73:27:31.63 1.449 MUSE - [OII] 5.6 + 0 . 4 −0 . 4 (Mahler et al. 2022 ) 1 

S2.1 07:23:21.30 −73:27:03.78 1.378 MUSE - [OII] 5.1 + 0 . 5 −0 . 4 (Mahler et al. 2022 ) 8 

S2.2 07:23:21.79 −73:27:18.77 1.378 MUSE - [OII] 9.6 + 1 . 5 −1 . 2 (Mahler et al. 2022 ) 27 

S2.3 07:23:20.76 −73:27:31.75 1.378 MUSE - [OII] 5.1 + 0 . 4 −0 . 4 (Mahler et al. 2022 ) 6 

S3.2 07:23:19.68 −73:27:18.72 1.991 MUSE - [CIII] 3.0 + 0 . 5 −0 . 2 (Mahler et al. 2022 ) 5 

S3.3 07:23:18.11 −73:27:35.17 1.991 MUSE - [CIII] 6.9 + 1 . 0 −0 . 6 (Mahler et al. 2022 ) 5 

S3.4 07:23:17.61 −73:27:17.40 1.991 MUSE - [CIII] 1.8 + 0 . 3 −0 . 2 (Mahler et al. 2022 ) 6 

S4.1 07:23:13.68 −73:27:30.35 2.19 + 0 . 05 
−0 . 08 7.9 + 0 . 6 −0 . 6 (Mahler et al. 2022 ) 15 

S4.2 07:23:13.26 −73:27:16.69 2.19 + 0 . 05 
−0 . 08 13.9 + 1 . 8 −1 . 3 (Mahler et al. 2022 ) 27 

S4.3 07:23:15.19 −73:26:55.62 2.19 + 0 . 05 
−0 . 08 4.5 + 0 . 4 −0 . 3 (Mahler et al. 2022 ) 4 

S5.1 07:23:17.73 −73:27:06.77 1.425 MUSE - [OII] 19.0 + 2 . 7 −2 . 5 (Mahler et al. 2022 ) 11 

S5.2 07:23:17.36 −73:27:10.01 1.425 MUSE - [OII] 18.8 + 2 . 7 −1 . 3 (Mahler et al. 2022 ) 10 

S5.3 07:23:17.02 −73:27:36.74 1.425 MUSE - [OII] 3.3 + 0 . 2 −0 . 2 (Mahler et al. 2022 ) 4 

S6.1 07:23:20.60 −73:27:06.55 1.67 + 0 . 03 
−0 . 02 13.8 + 2 . 1 −2 . 0 (Mahler et al. 2022 ) 2 

S6.2 07:23:20.82 −73:27:11.12 1.67 + 0 . 03 
−0 . 02 14.2 + 1 . 1 −1 . 0 (Mahler et al. 2022 ) 1 

S6.3 07:23:19.29 −73:27:39.05 1.67 + 0 . 03 
−0 . 02 3.2 + 0 . 2 −0 . 2 (Mahler et al. 2022 ) 1 

S7.1 07:23:10.74 −73:26:56.76 5.173 NIRSpec - [OIII] Hbeta Halpha 26.4 + 17 . 2 
−3 . 5 This work 5 

S7.2 07:23:10.91 −73:26:55.39 5.173 NIRSpec - [OIII] Hbeta Halpha 22.2 + 22 . 6 
−5 . 7 This work 5 

§7.3 07:23:11.91 −73:26:49.52 5.173 NIRSpec - from S7.1 and S7.2 5.4 + 1 . 0 −0 . 4 This work 2 

S17.1 07:23:17.75 −73:27:27.18 2.10 + 0 . 10 
−0 . 06 17.5 + 2 . 5 −1 . 8 (Mahler et al. 2022 ) 1 

S17.2 07:23:17.55 −73:27:20.92 2.10 + 0 . 10 
−0 . 06 7.9 + 0 . 9 −0 . 5 (Mahler et al. 2022 ) 1 

S17.3 07:23:19.15 −73:26:50.87 2.10 + 0 . 10 
−0 . 06 2.6 + 0 . 1 −0 . 1 (Mahler et al. 2022 ) 1 

S19.1 07:23:17.01 −73:27:02.68 1.35 + 0 . 03 
−0 . 02 5.8 + 0 . 8 −0 . 4 (Mahler et al. 2022 ) 1 

S19.2 07:23:15.94 −73:27:12.85 1.35 + 0 . 03 
−0 . 02 8.1 + 0 . 9 −0 . 7 (Mahler et al. 2022 ) 1 

S19.3 07:23:16.15 −73:27:32.36 1.35 + 0 . 03 
−0 . 02 4.2 + 0 . 3 −0 . 3 (Mahler et al. 2022 ) 1 

I1 07:23:26.24 −73:26:56.99 8.500 NIRSpec - [OIII] Hbeta 4.0 + 0 . 3 −0 . 3 This work 2 

I2 07:23:21.52 −73:26:43.30 6.380 NIRSpec - [OIII] Hbeta Halpha 2.2 + 0 . 1 −0 . 1 This work 5 

I3 07:23:22.95 −73:26:13.74 3.715 NIRSpec - [OIII] Hbeta Halpha 1.4 + 0 . 1 −0 . 1 This work 1 

I4 07:23:22.70 −73:26:06.22 7.663 NIRSpec - [OIII] Hbeta 1.3 + 0 . 1 −0 . 1 This work 4 

I5 07:23:09.12 −73:27:42.73 5.280 NIRSpec - [OIII] Hbeta [OII] Halpha 3.3 + 0 . 3 −0 . 3 This work 4 

I7 07:23:11.42 −73:26:56.64 1.160 NIRSpec - CaT, Paschen lines 6.4 + 2 . 6 −0 . 5 This work 28 

I8 07:23:09.71 −73:26:49.47 2.120 NIRSpec - Halpha [SIII] HeI 10.0 + 1 . 0 −5 . 7 This work 4 
I9 07:23:26.34 −73:26:39.17 2.742 NIRSpec - Halpha [NII] [SII] 1.7 + 0 . 1 −0 . 1 This work 4 

I10 07:23:20.15 −73:26:04.29 7.661 NIRSpec - [OIII] Hbeta 1.4 + 0 . 1 −0 . 1 This work 2 
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he latter is performed on the F150W residual images produced by
he procedure described in Section 5.2 . After the light of the bright
lumps has been fitted and remo v ed, we inspect the residual images
or remaining compact sources that have been missed. In total, 10
lumps have been added to the final catalogue. 

We notice that our extraction method has also included faint
lump candidates with detection below the 3 σ even in the reference
rames (about 25 in total). To ensure that we reco v er reliable physical
roperties for the clumps, we also apply as a condition a minimum 3 σ
etection in the two NIRCam reference bands (see next section). Our
nal sample consists of 223 clumps. The galaxy images and clump
edshift distributions are presented in Fig. 2 . In most of the cases, we
NRAS 520, 2180–2203 (2023) 
etect less than five clumps per image (cf. Fig. 2 ). Ho we ver, three
alaxies host more than 20 clumps (S2.2 has 27 clumps at z = 1.3779;
4.2 has 27 clumps at z = 2.19, I7 has 28 clumps at z = 1.16). For

he large majority of the clumps we do not have detection in the HST
mages both because HST observations are significantly shallower
nd/or resolution is significantly worse (see, for example, Fig. 3 ).
his result alone, is a clear moti v ation for why JWST observ ations
re paramount. 

We show the final clump selection in the galaxy S2.2, named
he ‘Sparkler’ by Mowla et al. ( 2022 ), in Fig. 3 using both the
ST/F140W, on the left, and the NIRCam/F150W frame, on the

ight, as background images. At a first glance, it is immediately
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Figure 2. From left to right: Galaxy images versus redshift, individual clumps versus redshift, and number of clumps per galaxy image distributions. The full 
sample of 223 clumps has been used to produce these distributions. 

S2.2  
z = 1.38

HST / WFC3 F140W JWST / NIRCAM F150W 

0.4’’ 0.4’’

Figure 3. Comparison between the HST/WFC3 F140W image (left, 5880 
Å rest-frame) and JWST/NIRCam F150W image (right, 6300 Å rest-frame) 
of the Sparkler (here listed as S2.2). The two images are produced with the 
same scales (AB magnitudes) and colour bars. The white circles show the 
positions of all the clumps detected in the NIRCam data. Almost no clumps 
are visible in the current HST observations. 
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pparent that the power of the higher spatial resolution and sensitivity
f the JWST observations, at comparable wavelengths as HST, is 
nabling us to detect fainter point-like sources, which are smeared 
ut and lost in the diffuse light gathered by the HST NIR detector. Our
atalogue comprises all the candidate clumps analysed in Mowla et al. 
 2022 ) (except their clump 9, which we excluded this clump of our
nalysis because his colour is very similar to galaxy cluster globular 
lusters), but triplicate the final number of clumps, improving the 
etection significantly along and within the main galaxy body. 

.2 Clumps modelling 

ince stellar clumps will appear with different sizes and resolutions 
epending on the magnification and distortion, fixed aperture pho- 
ometry will produce significant contamination and might introduce 
ystematics. We, therefore, simultaneously fit for clump size and 
uxes, using the method initially developed by Messa et al. ( 2019 )
nd later impro v ed and adapted to take into account lensing models
s presented in Messa et al. ( 2022 ). 

We determine clump sizes and fluxes in the two reference observed 
rames, the JWST/NIRCam F150W and F200W filters. We assume 
hat clumps can be modelled with an elliptical 2D Gaussian profile 
onvolved with the instrumental PSF in the image plane and a 
patially-varying local background emission, that we want to remo v e. 
he model grid is composed of a 2D Gaussian profile convolved 
ith the instrumental point-spread function (PSF) (the latter size 
ill depend on the standard deviation and ellipticity) and a first-
egree polynomial function to take into account possible background 
mission. The degree polynomial function is described by three free 
arameters. The 2D Gaussian profile is parameterized by the clump 
entre (x 0 and y 0 ), the minor axes standard deviation ( x std ), the
llipticity 4 ( ε), the positional angle ( θ , describing the orientation of
he ellipses), and the flux ( f ). We model the PSF of each filter included
n the analysis from a stack of three bright and non-saturated stars,
etected within the field of view of the galaxy cluster region. The
ST or JWST image cutouts of each star are combined to create a
arcsec × 1 arcsec averaged image of the PSF. In Section C of the
ppendix, we compare this empirical PSF with the publicly available 
ebbpsf model, showing that the agreement is very good. We will
se the empirical PSF for the remaining of the analysis as it is the
losest representation of the true PSF of the observed data. 

Following the method by Messa et al. ( 2022 ), we determine an
nalytical expression of the PSF shape in each band, by fitting
he resulting PSF image with an analytical function described by 
he combination of a Moffat, Gaussian, and 4th-degree power–law 

rofiles. This fit provides a good description of the PSF up to a radius
f ∼0.5 arcsec, which is significantly larger than the physical region
sed to fit the clump light distribution. This size also corresponds to
he physical scale to which aperture correction is estimated (i.e. in
 similar fashion to PSF photometry). We report the measured PSF
WHM of each filter in Table 1 . 
The spatial fit is performed on a cutout image (9 × 9 pixels)

entred on each clump, using a least-squared approach via the python
ackage lmfit by Newville et al. ( 2021 ). We tested different cutout
izes. F or e xample, 7 × 7, w ork ed equally well for a large fraction of
lumps, but not for the extended ones. The 9 × 9 box size performed
est in most of the cases and produced the least residuals. We notice
hat when two clumps are separated by less than 4 pixels in the F150W
mages (i.e. 0.08 arcsec) we fitted the two clumps simultaneously 
sing a 13 × 13 pixel cutout image. This simultaneous fit on a larger
ox size produced better results than fitting the two nearby clumps
ndividually. 

During testing, the clump sizes determined by independently 
tting the F150W and the F200W images have been found consistent
see Appendix D ). Therefore, we choose the resulting 2D Gaussian
MNRAS 520, 2180–2203 (2023) 

art/stac3791_f2.eps
art/stac3791_f3.eps


2186 A. Claeyssens et al. 

M

S2.2 
z = 1.38

JWST / NIRCAM F150W Best-fit clumps model Best-fit residuals

0.4’’ 0.4’’ 0.4’’

Figure 4. Example of measurements of clump sizes and fluxes for the Sparkler galaxy. From left to right: F150W observations, best-fit clump model, best-fit 
residual images. The three images are produced with the same scales and colour bar. The white circles indicate the position of all the clumps. The same fits and 
residuals of the other galaxies are presented in Appendice E . 
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arameters produced by fitting clumps in the F150W frames as
eference for extracting the fluxes in the other bands. 

Once the Gaussian shape ( x std , ε and θ parameters) is fixed, we fit
he clump cutouts on the other bands by treating the flux f and the
ocal background as free parameters. We also allow the position of the
entre (x 0 , y 0 ) to vary by 1 pixel maximum, to account for shifts due
o different pixel scales among the data. This assumption ensures
hat the clumps have intrinsically the same sizes and morphology
n all the filters and reduce the risk of including flux originating in
reas surrounding the clumps. For 41 clumps located in very crowded
e gions, we fix ed the position at the values measured in the reference
lter F150W. This approach was necessary to a v oid contamination.
e fit all the HST/ACS HST/WFC3 and JWST/NIRCam available

13 filters, cf Section 2 ). 
According to the testing performed by Messa et al. ( 2019 ,

022 ), we assume 0.4 pixel as the minimum resolvable Gaussian
xis standard deviation (std) in the F150W and F200W frames.
f a clump is only resolved along the shear direction of mag-
ification (i.e. the minor axis std is ≤0.4 pixel but the major
xis std is > 0.4 pixel) we estimate the size based only on the
ajor axis value, assuming the clump is intrinsically circular

n the source plane. If a clump is not resolved (i.e. the two
xes std are ≤0.4 pixel), the size is reported as upper limit at
.4 pixel). 
The photometric error in each filter accounts not only for the Pois-

onian noise, but also for the uncertainties in the size measurement
ue to the underlying local background. Applying a bootstrapping
pproach, we repeat 100 times the size and flux measurements in the
150W reference filter by randomly sampling the standard deviation
f the local sky under the clump. The best size parameters of each
f the 100 realizations are then used to estimate the fluxes in all
he other filters. The final error associated to the size measurement
s given by the 68 per cent confidence interval on each side of the
est-value measured on the original F150W image. The flux errors
NRAS 520, 2180–2203 (2023) 
re estimated by summing in quadrature the Poissonian error from
he best-fitted model and the standard deviation of the hundred flux

easurements in each filter. 
For each filter, we also determine the intrinsic magnitude limit

 mag lim 

, reported in Table 1 ) corresponding to the minimum flux of a
SF aperture measured in an empty region of the sky. This minimum
ux is converted to an AB magnitude for each filter and used as upper

imit when performing SED analyses (see Section 5.4 ). We use these
pper-limit values during the SED fitting analysis, for clumps that
re detected with a S/N lower than 2 in a given filter. 

In Fig. 4 , using the Sparkler as a showcase (see Section 7 ), we plot
he clump positions in the observed F150W image plane on the left
anel, the best-fitted model of each clump in the central panel, and the
esidual image after the clump light has been subtracted on the right.
he residuals at the location of the clumps are minimal, whereas

he diffuse light of the galaxy is clearly visible in the last panel.
ppendix E includes similar figures for all the targeted galaxies.
verall, the residuals show the quality of our analysis approach in

eproducing the size and flux distribution of each clump, without
esulting in o v er or undersubstractions of the clump light on the
iffuse light of the galaxy. We list in Table B1 the JWST/NIRCam
bserved magnitudes of each clumps (the full table is available as
nline material). 

.3 Unlensed clumps properties 

t this stage, the resulting clump catalogue includes all the 223
lumps that have detection in both reference JWST bands, F150W
nd F200W, their IDs, galaxy redshift, positions, standard deviation,
nd ellipticity ( x std and ε, which provide the major and minor axes of
he ellipsoidal), position angle, fluxes in all the bands as measured
n the image plane of the galaxies. Uncertainties associated to all the
easured quantities are also included. 
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In order to estimate the intrinsic properties of the clumps, we use
he galaxy cluster lens model (Section 3 ) to produce magnification 
aps of each galaxy in the image plane. At the location of the clump
ithin the galaxy, we measure the median value of the magnification 
ap in the region enclosed within the ellipsoidal describing the shape 

f the clump (using the best-fit parameters x std and ε and α). We refer
o these median values as μ and we list them in Table B2 for each
lump (the full table is available as online material). 

The uncertainties introduced by the magnification are composed 
f two components. First, we measured the standard deviation of 
he magnification values within each clump region which represents 
he potential spatial variation of magnification across the size of the 
lumps ( δμ1 , this value is particularly high for the clumps located
ery close to the critical lines). 

Second, we randomly produce 100 magnification maps for each 
lump, selected from the lenstool MCMC posterior distributions of 
he lens model. We measure the magnification of each clump on 
he 100 maps and estimate the 68 per cent confidence interval on
ach side of the best value to obtain asymmetrical errors on the
agnification ( δμ2 − and δμ2 + 

for lower and upper error-bars). 
The final lower and upper magnification uncertainties of each 

lump are given by δμ+ , − = 

√ 

δμ2 
1 + δμ2 

2 + , −. These values are 

ncluded in Table B2 and associated to their respective μ values. 
Intrinsic fluxes are derived by dividing the observed fluxes by 

he magnification value. The intrinsic fluxes are converted into AB 

bsolute magnitudes after correcting from the reddening introduced 
y the Milky Way (Schlafly & Finkbeiner 2011 ) in each filter (these
orrections are listed in Table 1 ). 

To derive the intrinsic effective radius, R eff , we first estimate the
adius of the circle having the same area of the ellipses describing
he morphology of the clump, i.e. R cir = 

√ 

x std × y std . We assume 
hat R cir is the standard deviation of a 2D circular Gaussian, and
eriv e the observ ed PSF-deconvolv ed ef fecti ve radius as R eff, obs =
 cir ×

√ 

2 ln (2) . 
We consider three cases when measuring the intrinsic ef fecti ve 

adius. If the clump is resolved along both axes in the image plane,
he intrinsic ef fecti ve radius, R eff , is obtained by dividing R eff, obs 

y 
√ 

μ. If the clump is not resolved in one direction we divide
 eff, obs (with R cir = x std and x std the axis of the resolved direction)
y the magnification along the shear direction ( μt ). The underlying 
ssumption in the latter case is that the clump is intrinsically circular
nd its radius is resolved in the tangential direction (e.g. Vanzella et al. 
017a ). The same assumption (circular shape) is made in the third
ase, i.e. if the clump is unresolved in both direction. In this latter case
e use μt to derive the size upper-limit. Finally the physical sizes in
arsecs are derived considering the pixel size of the F150W images 
0.02 arcsec) and the angular diameter distance of each galaxy. We 
ropagate the magnification uncertainty both in the intrinsic flux and 
f fecti ve radius errors. 

We list in Table B2 the IDs, redshift, positions, magnification, and 
ncertainties, intrinsic flux in the reference filter F150W, intrinsic 
 eff , and uncertainties associated to the measured quantities (the full

able is available as online material). 

.4 Broadband spectral energy distribution fitting 

he final photometric catalogue is then used as input to perform 

he SED analysis of the clumps and estimate ages, masses, and 
xtinction of the clumps. We use the Yggdrasil stellar population 
ibrary (Zackrisson et al. ( 2011 )), based on Starburst99 P ado va-AGB
racks (Leitherer et al. 1999 ; V ́azquez & Leitherer 2005 ), generated
ith a universal Kroupa ( 2001 ) initial mass function in the interval
.1-100 M �. The Yggdrasil models also include contribution from 

ebular continuum and emission line estimated with Cloudy (Ferland 
t al. 1998 ). In this work, we use spectral evolutionary models with
 gas co v ering fraction f cov = 0 . 5 (i.e. they assume that 50 per cent
f Lyman continuum photons are escaping the star-forming region). 
e perform 12 different runs. We fit the clump SEDs using four
etallicity values ( Z = 0.02, Z = 0.008, Z = 0.004 and Z = 0.0004)

nd three different star formation histories (SFHs). Solar metallicity 
odels are not used to fit clumps/clusters in galaxies at z > 3, as their
orphological appearance suggests they are low mass systems more 

imilar to dwarf galaxies, thus less metal rich. 
The first SFH assumes instantaneous burst (hereafter, IB), i.e. 

he stars form in a single event and then they evolve with time.
hese models are typically used to analyse young star clusters in

ocal galaxies (see re vie w by Adamo et al. 2020a ). In the second
FH, we assume constant star formation for a time span of 10 Myr
ollowed by stars aging with time (hereafter, 10Myr). This model 
s more realistically representing star formation taking place in 
iant star-forming regions of a few 100 pc in the local universe
see Adamo et al. 2013 , for a discussion regarding timescale for
tar formation in star-forming re gions). F or the third SFH, we use
onstant star formation o v er 100 Myr, followed by stars evolving
ith time (hereafter, 100Myr). This model would better describe star 

ormation in regions of galaxies that are constantly replenished by 
as and sustain star formation o v er a long time range in a relatively
mall region of the galaxy (e.g. circum–nuclear starbursts within disk 
alaxies). 

We also include attenuation in the form of the Calzetti et al.
 2000 ) attenuation law. 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. The attenuation is applied to the model spectra before

onvolution with the filter throughput in the range E(B − V) = 0 to 1
ag, in steps of 0.05 mag. We allow the extinction to vary freely when
tting clumps within the galaxy host. While we fix the extinction to
 if clumps/clusters are located outside their host galaxies (the latter
re outlined in the Table B2 ). This assumption helps to minimise
he age-e xtinction de generac y that affect optical broadbands SED
nalyses. 

We do not use the filter containing Lyman- α emission for galaxies
t z > 6, as strong unknown inter-galactic medium absorption will
ttenuate the flux transmission at this wavelength range. We perform 

he SED fitting in flux units. We redshift model spectra at each clump
edshift and then convolve with the filter shapes (using the pyphot
ibrary). A minimum reduced χ2 analysis is performed to determine 
he best match between model and observed SED. 

We present in Fig. 5 , the best-fit results and χ2 distributions for
he three different SFH. They are all remarkably similar in terms of

ass, metallicity and E(B − V) parameters. More noticeable are the 
hanges in the resulting ages of the clumps when we use different
FH assumptions (left panels). Overall, we observe that as we use
odels where star formation proceeds for a longer time (from IB to

00Myr) the ages of the clumps get on average older but the range
n age does not change significantly. These trends have already been
emarked in the literature (Adamo et al. 2013 ; Messa et al. 2022 ),
ho find similar behaviour and dependencies. 
For the remaining of the analysis we use the clump properties

btained by fitting clump SEDs with the 10Myr SFH. We moti v ate the
hoice of this SFH as it better reflects what we know of star formation
aking place in giant star-forming regions in local starburst galaxies 
Bastian et al. 2006 ; Sirressi et al. 2022 ), assuming that clumps in
MNRAS 520, 2180–2203 (2023) 
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Med10Myr = 7.48
Med100Myr = 7.60
MedIB = 7.18

Med10Myr = 6.85
Med100Myr = 6.76

MedIB = 6.85

Med10Myr = 0.1
Med100Myr = 0.1
MedIB = 0.1

Med10Myr = 0.40
Med100Myr = 0.46
MedIB = 0.36

Figure 5. Clump physical properties and resulting reduced χ2 distributions, and median values obtained from the different SED models. We show the best-fit 
solution obtained with the three different SFH: instantaneous burst (red) or continuum star formation during 10 Myr (grey), 100 Myr (green). See Section 5.4 
for more detailed discussion. 
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igh-redshift galaxies form in a similar fashion to those in the local
niverse. In the remaining of the paper, we will remark whether we
each different conclusions using different SFH assumptions. 

We include in our analysis only clumps with at least detection in
 bands with magnitude values brighter than the mag lim 

and with
/N > 2 (in other filters than F150W and F200W reference data,

n the latter we impose a S/N > 3 for selection, see Section 5.1 ).
uring the fit we use upper limits as values to exclude families of

olutions that would predict fluxes two times brighter than these
imits. To estimate the uncertainties on the SED fitting results, we
andomly draw a set of 100 magnitudes for each clump using the
 σ uncertainty in each filter and run a new SED fitting analysis on
ach set. Error bars correspond to the 68 per cent confidence interval
n each side of the best-model value measured on the observed
ata. 
In total, we reco v er physical parameters for the 221 clumps. 

 RESULTS  

.1 The effect of magnification on deri v ed clump physical 
roperties 

n Fig. 6 , we plot the average magnification, at the position of each
lump, versus the clump intrinsic pseudo- V band absolute magnitude,
 V (measured in the filter which o v erlaps with 5500 Å rest-frame),

he R eff , and the stellar mass of the clumps. The sample is divided in
edshift bins which bracket clump properties at the cosmic dawn
 z > 5, filled stars), cosmic noon (1.5 ≤ z ≤ 3, crosses), and
osmic afternoon ( z < 1.5, filled circles). The reco v ered range
f magnifications and their distribution in the clump populations
etected in the SMACS0723 region are similar to the range reported
or the region of MACSJ0416 by Me ̌stri ́c et al. ( 2022 ) and in other
wo Frontier Field (FF) clusters, Abell 2744 (A2744) and Abell 370
A370), for which the clump populations are currently under analysis
Claeyssens et al., in prep.). The highest magnifications ( ∼100) are
chieved in proximity of the critical lines and are also the values with
he largest size uncertainties. The reco v ered M V ranges from −10 to

20 ABmag, while masses go from ∼10 5 to 10 9 M �. We found that
0 per cent of the clumps are unresolved, i.e. we can only estimates
pper limits which range between 10 and 50 pc. These systems line-
p forming a sequence on the central panel of Fig. 6 . We notice
 small cloud of clumps at low magnification, these systems are
ither clumps in counter images of multiple systems (e.g. blending
f several single clumps), or are detected in single image galaxies at
he highest redshift. The lack of clumps in the lower-left (compact
ources but faint and low mass with relatively low magnification) and
NRAS 520, 2180–2203 (2023) 
pper-right corners (extended, thus, low surface brightness objects)
re possibly due to completeness limits (see Messa et al. 2022 , for a
iscussion on completeness effects in lensed regions). 
As already reported by Me ̌stri ́c et al. ( 2022 ), we see a continuity

n the distribution of clump sizes which go from typical giant star-
orming regions (a few 100 pc) to star clusters ( ∼10 pc or smaller
ut with very high uncertainties). This behaviour is linked to the
ierarchical and fractal properties of star formation that operates in
hese high-redshift galaxies in a similar fashion, but under more
xtreme conditions, than in local galaxies. Clumps are not star-
orming units, but simply correlated regions of star formation, that
ppear compact because of resolution effects. 

It is interesting to compare these reco v ered physical properties
ith the luminosities of the most massive star clusters observed in the

ocal universe. Whitmore et al. ( 2010 ) report for the Antennae system
bsolute magnitudes reaching ∼−13 Vega mag, 5 corresponding to
tellar masses of ∼10 7 M �. The spatial resolution achieved with HST
t the distance of the Antennae is about 7 pc. The most luminous
tar clusters in the HiPEEC sample of merging galaxies (Adamo
t al. 2020b ) and in Haro 11 (Sirressi et al. 2022 ) reach M V ∼ −16
ag and masses of ∼10 8 M �. In the latter sample, these values

re reco v ered o v er physical resolutions of about 30 pc. We clearly
ee an o v erlap between these e xtreme but rare (in the local universe)
luster formation events and the average properties of highly resolved
lumps in high redshift galaxies, suggesting that the latter are truly
he sites where globular cluster progenitors form. 

.2 Clump luminosity-size relation as a function of redshift 

umerous works, studying clumps within galaxies, use the luminos-
ty (or SFR) versus size plot as a tool to compare physical conditions
f clumps as a function of redshift. Livermore et al. ( 2015 ), compiling
everal literature studies that included star-forming regions in typical
ain-sequence galaxies of the local universe as well as clumps

n lensed galaxies with redshift < 3, concluded that higher surface
rightness clumps are found in increasingly higher redshift galaxies.
his trend has been linked to the fact that clumps form out of

ragmentation in galaxies that have high gas fractions for increasing
edshift. 

It is common to find in the literature the Far-UV (UV) magnitude
ersus R eff diagram, where the FUV luminosities are used as proxy for
FR because they are easier to retrieve from HST data. An example of

he latest compilation of such diagram can be found in Me ̌stri ́c et al.

art/stac3791_f5.eps
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Figure 6. Left: Lensing magnification as a function of the absolute V band magnitude of the clumps. Middle: Lensing magnification as a function of the clump 
ef fecti ve radius. The size upper limits are indicated with an arrow. Right: Lensing magnification as a function of the clump stellar mass. The clumps with the 
highest derived stellar masses are, as expected, the ones with the lowest lensing magnification values. In the three panels the clumps are colour-coded by redshift 
bins. 
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 2022 ), who include also clumps detected in the Frontier Field (FF)
ensing cluster MACSJ0416. In our analysis, only a small fraction 
f the JWST detected clumps in the SMACS0723 lensing cluster 
e gion hav e detection in the shallower HST data. For this reason
e build the luminosity–size diagram using the F090W or F150W 

agnitudes for clumps with z < 4 and z > 4, respectively, to probe
he bluest optical rest-frame wavelengths (1500 to 4000 Å rest-frame 
epending on the redshift). In the left panel of Fig. 7 , we plot all
lumps in our sample having detection in the 2 reference filters
F150W and F200W see Section 5.3 ). The clumps are colour-coded 
ased on their redshift. As a comparison we o v erplot (against the right
-axes) the contours that encompass the 95 per cent, 50 per cent, and
5 per cent of FUV rest-frame magnitudes of the clumps detected 
n the two Frontier Field lensing clusters, Abell 2744 and Abell 
70, analysed by Claeyssens et al. (in prep.) with the same method
sed in this work. The grey contours co v er the same parameter
pace of the clump sample published by Me ̌stri ́c et al. ( 2022 ). We
bserve, thanks to the improved spatial resolution and sensitivity 
f the JWST data, that smaller physical scales and luminosities are 
ound in the clump sample of SMACS0723. This trend is better 
isualised by the contours in the right panel of Fig. 7 . There, we
ompile several datasets of lensed clumps at redshift ranges between 
 and 6 with FUV determined sizes and luminosities, along with 
he clump samples (in magenta contours the SMACS0723 sample, 
n grey contours the FF one from Claeyssens et al.) showed in the
revious plot. The clumps detected in the JWST data are on average
maller and less luminous. We also plot with dotted black lines the
onstant surface brightness prediction for redshifts 0 to 3 as presented 
y Livermore et al. ( 2015 ) and we extrapolate the relation to redshifts
 and 7 (dashed lines in magenta), which brackets the redshift
anges reached with the current study. These predictions should be 
onsidered as representative of the average clump densities at a given 
edshift range. Overall, we see that they still hold, suggesting that 
lumps can reach highers densities at higher redshift. These intrinsic 
roperties do not only facilitate their detection in JWST data, but 
ould also point out an evolution on the average properties of the

lumps with redshift. Ho we ver, larger statistics are needed to further
onfirm this result. 
o

.3 Clump physical properties as determined from the SED 

nalysis 

n Section 5.4 , we have introduced and discussed the method used
o determine clump physical properties, the assumption on SFH and 
etallicity, and the resulting degeneracies. We use here the outputs 

roduced with the reference model, namely assuming constant SFH 

 v er a time-frame of 10 Myr to discuss the general physical properties
f the clump population detected in the region of SMACS0723. 
In Fig. 8 , we show clump ages, masses and extinction, broken

own in different redshift ranges centred and around the cosmic 
oon. The age range for the three sub–samples are similar. We notice
hat median ages for clumps at redshift z > 5 are younger (10 Myr)
ersus the median age in the redshift range 1.5 < z < 3 and for the bin
t z < 1.5 (30 Myr). These medians are all very close to the first broad
eak in the age distribution of the clump sample that encompasses
he 10-30 Myr. Another secondary but pronounced peak is noticeable 
n the age range of 300-500 Myr. 

Mass distrib utions ha ve similar ranges b ut different medians.
lumps at redshift below 1.5 have median masses close to 5 × 10 6 

 �, but they appear increasingly more massive at redshift 1.5 < z 

 3 (median close to 10 7 M �), reaching 5 × 10 7 M � in the highest
edshift bin. 

Finally, the majority of the clumps hav e e xtinction values E( B −
 ) smaller than 0.4 mag, with median values that become smaller

or increasing redshift (0.10, 0.05, 0.05 mag, respectively in the 
hree redshift bins), suggesting clumps at higher redshift have lower 
xtinction. 

In Fig. 9 , we show the age–mass diagram, typically used for star
luster population analyses, but adapted here to show clump physical 
roperties. Different symbols encode the redshift bin of the clumps 
see inset in the figure), while the colour represents the M V of the
lumps. As expected, luminosity in optical increases with mass, with 
he most massive clumps being also the most luminous. At the low

ass (luminosity) range, the lack of clumps is mainly driven by the
aintness of the sources, i.e. they fall below detection. It is interesting
o notice that, for the entire age range, clumps in the highest redshift
in ( z > 5) are also the most massive. This trend could be driven by
bservational bias, i.e. they correspond to the least magnified clumps. 
MNRAS 520, 2180–2203 (2023) 
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Figure 7. Left: Clump ef fecti ve radius, R eff , plotted versus absolute magnitudes, M F150W 

for clumps with z > 4 and M F090W 

for clumps with z < 4 to co v er 
the rest-frame UV. The points are colour-coded by the redshift. The grey contours, referring to the right y-axes, enclose 95 per cent, 50 per cent and 25 per cent 
of the sample of FUV clumps detected in two other lensing clusters (A2744 and A370, both FF clusters) analysed by Claeyssens et al. (in prep.) from HST 

data. For the latter sample, sizes and fluxes are measured in rest-frame FUV wavelength using the same method presented here. Right: The luminosity (or SFR) 
versus size relation including data from the literature. The left y-axes shows AB magnitudes. They correspond to F150W of F090W magnitudes (depending on 
redshift) for the JWST clumps of this work (pink contours enclosing 95 per cent, 50 per cent and 25 per cent of the sample, notice the rest-frame wavelengths 
does not correspond to FUV mag, see left panel). We include the FUV magnitudes for the HST FF sample by Claeyssens et al (in prep.) visualised again with 
grey contours, and literature data for which we use the reported radii and FUV magnitudes (Cosmic Snake by Cava et al. 2018 ; A521-sys1 by Messa et al. 2022 ; 
Sunburst arc by Vanzella et al. 2022b ; the SDSS J1110 + 6459 system by Johnson et al. 2017 ; several clumps studied by Vanzella et al. 2017a , b ). The clump 
sample by Wuyts et al. ( 2014 ) is plotted referring to the right-side y-axes. i.e. the SFR. The grey and pink lines on the right panel represent the relation between 
SFR and sizes measured by Livermore et al. ( 2015 ) at z = 0, 1 and 3, and z = 5 and 7, respectively. The sample used by Livermore and collaborators is omitted 
for clarity but is represented here by relations. 

Medz<1.5 = 0.10
Med1.5<z<3 = 0.10
Medz>5 = 0.05

Medz<1.5 = 6.67
Med1.5<z<3 = 7.07
Medz>5 = 7.56

Medz<1.5 = 7.48
Med1.5<z<3 = 7.48
Medz>5 = 7.15

Figure 8. SED fitting results for the 221 clumps. From left to right: clumps stellar masses, stellar ages and colour excess E(B − V). The grey histograms show 

the distribution of the total sample, while the blue, green and red distributions show the values measured in three different redshift ranges: z < 1.5, 1.5 < z < 3 
and z > 5, respectively. The vertical lines represent the median in each redshift bin and the values are given in each panel. The distributions have been obtained 
from measurements derived by using the chosen reference model (assuming a continuous stellar formation for 10 Myr). 
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Figure 9. Clump stellar masses as a function of their ages. The clumps are 
colour-coded by their absolute V band magnitude and the different markers 
represent the redshift bins. 
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.4 Clump dynamical age and size–mass relation 

n the left panel of Fig. 10 , we compare the crossing time, τ cross 
6 to the

ge of the clumps and find that about 53 per cent of the clumps have
ges older than τ cross . The fraction changes only slightly for different 
FH assumptions, from 45 per cent in case of IB to 61 per cent for
00Myr models. 
We see as expected that longer crossing time corresponds to 

arger ef fecti ve radii. The ratio between the age of the clump and
he crossing time defines its dynamical age, � , first introduced by
ieles & Portegies Zwart ( 2011 ) for star clusters. To a first order,

tellar structures with ages longer than their crossing time are by 
efinition gravitationally bound and can survive longer times as 
ingle entities. On the other hand, systems with � ≤ 1 are considered
ransient stellar structures in the act of expanding. In the right
anel of Fig. 10 , the distributions of � = age /τcross are plotted per
edshift bins. Overall, between 45 and 60 per cent of the clumps
depending on the assumptions on the SFH) in each redshift bin are
onsistent with being bound structures, i.e. dynamically evolved and 
an potentially survive for a significant timescale. By plotting the age 
s. the R eff colour-coded by � in the left panel of Fig. 11 , we see that
ery young clumps, in spite of their size, appear to be only marginally
ound. This result is mainly driven by the fact that the definition of �
oes not work well in systems that are not yet dynamically evolved.
s clumps age, first the most compact and slowly the entire sample

cross the reco v ered sizes appears dynamically evolved. In short,
lumps/clusters with ages older than 100 Myr are consistent with 
eing gravitationally bound. We will discuss below the implications 
or clump survi v al times. 

It is well-known that giant molecular clouds (GMCs) in the local 
nd in high–redshift galaxies follow the relation R ∝ M 

0.5 as result
f the almost constant gas surface density (see Larson 1981 ; Bolatto
t al. 2008 ), although with different normalisation (surface densities 
n high-redshift GMCs is significantly higher than in the local uni- 
 erse Dessauges-Zavadsk y et al. 2019 ). On the other hand, young star
lusters, formed within these GMCs, sho w observ ationally shallo wer 
ass–radius relations, with reported slopes ranging around 0.25 (see 
rumholz, McKee & Bland-Hawthorn 2019 ; Brown & Gnedin 2021 , 
 As defined by Gieles & Portegies Zwart ( 2011 ), where 

τcross = 10 
√ 

R 

3 
eff /GM 

n
>  

f  

w  
nd references therein). Analysing star-forming comple x es in the 
ocal universe, Bastian et al. ( 2005 ) found that these regions follow
he GMC mass–size relation, i.e. their sizes trace the parent GMC
rom which stars have formed in the regions, while the stellar masses
re scaled down by the star formation efficienc y. The y also concluded
hat young star clusters deviate from this relation because they form
n the densest cores of GMCs and o v er a size range that is very narrow.
ndeed, such weak dependence between star cluster mass and radius 
lso hints toward the fact that stellar surface densities are significantly
igher in more massive clusters. As already discussed abo v e, lensing
artially resolves clumps into smaller components, almost reaching 
izes and masses of massive star clusters. It is therefore interesting
o look whether clumps in our sample trace the sizes of their GMC
rogenitors. In the right panel of Fig. 11 , we plot the sizes versus
he masses of the clumps (different symbols encode different redshift 
ins). We fit the sample in log-space with the python package lmfit
nd report the reco v ered slope and normalisation in the figure, along
ith the reco v ered fit and relation for young star clusters in the

ocal universe by Brown & Gnedin ( 2021 ). The latter relation has
een derived over cluster mass ranges of 10 3 to 10 5 M �, and we
 xtrapolate here o v er the mass range of the detected clumps. We also
nclude median and quartiles by binning our clump distributions. 
lthough a different normalisation, the slope we reco v er for the

lumps is very similar with the Brown & Gnedin’s results. The fact
hat the relation is shallower (i.e. with a coefficient < 0.5) than the one
ound for GMC suggests that the detected clumps are not the largest
oherent structures, but thanks to lensing, we are able to resolve
own into the densest stellar structures within these galaxies. Within 
 σ uncertainty, the fit to the clump populations in the 3 redshift
ins produce the same slope, suggesting that the size range in the 3
edshift bins is similar and that we detect similar physical scales. The
ymbols in Fig. 11 are colour-coded accordingly to their dynamical 
ge. We notice that clumps with higher � are more compact and
it below the average median values of the distribution. By fitting
he distributions of clumps with � < 1 and � ≥ 1 separately, we
et similar slopes (0.23 ± 0.15 and 0.27 ± 0.12, respectively) but 
ignificantly different normalisations (38 ± 18 for � < 1 and 8 ± 8
or � ≥ 1). In their recent simulations (using a sub-pc scale and
ncluding for the first time in a cosmological context and in a grid
ode, the feedback of individual stars), Calura et al. ( 2022 ) studied
he size-mass relation of high redshift ( z ∼ 6) clumps and found
 consistent slope (0.38) o v erlapping our result within 1.5 σ . The
hallower size vs. mass relation (with respect to the GMC one) in the
imulations would point toward a significant role of stellar feedback 
n the resulting clump size vs. mass relation. When comparing with
he sizes and masses of the simulated clump sample, we notice that the
izes o v erlap quite well with our observ ed sample, while the masses
re lower than the observed ones, resulting in lower normalisation of
he size vs. mass relation than observed for clumps in SMACS0723.

In Fig. 12 , we plot the stellar surface density distributions against
he sizes of the clumps and include as reference the stellar surface
ensity of a typical 10 5 . 2 M � globular cluster with R eff = 3 pc
Brodie & Strader 2006 ) and the average surface density of nearby
ound star clusters detected in local galaxies (Brown & Gnedin 
021 ). 
We notice that clumps that are potentially bound and can survive

or a longer time within their host galaxies are as dense or denser than
ravitationally bound star clusters in the local universe. As already 
oticed in the previous sections, clumps in the higher redshift bin ( z 
 5) are among the densest structures in our sample, while clumps

orming at redshift lower than 1.5 are the least dense. The fact that
e observe on average higher densities at high redshift could be due
MNRAS 520, 2180–2203 (2023) 
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Figure 10. Left: Clump crossing times as a function of clump ages, colour-coded by their R eff . These values have been derived using the reference SED model 
(with a continuous star formation for 10 Myr). The black line shows where the crossing time is equal to the age. Clumps with a crossing time higher than their 
age (i.e. � > 1) are expected to be bound. The different markers represent the three redshift bins. Right: � value distributions (dynamical age) for the 221 
clumps. The grey histogram shows the distribution of the total sample, while the blue, green and red distributions show the values measured in three different 
redshift ranges: z < 1.5, 1.5 < z < 3 and z > 5, respectively. The vertical lines represent the median values in each redshift bin. 

Figure 11. Left: Clump ages as a function of their ef fecti ve radius. Points are colour-coded accordingly to the dynamical age of the clump, i.e. the ratio of clump 
ages with respect to crossing time ( � ), using the physical parameters derived with the reference SED model (with a continuous star formation for 10 Myr). The 
different markers represent the redshift bins. Right: Sizes of the clumps as a function of their stellar masses. The dashed black line represents the fitted relation 
between size and mass. The relation with the reco v ered parameter is indicated in black on the top of the plot. The green line represents the relation measured 
for star clusters by Brown & Gnedin ( 2021 ) using the LEGUS sample. The grey squares indicate the median, 1rst and 3rd quartiles of the clumps in the four 
mass bins: M ∗ < 10 6 M �, 10 6 < M ∗ < 10 7 M �, 10 7 < M ∗ < 10 8 M �, and M ∗ > 10 8 M �. The orange and blue lines show the relation fitted only considering 
clumps with log( � ) > 0 and log( � ) < 0, respectively. 
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o completeness effect (i.e. it is more difficult to detect very diffuse
lumps at high redshift), ho we ver, the lack of very dense clumps
n the lower redshift galaxies shows that higher redshift clumps
re denser on average. This result confirms already the hypothesis
ade by Livermore et al. ( 2015 ) that clumps forming in higher-

edshift universe show higher stellar densities, thus requiring more
xtreme gas conditions and higher gas fractions in their host galaxies.
he highest surface densities values almost reach the maximum
urface density reported for stellar systems (10 5 M � pc −2 ) in the local
NRAS 520, 2180–2203 (2023) 
niverse and considered as the largest value that can be supported
or a stellar population that forms o v er a short timescale (Hopkins
t al. 2010 ). 

 T R AC I N G  R E C E N T  STAR  F O R M AT I O N  

I THI N  G A L A X I E S  

n this section we focus on the clump physical properties of some
f the most interesting targets in the sample with redshift smaller
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Figure 12. Clump surface density as a function of their size. The clumps 
are colour-coded accordingly to their dynamical age ( � ) and the different 
markers represent the three redshift bins. Arrows represent upper limits on 
the size. The cyan stars represent the clumps detected in galaxies with z > 6. 
The dashed black horizontal line represents the average surface density of a 
nearby massive cluster, from Brown & Gnedin ( 2021 ). The solid black line 
represents the typical surface density of a globular cluster with R eff = 3 pc 
and M ∗ = 10 5 . 2 M �. 
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han 6. From Figs 13 to 16 we show the selected targets, ordered by
ncreasing redshift. Measurements and clump physical properties are 
lso listed in Table B2 . 

In Fig. 13 , we show the colour-colour diagrams of the clumps
nalysed within each galaxy. In these plots, we include Yggdrasil 
volutionary tracks and label the axes with the pseudo rest-frame 
ands and in brackets the corresponding JWST filters used. We add 
ifferent sets of evolutionary tracks, to show the reader the main 
arameter space co v ered by the models used in this work. In Fig. 14 ,
e show the mass versus size plot for each galaxy, where the symbols

re colour-coded depending on the determined value of � . We notice
ere that in each galaxy we al w ays reach sizes (considering the
pper limits) and masses that o v erlap with massive star clusters.
everal of these star cluster candidates appear also gravitationally 
ound, allowing us to conclude that young star cluster candidates are 
etected in these systems. In Fig. 15 , we show the positions of the
lumps on the galaxy colour-coded accordingly to the age (middle 
eft), mass (centre), extinction (middle right) and metallicity (right). 

.1 The Beret galaxy 

alaxy I7, at redshift z = 1.16, is a single image system, named the
eret, because of its morphological resemblance to a cap (see green 

nset in Fig. 1 ). The lens model presents for this galaxy a grazing
ritical curv e pro viding high magnifications. Ho we ver, a careful look
t the lensing symmetry does not show obvious sign of multiple 
mages. The nearby cluster member galaxy acts as a secondary lens, 
ffering an additional boost of amplification (reaching μ = 10 for the 
ost magnified clump). It hosts a populous cluster/clump population 

f 28 detected systems with sizes from ∼100 down to upper limits
f 10 parsec, i.e. between star-forming region and star cluster ranges 
see top panel of Fig. 14 ). The pseudo B − V versus V − I colour-
olour diagram (top panel of Fig. 13 ) show clumps distributed along
he evolutionary tracks. Differential extinction can account for the 
olours distributions, with ages co v ering a large range from a few
o several hundreds of Myr. Masses in the system range between
0 5 and 10 8 M �, with the brightest clump (probably a proto-bulge
tructure) being the most massive, a few times 10 8 M �(see top panels
f Fig. 15 ). The proto-bulge has a very young age (around 10 Myr)
nd it has large extinction. This result does not change if we use
 longer SFH of 100 Myr (with a three times higher reduced χ2 ),
einforcing the finding that this region is still young. Solar metallicity
odels produce the best-solutions for the majority of the clumps, in

greement with this target being a spiral system. 

.2 The Sparkler galaxy 

he Sparkler galaxy has attracted large attention because of the 
umerous visible star clusters surrounding the main body of the 
alaxy (see Fig. 15 ). Using a different analysis approach, consisting
f fixed aperture photometry with radii of 0.2” and SED analysis 
erformed with a code that reconstruct variable and cumulative SFHs, 
owla et al. ( 2022 ) report for 5 of the star clusters detected in the

parkler, ages of ∼4 Gyr and metallicities between 20 and 70 per cent
olar. They also report a total mass of 10 9 M � for the host galaxy and
ges of 30 to 300 Myr for the remaining of the star clusters/clumps
nalysed in their work. 

In our analysis the Sparkler corresponds to system S2.2. Our lens
odel presents high magnification (around μ = 9) and shear for 

he highest magnified image. The 4 Gyr old clusters labeled 1, 2,
, 8, 10 by Mowla et al. ( 2022 ), correspond in our sample to C4,
12, C5, C9, C2, respectively. We will refer to this group, hereafter,
s globular clusters. In total we analysed 28 clumps/clusters in this
ystem. The reco v ered R eff range from upper-limits of a few parsec
o 100 pc. In particular the globular cluster sample has sizes between
0 and 50 pc, and � > > 1 values all consistent with being bound star
lusters. In Fig. 15 , we show the reco v ered ages, masses, e xtinction,
nd metallicities derived with our reference model assumptions 
continuous SFH o v er 10 Myr and E(B − V) < 1, except for the
lumps in the outskirts where we assume E(B − V) = 0). We find
ignificant differences in the age ranges of the clusters surrounding 
he galaxy and those within the main body. The clusters/clumps 
ithin the galaxy have ages between hundreds down to a few Myr,

uggesting that star formation has continued in the galaxy at a
onstant rate. The clusters in the outskirts have ages between 0.1
nd 4 Gyr. In general, masses range between 10 5 and 10 7 M �,
nd extinction are moderately low in clumps within the galaxy (as
ypically observed for star clusters populations in local galaxies). 

For the cluster candidates sitting in the outskirts of the galaxy,
ur derived ages confirm those reported by Mowla et al. ( 2022 ),
lthough some differences are noticeable. In the top-central panel of 
ig. 13 , we show the pseudo B − V versus V − I colour diagram for

he detected clumps. We include the Yggdrasil evolutionary tracks 
ith E(B − V) = 0 and Z = 0.02 (blue), Z = 0.004 (green) and Z =
.0004 (red). The latter evolutionary track corresponds to the best 
tted extinction value for the old cluster sample. We observe that

he colours of the globular clusters in the outskirts of the galaxy are
athered in a very narrow space of the colour-colour diagram, e.g.
.5 - 4 Gyr are the model steps (red line) closest to that space. Two
lusters in the outskirts, C6 and C7, appear bluer and have colours
oinciding with younger ages (80-100 Myr). Overall the reco v ered
ge range would indicate that C2, C4 in the outskirts have formed
round redshift 9, i.e. around 12.8 Gyr ago. Another fraction of these
roto-globular clusters (C5, C10, C11, C12) have ages between 0.9 
nd 1 Gyr, suggesting they formed at redshift ∼1.8 or 9.8 Gyr ago.
MNRAS 520, 2180–2203 (2023) 
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Figure 13. Optical colour-colour diagrams of six galaxies, I7 (The Beret), S2 (The Sparkler), S5, S1, S4 (The Firework), and S7, ordered as a function of 
increasing redshift. We include only clumps (represented as black dots) detected in one multiple image (the one where the highest number of clumps is detected). 
For the highest redshift target we plot the NUV-U versus B-V colours. We show the tracks of the 10 Myr models with Z = 0.02, Z = 0.008 and Z = 0.0004 in 
blue, green and red lines, respectively with E(B − V) = 0. The black arrow shows the evolution of the tracks when extinction increases from E(B − V) = 0 to 
E(B − V) = 0 . 3. 
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1 appears to be the youngest of the globular clusters with an age of
00 Myr (redshift formation 1.6 or 9.5 Gyr ago). The best ages are
roduced by models with metallicities varying between 2 per cent for
he oldest up to 40 per cent solar abundances for the younger ones,
hich would correspond to abundances of [Fe/H] between −2 and
0.4 o v er an age range of 12.8 and 9.5 Gyr and would o v erlap with

he sequence of metal-poor and metal-rich population of globular
lusters in the Milky Way (Forbes & Bridges 2010 ; VandenBerg
t al. 2013 ) and Large Magellanic Cloud (Narloch et al. 2022 ). 

For the interested reader, we present a more detailed and one-to-
ne comparison for the outskirt clumps with the results presented in
owla et al. ( 2022 ) in Appendix F . 
The position of the globular clusters in the outskirts of the Sparkler

ould suggest either an accretion or merger event. In both cases,
ynamical interaction would have brought the globular clusters in
heir current position. Ho we ver, in the first scenario (accretion) some
f these globular clusters have formed in a different host and later
ccreted. While in the second scenario (merger) the globular clusters
ould have formed during the merger event and then be ejected in

he outskirts. 

.3 Arcs S5 and S1 

rc S5 at redshift 1.42 shows a bright central clump, a proto-bulge
andidate with age of 400 Myr and mass of a few times 10 7 M �.
ounger star-forming clumps are visible in the galaxy which show a
mall extinction range. For zero extinction the age of the proto-bulge
ould be as old as 500 Myr. 
NRAS 520, 2180–2203 (2023) 
On the other hand, clumps in the arc S1 at redshift 1.5 show colours
hat occupy a very small region in the parameter space, suggesting
hat a specific star formation episode has led to the formation of these
tellar structures. The age range spans 30 to 100s Myr. The brightest
entral clump is among the youngest structures in the galaxy, opposite
o what is observed in S5.1 and the Beret. 

Magnification values in the image S5.1 varies across the arc from
0 to 80 for the clumps closest to the critical line where the shear is
tronger. Magnification values in S1.2 varies across the arc from 12 to
4. In both galaxies, several clumps, especially the most compacts,
re potentially gravitationally bound ( � ≥ 1) systems and could
ndeed be proto-globular clusters. 

.4 The Firework, system S4 

t redshift 2.19, system S4, dubbed the firework galaxy, has 27
etected clusters, surrounding and/or located within the galaxy with
agnification v alues v arying along the arc between 12 and 65 for the

lumps closest to the critical line. Unfortunately, data for this target
re nosier than the cluster detected in the Sparkler. Ho we ver, we
otice that several clusters occupy a small region of the colour-colour
iagram suggestive of a synchronised star formation event between
.5 and 1 Gyr ago followed by significant star formation until the
resent time. Extinction in the galaxy is significantly low. We do not
ee specific trends in age and position as observed with the Sparkler,
lthough the majority of the clumps located outside the galaxy
oincide with older ages. A significant amount of clumps/clusters

art/stac3791_f13.eps


High-z clumps in JWST’s era 2195 
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Figure 14. Sizes versus mass plots of the clumps in the six individual galaxies (displayed in the same order as in Fig. 13 ). We show for each galaxy the clumps 
detected in the image with the highest number of clumps, which corresponds in all the cases to the highest magnified image of the galaxy. Size upper-limits are 
included with arrows. The points are colour-coded according to the estimated � value. 
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n the Northern-East side of the target are very young. Again we
otice that the most massive region in the target is coincident with
he structure that can be considered a proto-bulge. 

.5 Arc S7 

ocated at redshift z = 5.17 this galaxy appears quite strikingly as
 red arc, located abo v e the Beret, in the JWST ERO images. This
rc straddles the critical curve, presenting a large magnifications 
radient from about 11 to 1000. It hosts 4 well detected clumps with
ges between 10 and 40 Myr, and a fifth one with poorer constraints
n physical properties but colours compatible with ages of ∼10 Myr.
hree out of the five clumps have size upper-limits of 30 pc and �
 1, suggesting that we are looking at bound star clusters at redshift

, as similarly found in another arc observed with JWST by Vanzella
t al. ( 2022b ). 

 STAR  CLUSTER  DETECTION  IN  G A L A X I E S  

T  REDSHIFT  A B OV E  6 ?  

ecent cosmological simulations that include formation and evolu- 
ion of star clusters (e.g. Pfeffer et al. 2018 ) find that the bulk of
he star clusters more massive than 10 5 M � that have survived until
edshift 0 as globular clusters, form mainly between redshift 6 and 
 (Reina-Campos et al. 2019 ). For a long time, globular clusters
ave been listed among the potential players which contributed to 
eionisation (e.g. Ricotti 2002 ; Trenti, Padoan & Jimenez 2015 ; 
ameie et al. 2022 ). Ho we ver, their volumetric number density is, so
ar, model and assumption dependent (e.g Boylan-Kolchin 2018 ). As 
 consequence, predictions of detection of potential proto-globular 
lusters at redshift beyond 6 can dramatically change (e.g. Renzini 
017 ; Kruijssen 2019 ; Sameie et al. 2022 ). To date the highest
edshift at which a potential star cluster has been detected is around
edshift 6 (Vanzella et al. 2019 ). JWST observations will be a game
hanger for this field. 

In this work we have included in total 4 galaxies with spectroscopic
onfirmed redshift higher than 6, e.g. fully o v erlapping with the
eionisation era. 

Three of these galaxies, I1, I4 and I10, have been recently studied
y Schaerer et al. ( 2022 ), who reported log ( M ∗) × μ of 9, 9.2, 8.9,
espectively, the lensing model used in this work, predicts slightly 
ower magnification for system I1. We apply our mean magnification 
o estimate the de-lensed masses to be 2.3 × 10 8 M �, 1.3 × 10 9 

 �, and 5.8 × 10 8 M � for systems I1, I4, I10. These systems
re all consistent with being metal poor, dwarf galaxies (Schaerer 
t al. 2022 ). Fig. 17 shows the clumps detected within these systems
left), and sizes and masses on the right. In some cases, we reach
pper-limits for R eff of 30 pc or better and masses that are all abo v e
0 7 M �. We notice that even with the current size upper limits,
urface stellar densities in these clumps are similar or larger than
n massive star clusters (see star symbols with cyan contours in
ig. 12 ), suggesting that even if we are not able to resolve the star
lusters within these clumps, the latter most likely host them. The
hree g alaxies investig ated by Schaerer et al. ( 2022 ) host all very
oung clumps. The two clumps in I1 have ages of 4 Myr. The clumps
n I4 have ages from 2 to 9 Myr, while the two clumps in I10 have
ges of 2 and 15 Myr. Feedback from these young, massive and
ompact clumps is most likely the source of ionisation in their host
MNRAS 520, 2180–2203 (2023) 

art/stac3791_f14.eps


2196 A. Claeyssens et al. 

M

Figure 15. From left to right: colour image (produced with F090W, F150W and F200W NIRCam filters) and F150W frames of the galaxies I7, S2.2 and S5.1, 
with the position of detected clumps, colour-coded by their best-fitted age (left), mass (middle left), extinction (middle right) and metallicity (right) measured 
from the reference SED model (with a continuous star formation for 10 Myr). The white line in each panel is 0.4” long, which corresponds on average (assuming 
the mean magnification factor reported in Table 2 ) to 0.33 kpc for I7, 0.46 kpc for S2.2 and 0.48 kpc for S5.1 in the source plane. 

g  

O
 

f  

c  

i  

d  

f  

g

9

I  

c  

a
 

u  

n  

h  

 

e  

i  

F  

b  

f  

c  

i  

i  

f  

h  

f  

s  

b  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/2/2180/6972385 by guest on 24 January 2024
alaxies, responsible for very high O III equi v alent width and high
 III /O II ratio. 
Very interestingly, the fourth galaxy I2, at redshift 6.38, hosts

our evolved clumps with ages between 2 and 90 Myr. The two old
lumps have � > 1, suggesting that they are long-lived structures
n the system and formed about redshift 6.9. Since this system is
etected in O III (see Table 2 ), we expect the two blue clumps to be
airly young, hinting that star formation can go on in these dwarf
alaxies for 10s of Myr. 

 DISCUSSION  A N D  C O N C L U S I O N S  

n this study, we have analysed the optical rest-frame light of stellar
lumps in 18 galaxies (for a total of 36 images) using the recently
cquired JWST ERO of the galaxy cluster SMACS0723. 

The majority of the clumps studied in this work has gone so far
ndetected at HST wavelengths. First because the RELICS data are
NRAS 520, 2180–2203 (2023) 
ot sufficiently deep, and secondly, the signal of point-like structures
as been smeared out at the lower resolution of the WFC3 IR camera.

The detection of clumps has been done in different steps. The initial
xtraction has been performed via visual inspection on 3-colour
mages of the targets to o v ercome contamination from interlopers.
ainter clumps, missed after this first iteration have been included
y visually inspecting the galaxy residual images in the reference
rames, F150W and F200W. The initial photometric catalogue
ontains de-lensed photometry (estimates and upper limits) and
ntrinsic ef fecti ve radii (or upper limits) for 223 clumps detected
n the F150W and F200W filters. Overall, we determine R eff ranging
rom upper limits of a few parsec up to resolved clumps of a few
undreds parsec. The range of absolute V band magnitudes goes
rom −10 to −20 ABmag. A comparison with (rare) massive young
tar clusters in the local universe, confirm that we are resolving
ona-fide star clusters in galaxies across a large fraction of the
osmic formation history. As already noticed in recent studies of
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Figure 16. From left to right: colour image (produced with F090W, F150W and F200W NIRCam filters) and F150W frames of the galaxies S1.2, S4.1 and 
S17.2, with the position of detected clumps colour-coded by their age (left), mass (middle left), extinction (middle right) and metallicity (right) measured from 

the reference SED model (with a continuous star formation for 10 Myr). The white line in each panel is 0.4” long, which corresponds on average (assuming the 
mean magnification factor reported in Table 2 ) to 0.48 kpc for S1.2, 0.39 kpc for S4.1 and 0.05 kpc for S17.2 in the source plane. 
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lump populations in deep HST surv e y of the Frontier Field lensing
elds (Me ̌stri ́c et al. 2022 , and Claeyssens et al., in prep.), stellar
lumps are not single entities within their host galaxies, but they 
rogressiv ely resolv e into compact systems. We, therefore, refer to 
tellar clumps not as star formation units but as clustered stellar
egions, for which we investigate their nature. When comparing 
ize and FUV magnitude of clumps detected in the Frontier Field 
e gions co v ered with HST and the clumps analysed in this work
e derive significantly smaller sizes and lower magnitudes, as a 
esult of the superior spatial sampling and sensitivity of JWST 

bservations. 
We derive ages, masses, extinctions, metallicities, and R eff for 

 population of 221 clumps in the redshift range 1 to 8.5. Even
ith available optical SEDs, we still notice unbreakable degen- 

racies such as SFH, age-extinction, and metallicities. We tested 
odels with different SFH assumptions, i.e. from instantaneous 

urst (single stellar population, typical of star clusters in the lo-
al universe) to 10 Myr and 100 Myr continuous star formation
MNRAS 520, 2180–2203 (2023) 
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ollo wed by passi ve stellar e volution. These three models produce
imilarly good reduced χ2 . Ho we ver, the resulting age distribu-
ion changes significantly, with peak ages shifting towards older
alues (5-10 Myr for IB, 10-20 Myr for 10Myr, 50-200 Myr for
00Myr). Reco v ered ranges of masses and extinction do not change
ignificantly. 

By learning from studies of resolved star-forming regions in the
ocal universe, we adopt as reference model the one with continuous
FR o v er 10 Myr (to account that o v er re gions of 10s of parsec star
ormation time scales are longer than instantaneous). 

We analyse the sample of 221 clumps, by dividing it into three
ifferent redshift bins that bracket the cosmic dawn ( z > 5), cosmic
oon (1.5 < z < 3) and cosmic afternoon ( z < 1.5). With the current
tatistics, we do not find a significant change in the age distributions
f the three samples that would suggest survi v al timescales longer
han several hundreds of Myr. If we account for the average age,
here is roughly 1 Gyr time range between the two highest redshift
ins and ∼3 Gyr between the highest redshift sample and the lowest
ne. If clumps forming at redshift 5 and abo v e surviv e until redshift
 we should reco v er clumps with ages larger than 1 Gyr. We notice
o we ver, that thanks to JWST we are able to detect globular cluster
andidates around high-redshift galaxies (see the Sparkler galaxy
s an example). The detection of proto-globular clusters at high-
edshift might point toward the fact that while clumps dissolve, the
lobular clusters that formed within them might survive for much
onger times. 

To build a more complete picture of the nature of clumps and their
ormation and evolution, we also derive the mass–radius relation,
lump surface densities and dynamical timescales. We find that
lumps follow a shallower mass–size relation (reco v ered slope is
.24 ± 0.10) than commonly found for GMCs in the local and high-
edshift universe (around ∼0.5). Howev er, the reco v ered slope is very
imilar to the relation derived for gravitationally bound star clusters in
ocal galaxies (0.24, but with different normalisation). The deviation
rom the GMC mass–size relation could be understood if, thanks to
ensing magnification, we can better resolve the denser structures of
lumps, resulting in smaller sizes than their parent GMCs. Indeed,
e find that clump surface densities are quite high, especially so for
NRAS 520, 2180–2203 (2023) 
he higher redshift bin, as predicted by Livermore et al. ( 2015 ), but
ere extrapolated to redshift higher than 5. The evolution of clump
ensities is also important if we think that these are the regions where
lobular cluster progenitors have formed. If the average densities of
lumps evolve with redshift, then the average conditions for cluster
ormation have also evolved. These changes reflect in the average
hysical properties of the populations of star clusters which in local
alaxies rarely reach masses abo v e 10 5 M �, e xcept in specific ev ents
uch as accretion of gas, interactions and mergers (e.g. Adamo et al.
020a ). 
We estimate the boundness of the stellar clumps by comparing

heir crossing time to the their ages. We find that for the reference
odel about 53 per cent of clumps appear to be gravitationally

ound. This fraction changes between 45 and 60 per cent if different
FH are assumed (IB and 100Myr, respectively). 
Combining all these results together, we conclude that at a resolu-

ion from a few to 100 pc, clumps appear as dense stellar structures
hat share many similar properties to local massive gravitationally
ound star clusters in the local universe. Their survival timescales
re not longer than 1 Gyr, probably due to the fact that they form in
hick and gravitationally unstable disks with ele v ated gas fractions,
eaning that they are dissolved by large shear effects, on time scales

f hundreds of Myr. 
By focusing on single galaxies, we witness a rich variation of star

ormation events taking place in these systems and detect several
lumps, that are indeed star clusters in the redshift range 1 to 5.
wo clump/cluster rich systems, the Sparkler and the Firework, have
lumps with colours and derived physical properties that would
uggest the presence of proto-globular clusters. Their location in
he outskirts of the host galaxies would suggest that they have been
ynamically ejected, either via accretion or merger events. Both
ystems have continued forming stars until now, as showed by the
istribution of colours and ages of the younger clumps within their
ost galaxies. The other galaxies, at redshift smaller than 6, show
tar formation events that have formed clusters/clumps during the
ast ∼100 Myr until now. In all these systems, we al w ays detect
 fraction of clumps that are consistent with being gravitationally
ound, i.e. with star cluster candidates. 
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Four of our galaxies have redshifts higher than 6, making them 

otentially interesting to study as reionisation-era galaxies. Spectro- 
copic analyses of three of these systems hav e rev ealed low mass,
ow metallicity galaxies with ionised gas properties consistent with 
yman continuum leakers. We detect between 2 and 4 clumps in each
f these systems. The majority of these clumps have sizes or upper-
imits smaller than 50 pc and masses abo v e 10 7 M �. Their stellar
urface densities are comparable or higher that massive star clusters, 
uggesting that even if we do not resolv e them, the y must host star
lusters. All the galaxies host very young clumps and, in some cases,
lso older clumps suggesting that star formation has been ongoing 
or several Myr. 

To conclude, JWST observations of a poorly known galaxy 
luster region have shown the incredible leap forward that we are 
aking in studying star formation within rapidly evolving galaxies. 
he unprecedented sensitivity and high resolution power at IR 

avelengths is a key factor in the detection and analysis of compact
tellar structures of these young galaxies, previously only detected 
t the FUV restframe. Our initial analyses reveal that star cluster 
andidates can be detected and studied in these systems and can be
sed to trace the recent star formation history of their host galaxies,
s well as, under what conditions star formation is taking place. The
tudy presented here can only be undertaken thanks to gravitational 
ensing. As such it is also related to our ability to reconstruct a reliable
odel of the underlying lens. Our results are, hence, related to the

uality of the lens model and can be impro v ed. 
Finally, many of the clumps in these galaxies are too faint to

e studied with 3D spectroscopy. The latter will be fundamental to 
 v aluate the ef fect of stellar feedback originating from the clumps
nto the interstellar medium of their host galaxies. Therefore, another 
mportant impro v ement to our analysis can be made by including
eeper HST observations in the 0.4–0.8 μm wavelength range as well 
s a better imaging co v erage between 0.9 and 4 μm, to better sample
ey features in the optical rest-frame of the clumps (Balmer break, 
trong emission lines) and therefore better break age-extinction-SFH 

egeneracies. 
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Table B1. NIRCam photometry of the clumps. (1) and (2) images and clumps ID; (3) redshifts; (4) and (5) RA and Dec coordinates; (6) lensing 
magnification; (7)-(12) observed AB magnitudes. The full table is available as online material. 

Image ID Clump ID z RA DEC μ F090W F150W F200W F277W F356W F444W 

[ABmag] [ABmag] [ABmag] [ABmag] [ABmag] [ABmag] 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

S1.1 C1.1 1.449 110.84069 −73.451065 6.12 + 0 . 57 
−0 . 46 25.09 ± 0.29 24.39 ± 0.25 24.38 ± 0.17 23.85 ± 0.2 23.7 ± 0.18 23.49 ± 0.19 

S1.1 C2.1 1.449 110.840775 −73.451126 6.38 + 0 . 69 
−0 . 46 25.69 ± 0.37 25.0 ± 0.36 24.6 ± 0.42 23.96 ± 0.24 23.75 ± 0.22 23.6 ± 0.2 

S1.1 C3.1 1.449 110.84103 −73.451416 8.05 + 0 . 93 
−0 . 58 30.17 ± 0.87 28.77 ± 0.4 28.35 ± 0.25 27.89 ± 0.16 27.67 ± 0.12 27.64 ± 0.13 

S1.1 C4.1 1.449 110.84191 −73.452255 26.63 + 6 . 9 −2 . 51 31.16 ± 0.72 29.15 ± 0.38 29.04 ± 0.13 28.78 ± 0.21 28.67 ± 0.08 28.46 ± 0.13 

S1.1 C5.1 1.449 110.84136 −73.45193 14.64 + 2 . 5 −1 . 13 31.7 ± 1.01 28.96 ± 0.31 28.81 ± 0.17 28.81 ± 0.31 28.73 ± 0.29 28.63 ± 0.09 

S1.1 C6.1 1.449 110.8402 −73.45092 5.61 + 0 . 45 
−0 . 45 30.15 ± 0.89 29.5 ± 0.32 29.08 ± 0.26 29.6 ± 0.3 30.87 ± 1.28 49.83 ± 0.78 

S1.1 C7.1 1.449 110.84082 −73.451164 6.56 + 0 . 7 −0 . 47 25.09 ± 0.46 24.4 ± 0.43 24.3 ± 0.43 23.7 ± 0.38 23.59 ± 0.39 23.51 ± 0.41 

S1.3 C1.1 1.449 110.83898 −73.45878 6.11 + 0 . 44 
−0 . 44 25.32 ± 0.36 24.62 ± 0.33 24.63 ± 0.27 23.9 ± 0.19 23.72 ± 0.17 23.49 ± 0.15 

S1.2 C1.1 1.449 110.84297 −73.454735 12.98 + 1 . 95 
−1 . 82 27.7 ± 0.39 26.82 ± 0.33 26.29 ± 0.25 24.8 ± 0.22 24.56 ± 0.2 24.34 ± 0.19 

S1.2 C2.1 1.449 110.84297 −73.4547 13.09 + 2 . 08 
−1 . 43 25.07 ± 0.29 24.21 ± 0.3 23.95 ± 0.22 23.31 ± 0.23 23.16 ± 0.22 22.98 ± 0.22 

... ... ... ... ... ... ... ... ... ... ... ... 

Table B2. Main properties of the clumps. (1) and (2) images and clumps ID; (3) redshifts; (4) and (5) RA and Dec coordinates; (6) lensing magnification; 
(7) intrinsic ef fecti ve radius measured on NIRCam/F150W; (8) NIRCam/F150W absolute magnitude; (9)-(12) SED properties measured with the reference 
model (a continuum star fromation for 10 Myr). Upper limits in size are indicated with <. The clumps with an E ( B − V ) value at 0 ∗ have been fitted with 
no extinction. The full table is available as online material. 

Image ID Clump ID z RA Dec μ R eff F150W M ∗ Age E(B − V) Metallicity 

[pc] [AB mag] log([ M �]) [Myr] 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

S1.1 C1.1 1.449 110.84069 −73.451065 6.12 + 0 . 57 
−0 . 46 108 + 32 

−30 −17.88 ± 0.33 7.7 + 0 . 1 −0 . 0 11 + 1 −1 0.3 + 0 . 1 −0 . 2 0.02 

S1.1 C2.1 1.449 110.840775 −73.451126 6.38 + 0 . 69 
−0 . 46 171 + 46 

−45 −17.22 ± 0.45 7.7 + 0 . 1 −0 . 1 20 + 10 
−9 0.3 + 0 . 25 

−0 . 1 0.02 

S1.1 C3.1 1.449 110.84103 −73.451416 8.05 + 0 . 93 
−0 . 58 <15 −13.2 ± 0.49 6.9 + 0 . 2 −0 . 6 80 + 1933 

−73 0.45 + 0 . 45 
−0 . 45 0.004 

S1.1 C4.1 1.449 110.84191 −73.452255 26.63 + 6 . 9 −2 . 51 23 + 4 −7 −11.52 ± 0.55 6.2 + 0 . 1 −0 . 1 802 + 204 
−299 0.0 ∗ 0.02 

S1.1 C5.1 1.449 110.84136 −73.45193 14.64 + 2 . 5 −1 . 13 <8 −12.36 ± 0.44 6.8 + 0 . 0 −0 . 2 4029 + 1000 
−993 0.0 ∗ 0.0004 

S1.1 C6.1 1.449 110.8402 −73.45092 5.61 + 0 . 45 
−0 . 45 <22 −12.87 ± 0.4 6.1 + 0 . 0 −0 . 2 80 + 10 

−30 0.0 ∗ 0.02 

S1.1 C7.1 1.449 110.84082 −73.451164 6.56 + 0 . 7 −0 . 47 260 + 43 
−44 −17.79 ± 0.51 8.0 + 0 . 1 −0 . 2 20 + 10 

−13 0.25 + 0 . 3 −0 . 15 0.008 

S1.3 C1.1 1.449 110.83898 −73.45878 6.11 + 0 . 44 
−0 . 44 100 + 31 

−29 −17.65 ± 0.41 7.8 + 0 . 1 −0 . 1 20 + 10 
−10 0.3 + 0 . 25 

−0 . 2 0.02 

S1.2 C1.1 1.449 110.84297 −73.454735 12.98 + 1 . 95 
−1 . 82 <10 −14.64 ± 0.48 7.2 + 0 . 1 −0 . 1 20 + 10 

−9 0.55 + 0 . 25 
−0 . 15 0.02 

S1.2 C2.1 1.449 110.84297 −73.4547 13.09 + 2 . 08 
−1 . 43 160 + 20 

−21 −17.24 ± 0.44 8.1 + 0 . 1 −0 . 2 200 + 101 
−194 0.05 + 0 . 65 

−0 . 05 0.004 

... ... ... ... ... ... ... ... ... ... ... ... 
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PPENDIX  F:  T H E  SPARKLER  

The manuscript is organised as following. In Section 2 , we present
he observational data used in this work. The lensing model and 
alaxy selection are described in Section 3 and 4 . In Section 5
e present the method we use to perform photometry and size 
easurements, the conversion to de–lensed quantities, and the 

pectral energy distribution (SED) analysis. The results obtained 
y studying clumps as a population are presented and discussed in
ection 6 , while in Section 7 we focus on the physical properties of
lumps in particularly interesting galaxies. In Section 8 we discuss 
he physical properties of clumps in the reionisation era. Final 
emarks and conclusions are gathered in Section 9 . The manuscript
s organised as following. In Section 2 , we present the observational
ata used in this work. The lensing model and galaxy selection are
escribed in Section 3 and 4 . In Section 5 we present the method we
se to perform photometry and size measurements, the conversion 
o de–lensed quantities, and the spectral energy distribution (SED) 
nalysis. The results obtained by studying clumps as a population 
re presented and discussed in Section 6 , while in Section 7 we
ocus on the physical properties of clumps in particularly interesting 
alaxies. In Section 8 we discuss the physical properties of clumps
n the reionisation era. Final remarks and conclusions are gathered 
n Section 9 . In this section, we present a more detailed comparison
etween this study and the results presented in Mowla et al. ( 2022 )
or the outskirt clusters of the Sparkler galaxy. In Fig. F1 , we present
he 10 globular clusters included in our analysis (outlined with white
ircles) and the ones studied by Mowla et al. ( 2022 ) (in orange and
ink). We included in our analysis 2 extra cluster candidates (C1
MNRAS 520, 2180–2203 (2023) 
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Figure F1. Comparison with the results from Mowla et al. ( 2022 ) for the 10 outskirts clumps of the Sparkler galaxy. Left : NIRCam colour image (using 
F090W, F150W and F200W filters) of the Sparkler galaxy (S2.2 at z = 1.37). The white circles show the 10 outskirts clumps we detected in this work. The 
orange and pink circles represent the stellar clumps and globular clusters candidates respectively, studies in Mowla et al. ( 2022 ). We indicate the ID of each 
clump in white. Right : SED best-fits for each clump based on a model with a continuous star formation for 10 Myr and no extinction (i.e. E(B − V) = 0). We 
present for each clump the best model with Z = 0.008 (in dotted grey line and blue triangles), with Z = 0.004 (in dashed line and green circles) and with Z = 

0.0004 (in solid line and red diamonds). The black squares represent the observed SED and associated error-bars. 

Figure F2. From left to right: colour image (produced with F090W, F150W and F200W NIRCam filters) and F150W frames of the counter-image of the 
Sparkler galaxy (S2.1), with the position of detected clumps colour-coded by their age (left), mass (middle left), extinction (middle right), and metallicity (right) 
obtained from the reference SED model (with a continuous star formation for 10 Myr). The white line is 0.4” long. 
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Table F1. SED best-fit parameters for the 10 outskirt clumps from the Sparkle
(i.e. E(B − V) = 0). From left to right: clumps ID in this work, corresponding c
χ2 for Z = 0.008, age, mass and reduced χ2 for Z = 0.004 and age, mass and 

Z = 0.008 
ID ID Age Mass χ2 

red 
This work Mowla et al. ( 2022 ) [Myr] [log(M �)] 

C1 – 604 + 200 
−500 6 . 29 + 0 . 01 

−0 . 14 1.13 

C2 10 401 + 100 
−100 6 . 86 + 0 . 06 

−0 . 02 2.72 1

C4 1 401 + 100 
−100 6 . 51 + 0 . 04 

−0 . 16 1.93 

C5 4 401 + 200 
−100 6 . 66 + 0 . 04 

−0 . 10 0.48 

C6 5 302 + 100 
−100 6 . 66 + 0 . 01 

−0 . 13 0.22 

C7 6 90 + 110 
−50 6 . 29 + 0 . 10 

−0 . 23 0.22 

C9 8 302 + 100 
−100 6 . 93 + 0 . 01 

−0 . 18 0.79 1

C10 – 3036 + 1000 
−1000 7 . 40 + 0 . 01 

−0 . 14 1.20 1

C11 3 401 + 100 
−100 6 . 85 + 0 . 01 

−0 . 07 2.71 

C12 2 401 + 100 
−100 6 . 77 + 0 . 02 

−0 . 09 0.34 
r galaxy using a continuum star formation for 10 Myr and no extinction 
lumps ID in Mowla et al. ( 2022 ) (when existing), age, mass and reduced 
reduced χ2 for Z = 0.0004. 

Z = 0.004 Z = 0.0004 
Age Mass χ2 

red Age Mass χ2 
red 

[Myr] [log(M �)] [Myr] [log(M �)] 

912 + 100 
−300 6 . 51 + 0 . 05 

−0 . 13 1.41 605 + 100 
−100 6 . 28 + 0 . 01 

−0 . 13 1.38 

007 + 1000 
−100 7 . 03 + 0 . 01 

−0 . 04 1.63 4030 + 1000 
−1000 7 . 41 + 0 . 01 

−0 . 01 0.70 

912 + 100 
−400 6 . 65 + 0 . 10 

−0 . 16 1.93 4030 + 1000 
−1000 7 . 05 + 0 . 01 

−0 . 05 1.25 

800 + 1200 
−700 6 . 76 + 0 . 13 

−0 . 29 0.53 1007 + 1000 
−200 6 . 83 + 0 . 03 

−0 . 06 0.31 

100 + 100 
−60 6 . 3 + 0 . 01 

−0 . 13 0.77 800 + 100 
−100 6 . 75 + 0 . 07 

−0 . 02 0.95 

80 + 420 
−30 6 . 30 + 0 . 09 

−0 . 23 0.55 90 + 10 
−10 6 . 29 + 0 . 09 

−0 . 24 0.78 

007 + 1000 
−200 7 . 03 + 0 . 01 

−0 . 10 0.90 912 + 100 
−200 7 . 02 + 0 . 01 

−0 . 05 0.36 

007 + 1000 
−500 7 . 13 + 0 . 07 

−0 . 25 0.20 706 + 200 
−100 6 . 98 + 0 . 12 

−0 . 16 0.30 

503 + 100 
−100 6 . 76 + 0 . 03 

−0 . 01 3.54 1007 + 1000 
−100 7 . 02 + 0 . 01 

−0 . 07 1.28 

912 + 1100 
−500 6 . 92 + 0 . 12 

−0 . 22 0.29 912 + 100 
−300 6 . 91 + 0 . 07 

−0 . 05 0.18 

January 2024
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nd C10) which should belong to the galaxy based on their location
nd their colour very similar to the closest clusters. Ho we ver, we
id not include the top right cluster (number 9 in Mowla et al.
 2022 )) which is located farther from the host and has a colour that is
loser to the intracluster globular clusters (see Section A ). In Fig. F1 ,
e also present the best-SED fit (using three different metallicities 
 = 0.008, Z = 0.004 and Z = 0.0004) for these globularade clusters.
iving the fact that we detect these clusters only in the NIRCam

mages, the SED fit is based only on 6 filters co v ering the rest-frame
600-19000 Å wavelength range, which is not enough to break 
he age-extinction degeneracy. If we let the extinction parameter 
ree, we find best-fit solutions with young ages (around 100 Myr)
ut high extinction values (between 0.3 and 0.5 mag) which is not
ealistic for clumps/clusters located outside of the main body of their 
ost galaxy. By fixing E(B − V) = 0 we measure older ages (few
yr). The reduced χ of these two sets of solutions (free extinction
s. E(B − V) = 0) are similar. We also notice a de generac y with
etallicity for some of these clusters resulting in similar χ2 (the 

est-fit parameters for these clusters are resumed in the Table F1 ).
he solution obtained with Z = 0.0004 are on average older than the
nes measured with Z = 0.008. Finally, in Fig. F2 , we present the
ED best-fit parameters of the clusters detected in the counter-image 
i.e. less magnified) of the Sparkler galaxy. In this image, we detect
nly 8 clusters (presented in the left panel of the figure). Using the
ame assumptions, and fixing E(B − V) = 0 for the outskirts clumps
C1, C2, C3, C4 and C7), we derived consistent results with the
parkler images. 
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