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ABSTRACT

The recent discovery of five massive stellar clusters at z = 9.625 in the Cosmic Gems galaxy has raised the question about the formation mechanism
of star clusters in the first 500 Myr after the Big Bang. We inferred the total stellar mass in clusters by normalizing and integrating the stellar
cluster mass function (SCMF, dn(M)/dM = n0 Mβ), assuming three different slopes (β = −1.5, −2.0, and −2.5) and different lower-mass limits
between 102 and 105 M�. We compared the total integrated cluster stellar mass to the stellar mass inferred from the counter image of the Cosmic
Gems, which provides the best modestly magnified (µ = 1.84 ± 0.05) representation of the entire galaxy. The delensed stellar mass of the
Cosmic Gems galaxy was estimated as 3.5+3.3

−1.8 × 107 M�, with an effective radius of Reff = 103+13
−15 parsecs and a stellar surface mass density of

Σmass = 520+340
−225 M� pc−2. Accounting for normalization uncertainties – including different lensing magnification scenarios for the arc – a modified

SCMF, combined with a significantly high star cluster formation efficiency (approaching 100%), appears to be a necessary condition to explain the
relatively short formation timescale of both the star clusters and the counter image, without exceeding the galaxy’s stellar mass. By extrapolating
the physical properties at the peak of the burst, we found that in its recent past (.30 Myr) the Cosmic Gems galaxy likely experienced a specific
star formation rate exceeding 25 Gyr−1 and luminosity approaching the “blue monster” regime (MUV < −20). Our study provides insights into the
extreme clustered nature of star formation in early galaxies and sheds light on the formation of bound star clusters that might survive to z = 0 as
globular clusters older than 13 Gyr.
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1. Introduction

In the local Universe, star formation is hierarchically orga-
nized in star clusters. Bound star clusters represent only a frac-
tion of the total stellar mass formed in a given time, a mea-
sure typically referred to as cluster formation efficiency, Γ (e.g.,
Krumholz et al. 2019). Bound star cluster populations follow
a power-law distribution of their masses and possibly show
a cutoff at the high-mass end, describing the maximum star
cluster mass a galaxy might form (Adamo et al. 2020a). The
quantity Γ has been extensively measured in the local Uni-
verse and found to positively correlate with the star forma-
tion rate (SFR) surface density (ΣSFR) of the main galaxy (e.g.,
Adamo et al. 2015; Johnson et al. 2016; Messa et al. 2018),
although it remains difficult to disentangle the biases in the
methodology leading to contrasting results (Cook et al. 2023).
The observed increase of a galaxy’s ΣSFR with redshift (e.g.,
Ormerod et al. 2024; Morishita et al. 2024) suggests that Γ was
high in the early Universe. However, a direct measure of Γ at
cosmological distances is extremely challenging and will require
extreme adaptive optics with point spread function (PSF) sizes
of '10−20 milliarcsec from the extremely large telescope or
? Based on observations collected with the James Webb Space Tele-

scope (JWST) and Hubble Space Telescope (HST). These observations
are associated with JWST program n.4212 (PI L. Bradley) and program
n. 5917 (PI E. Vanzella).
?? Corresponding author: eros.vanzella@inaf.it

next-generation instruments on 8m class telescopes coupled with
gravitational lensing (see the discussion in Vanzella et al. 2022).
First attempts of measuring Γ at high redshift come from excep-
tionally magnified systems (e.g., Vanzella et al. 2020). Several
star clusters have been identified in these systems and related
to the bursty star formation events in the host galaxy (some have
even had their contribution to the total ultraviolet light of the host
quantified, Vanzella et al. 2023; Adamo et al. 2024; Messa et al.
2025a; Mowla et al. 2024; Bradač et al. 2024; Fujimoto et al.
2025). Another aspect suggesting a high occurrence of bound
star clusters in the early Universe is that high-density conditions
on average favor a high Γ, along with the presence of very mas-
sive star clusters (e.g., Garcia et al. 2023; Sugimura et al. 2024;
Kruijssen 2026).

High redshift star clusters were already identified in the
pre-JWST era with Hubble (e.g., Vanzella et al. 2017a,b, 2019,
2022), along with several parsec-scale star complexes (e.g.,
Bouwens et al. 2017; Rigby et al. 2017; Johnson et al. 2017;
Meštrić et al. 2022; Welch et al. 2023). The advent of JWST has
enabled the identification of similar parsec-scale stellar clump
regions with lower magnifications and/or higher redshift (e.g.,
Messa et al. 2025a; Claeyssens et al. 2025; Vanzella et al. 2023;
Mowla et al. 2024; Hsiao et al. 2023; Fujimoto et al. 2025), and
it has even allowed for detection of relatively old star clusters by
means of its extended (NIRCam and MIRI) wavelength range
(e.g., Adamo et al. 2023).
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Fig. 1. JWST/NIRCam color image of the portion of the galaxy cluster
SPT0615 field including the CG arc and the CI (white circles) along
with the critical lines at the z = 9.625 for Lenstool (Jullo et al. 2007)
and glafic (Oguri 2010, 2021) lens models, marked with red and green
lines, respectively. The yellow shaded square marks the field of view of
the JWST/NIRSpec IFU observations (see Messa et al. 2025b).

Remarkably, the discovery of the super magnified Cosmic
Gems (CG) arc (Bradley et al. 2025, hereafter LB25), now spec-
troscopically confirmed to be at redshift 9.625 (Messa et al.
2025b, MM25 in the following) is the first concrete opportu-
nity we have of addressing the internal properties of a galaxy
within the first 500 Myr of cosmic time. Furthermore, the recent
identification of five very dense (∼105−6 M� pc−2) and massive
(∼[1−3]× 106 M�) gravitationally bound star clusters all located
within a relatively small physical region of ∼70 pc in the CG
galaxy was unexpected (Adamo et al. 2024, hereafter AA24),
and to our knowledge, it has no analogous example in the local
Universe.

In this work we infer the fraction of stellar mass of the CG
galaxy that formed in bound stellar clusters. We explore the
amount of stellar mass located in star clusters by properly inte-
grating the star cluster mass function (SCMF; after varying the
slope and the minimum cluster mass) and compare it with the
physical properties and stellar mass of the entire galaxy, inferred
from JWST/NIRCam photometric data of the candidate counter
image (CI) which offers the best representation of the global
properties of the CG galaxy.

Throughout this paper, we assume a flat cosmology with
ΩM = 0.31, ΩΛ = 0.69, and H0 = 67.7 km s−1 Mpc−1

(Planck Collaboration LIV 2018), corresponding to
4360 parsecs per arcsecond at z = 9.625. All magni-
tudes are given in the AB system (Oke & Gunn 1983):
mAB = 23.9−2.5 log( fν/µJy).

2. The Cosmic Gems galaxy

2.1. Star clusters and lensing magnification

Initially discovered in the Hubble data from the RELICS survey
(Coe et al. 2019, see also Welch et al. 2023), the CG arc shows
(at least) five gravitationally bound parsec-scale star clusters in
JWST/NIRCam imaging. These clusters have recently been con-
firmed (after spectroscopic redshift determination) to be remark-
ably dense (∼105−6 M� pc−2) and massive (∼[1−6] × 106 M�)
and have ages spanning the range 8−27 Myr (MM25), and they
are likely located within a magnified portion of the CG galaxy
smaller than 70 parsecs (AA24). The initial lens models of
the galaxy cluster SPT0615 (Adamo et al. 2024; Bradley et al.
2025) were recently refined by including additional new multi-
ple systems at 2 < z < 6 from VLT/MUSE (PI. Bauer), confirm-
ing the critical line crossing the arc and very large magnifica-
tion factors along the arc (µ > ×50−300; MM25). The improved
models also confirm the previous predictions of the position of
a CI, which was later detected in the NIRCam images (with

S/N' 15), showing the same colors and a very solid photomet-
ric redshift compatible with the main arc (LB25, and see Fig. 1
and Fig. 2). The angular separation between the improved lens
model predictions and the candidate CI are .1′′. No other z ∼ 10
candidates have been detected (at the available depth) within a
region of 10′′ centered on the predicted positions. We consider
this CI as the best proxy of the entire CG galaxy. Such an image
is far from any z = 9.625 critical lines and lies within a few
(or fraction of) arc seconds from the predicted positions of the
current best models (MM25). The low magnification and small
error, µhost = 1.84 ± 0.05, associated with the CI allow us to
derive the global physical properties of the CG galaxy with low
lensing-related uncertainty dependence. The very low magnifi-
cation, however, prevents us from identifying the massive star
clusters that we detect in the arc.

In the following analysis, we adopt the updated lensing
model predictions for both the CI, µhost as reported above, and
the star clusters, using the updated µarc from MM25 (reported in
Appendix A), which closely resemble those published by AA24.
Further considerations on how the change in the predicted mag-
nifications affects our results are presented in Appendix A.

2.2. Physical properties and morphology of the host galaxy

The authors of MM25 derived the physical properties of the
CG arc by performing JWST/NIRSpec-IFU-based spectral and
spectral energy distribution (SED) fitting across subregions of
the arc. The sum of the intrinsic stellar masses inferred for
each region yielded an estimate of the galaxy’s stellar mass,
≈3.5 × 107 M�. This value is consistent with that derived from
the CI (see below), as are the inferred stellar age (10−40 Myr)
and low dust attenuation (AV . 0.2). Combined with the weak
rest-frame optical lines detected in the NIRSpec/IFU datacube –
namely, Hβ and [Oiii]λ49591 (4960.30 Å, vacuum), with equiv-
alent widths of '20 Å and '50 Å, respectively – the galaxy cur-
rently appears to be in a “dormant” phase of star formation. As
noted by MM25 and analyzed in detail by Christensen et al. (in
prep.), the NIRSpec spectrum exhibits a pronounced Lyα damp-
ing wing that depresses the F150W flux, especially in the arc and
its CI (showing relatively high signal-to-noise ratios on NIRCam
data). This flux deficit likely caused the previously overestimated
photometric redshifts (zphot > 10) for both images, compared
to the new spectroscopic value zspec = 9.625. The authors of
MM25 also reported revised physical properties of the star clus-
ters using the photometry extracted by AA24, assuming star for-
mation histories of τ = 1 Myr using the Binary Population and
Spectral Synthesis (BPASS) models and updating the redshift to
the new value. Stellar masses in the range (1−6) × 106 M� and
ages 8−27 Myr were found and agree within the uncertainties
with the previous estimates by AA24.

Based on the JWST/NIRCam photometry presented in LB25
(from their Table 3) and adopting the new spectroscopic red-
shift z = 9.625, we performed a new SED analysis of the
CI with Bagpipes (Carnall et al. 2019). Following the analy-
sis of MM25, we used BPASS v2.2.1 templates (Eldridge et al.
2017), Kroupa (2002) the stellar initial mass function (IMF),
delayed-τ star formation history (SFH), and the dust attenua-
tion curve of Calzetti et al. (2000). Driven by the new spectro-
scopic constraints and the discussion in MM25, we assumed that
the CI is not younger than the hosted clusters (>10 Myr). We
also explored the effect of the Lyα-damping (Christensen et al.,

1 The other component of the doublet, [Oiii]λ5007 (5008.24 Å vac-
uum), is beyond the observed spectral range.
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Fig. 2. JWST/NIRCam imaging and Galfit fitting of the CG arc and its CI. The left panels show the sharp dropout of the arc and CI in the
Hubble (F435W+F606+F814W, blue channel) and JWST/NIRCam (F090W+F115W, green channel) RGB rendering, with the detection in the
redder JWST/NIRCam bands (red channel of the RGB rendering, as indicated in the figure). In the color image showing the CI, the predicted
position from the new Glafic (yellow star) and LENSTOOL (green star) models are reported (from MM25). The regions outlined with yellow
squares are zoomed in on in the right panels (in NIRCam F150W), and we include the Galfit modeling and residuals (in counts units, rightmost
panels).

Fig. 3. Corner plot (right) and SED fitting results of the CI (left). We fixed z = 9.625 throughout and adopted an age not younger than 10 Myr (see
text for more details). Red and blue lines on the left indicate fits respectively excluding or including the F150W data point. The red line shows
the fiducial SED fit solution (see Fig. B.1 for a comparison of corner plots with and without the F150W band data point). Horizontal bars indicate
the bandwidth. In the right panel, the inset shows the stacked short wavelength bands (F150W + F200W) image of the CI, where the 2σ contour
is outlined. The blue and red stars in the corner plot mark the best and median solutions. The same is indicated with the vertical blue line (best
solution) and the dotted and dashed red lines (median and 16−84% percentiles). The mass-weighted age and the current stellar mass are reported.

in prep.) on the inferred physical properties by including and
excluding the F150W band from the fitting (the best-fit results
do not change the conclusions of this work; see Appendix B).
The inferred fiducial physical quantities and uncertainties are
reported in Fig. 3.

The intrinsic stellar mass (corrected for µhost) of the CG
galaxy – derived from the CI – is mCG = 3.5 × 107 M�, with
a 68% central interval (1.7−6.9) × 107 M� and a mass-weighted

age of 13 (9−25) Myr. Within the uncertainties, the stellar mass
is in agreement with the values inferred from the arc (2.5−5.6)×
107 M� reported by LB25, which, however, assumed the previ-
ous z = 10.2 photometric redshift. It is important to note that
the mass of the arc from LB25 has been corrected by a median
magnification value, but the magnification gradients across the
system are severe. Thus, the agreement between the two mass
estimates (the arc and the CI) gives us confidence that the CG
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mass is close to this value. The age recovered for the CI agrees
with the age ranges obtained for the star clusters (between 8 and
28 Myr, MM25). Overall, the formation age of the CG galaxy is
likely not older than 30 Myr, and it mainly refers to the age of
the recent burst of star formation (see also discussion in Sect. 4
about uncertainties related to the SFH).

Figure 2 shows the Galfit modeling (Peng et al. 2010) of
the CI detected at S/N' 15 in the NIRCam F150W band, the
one with the sharpest PSF ('0′′.05). The galaxy appears resolved
and nucleated, with an effective radius of Reff = 1.6+0.3

−0.2 pixels
(1 pixel = 0′′.02) and magnitude 28.5 ± 0.2 (in agreement with
LB25). We fixed the Sersic index to n = 1.0, but high-
light that similar results are obtained when adopting a Gaus-
sian (n = 0.5) profile. As reported in Fig. 2, the Galfit
modeling produces an excellent residual map (reduced χ2 =
0.63). The intrinsic effective radius Reff = 1.6 [pix] · 0.02′′ ·
4360[pc/′′]/µ−0.5

host = 103+13
−15 parsecs implies Σmass = 1

2 3.6 ·
107/(π×R2

eff
) ' 520+340

−225 M� pc−2 (or 5.3×108 M� kpc−2), where
the errors account for Reff , µhost and mass uncertainties. Simi-
larly, adopting a constant SFR over the past 20 Myr, the ΣSFR
is 17+11

−7 M� yr−1 kpc−2. The stellar mass and size of the CI is
comparable with those inferred at a similar redshift and lumi-
nosity (Morishita et al. 2024; Ono et al. 2023; Tang et al. 2023).
Despite taking into account the area underlined by a two-sigma
contour in the F150W+F200W image (see Fig. 3, corresponding
to 0.141 kpc−2 in the source plane), the above quantities ΣSFR and
Σmass still remain quite large: 8 M� yr−1 kpc−2 and 229 M� pc−2,
respectively. Interestingly, the high stellar mass surface density
(Σmass) inferred here is comparable to that observed in com-
pact galaxies at z & 10, including the recently discovered z =
14.44 MoM-z14 (Naidu et al. 2025), one of the most nitrogen-
enhanced sources identified with JWST ([N/C] > 1). In an
emerging picture suggesting a size–chemistry bimodality at z >
10, where extended systems tend to be nitrogen-poor but com-
pact galaxies exhibit strong nitrogen emission (e.g., Naidu et al.
2025; Ji et al. 2025), the CG galaxy appears to share the same
stellar density and morphology as the nitrogen-rich class, which
is reminiscent of similarly dense and massive star clusters dis-
covered at lower redshift, such as the Sunburst at z = 2.37
(Meštrić et al. 2023; Schaerer et al. 2024). It is also worth men-
tioning that the large specific SFR (sSFR) of the CG galaxy expe-
rienced in the past (up to 100 Gyr−1; see Sect. 4) also favors an
N-enhancement scenario (Topping et al. 2025). It could likely be
observed during its “off-mode” star formation, when most of its
stellar mass is already assembled in bound clusters, consistent
with a globular cluster-like environment.

The SFR inferred above for the CG galaxy under the assump-
tion of constant star formation yields a lower limit on ΣSFR
that already exceeds values typical of local galaxies (at least
under the current constraints that we have). This implies a phase
shorter than ∼20 Myr during which the ΣSFR was higher than
the estimate above; this is likely linked to efficient star clus-
ter formation. This conclusion follows from comparisons with
local star forming galaxies showing log(ΣSFR) > 0, which
are generally associated with star cluster formation efficien-
cies Γ & 50% (Adamo et al. 2020b), measured over compara-
ble timescales (10−20 Myr). However, it is important to stress
that in local galaxies, the mass in star clusters is insignificant
with respect to the total mass of the galaxy. This is not the
case in such galaxies as the CG. It is also worth noting that
the formation of five massive star clusters in the last 30 Myr
is remarkable in such a low-mass galaxy. As a reference, for
typically observed conditions in the local Universe, the mini-
mum total stellar mass a galaxy needs to form in order to sam-

ple one 106 M� cluster is '5 × 107 M� (e.g., Elmegreen et al.
2012; Elmegreen & Elmegreen 2017), which is the same amount
inferred in the CG galaxy. The presence of five such massive
clusters in the CG galaxy is statistically unexpected and there-
fore poses an interesting question on the possible large mass
fraction in star clusters in this early galaxy. This question is
addressed in the next section.

3. A preponderance of stellar clusters in the
Cosmic Gems arc

The quantity Γ reflects the clustering in space and time of the
star formation process, which spreads the stellar mass into many
individual clusters with a mass distribution often expressed as a
power-law slope of −2 (for linear intervals of mass) and an expo-
nential drop at some high cluster mass, Mc (Elmegreen et al.
2012; Adamo et al. 2020a). Depending on the environmental
conditions, Mc can be as high as 107 M� (Adamo et al. 2020b),
and the SCMF is essentially a power law up to the most mas-
sive star cluster formed (Elmegreen & Elmegreen 2017). In this
analysis we test different assumptions for Γ as described below.

For the sampling of the cluster mass function, we adopted
the functional form dn(M)/dM = n0Mβ; assumed three slopes,
namely β ' −1.5, −2.0, and −2.5; and integrated down to three
different (low) mass limits, Mlim = 102, 103.5, and 105 M�. We
first determined the fraction of stellar mass residing in star clus-
ters with respect to the stellar mass of the CG galaxy, using the
reported masses of the five star clusters from MM25. This esti-
mate was obtained as follows: the sum of the mass in the five
massive star clusters was used to normalize the mass distribution
of the entire star cluster population, which is integrated down to
a given Mlim (Elmegreen & Elmegreen 2017). In particular, con-
sidering the best delensed estimates of the stellar masses of the
five star clusters (6.02, 2.24, 1.05, 0.78, 0.93×106 M� for clusters
A, B, C, D, and E, respectively indicated in Fig. 2) and integrat-
ing the SCMF down to Mlim = 102 M� with β = −2, we obtained
a total mass in clusters (5.9 × 107 M�) that is 1.68 times higher
than the intrinsic mass of the CI (3.5 × 107 M�). This simple
calculation already suggests that the CG galaxy formed a popu-
lation of star clusters – including massive ones – very efficiently
and in a way that must be consistent with the total stellar mass
of the burst that produced them. However, the calculation must
incorporate the uncertainties in the observed cluster masses. We
accounted for these uncertainties by propagating them via Monte
Carlo sampling, as described below.

3.1. The fraction of star cluster mass in the Cosmic Gems
galaxy

The normalization of the SCMF depends on the lens model mag-
nification of each star cluster. In the following, we report the
results adopting the updated fiducial values of magnification for
each star cluster and µhost = 1.84 ± 0.05 (the effect of differ-
ent magnifications is shown in Appendix A). We include the
uncertainty of the stellar masses through a Monte Carlo process,
which extracts 1000 realizations of the five star cluster masses
drawn from distributions following their uncertainties. For each
set of masses (realization), we have the minimum (mmin), maxi-
mum (mmax), and the sum of the masses of the actual set of five
clusters (Sclusters). The normalization of the SCMF was properly
calculated at each Monte Carlo realization by requiring the inte-
grated portion of the SCMF between mmin and mmax be Sclusters
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Fig. 4. Monte Carlo realizations of the fraction of the stellar mass of the CG galaxy residing in the population of bound star clusters. The
uncertainties on the normalization of the SCMF and the stellar mass of the host galaxy are included (see the text for details). From left to right,
the SCMF is evaluated for slopes β of −1.5, −2.0, and −2.5 by adopting three different low-mass limits, as indicated in the legend of each panel.
Calculations have been performed assuming the fiducial magnification values (while the behavior with varying magnification is shown in Fig. A.1).
The vertical line bar marks the case where the total stellar mass of the star clusters equals that of the host galaxy (fraction equal to 100%).

(the same results can be obtained if we consider the number of
clusters in place of integrated mass).

Once the normalization was calculated at the given Monte
Carlo extraction, the inferred stellar mass of the full star cluster
population (mtot

SC) integrated in the mass range Mlim to mmax was
compared to the delensed stellar mass of the CG galaxy, mCG
(inferred from the CI, including its uncertainties on the mass
and µhost). The term Mlim is the adopted minimum cluster stel-
lar mass. The resulting mass fraction (mtot

SC/mCG) of the stellar
mass located in the star cluster population calculated adopting
the fiducial magnification case and varying the slope of the mass
function (β = −1.5, −2.0, and −2.5) and the Mlim is shown in
Fig. 4 (the behavior as a function of the magnification is dis-
cussed in Appendix A). Depending on the assumptions, the dis-
tributions in the figure show that the stellar mass of the CG
galaxy cannot indiscriminately accommodate all the solutions.
The galaxy does not have enough stellar mass to accommodate
a cluster population with a SCMF of slopes −2.5 even when a
very high Mlim is used (nearly all realizations exceed the mass
of the host galaxy). On the other hand, a top-heavy SCMF with
a slope of −2.0 < β < −1.5 and an increasingly high Mlim pro-
duces mass fractions peaked at 100%; that is, it is more likely
that the galaxy has sufficient mass to accommodate a cluster
population even if there is still a large fraction of the host mass
located in star clusters. In general, if the SCMF is sampled down
to a mass limit of 104 M� or lower, it is more likely that it is
top-heavy. If we look at the mass fraction as a measurement of
Γ, this exercise implies that cluster formation efficiency is very
high and almost reaches unity, as the full mass of the galaxy is
nearly located in the star clusters. While it has been argued that
the IMF may turn top-heavy at high redshift and/or low metal-
licity (e.g., Chon et al. 2021; Steinhardt et al. 2023; Meena et al.
2025), adopting a top-heavy IMF for the CG galaxy is unlikely
to challenge these conclusions. If the actual IMF indeed features
a flatter slope than the standard IMF or an extension to much
higher stellar masses, then an analysis based on the standard
IMF could cause the total stellar masses of young stellar sys-
tems to be overestimated. However, since the CG star clusters
and the CI display similar SED shapes (and consequently sim-
ilar estimated ages), such putative mass offsets are likely to be
similar in the star clusters and the overall galaxy, thereby cancel-
ing out any significant effect on the inferred mass fraction of the
clusters.

3.2. Stochastic sampling of the star cluster mass function

In this section we derive the likelihood of forming at least five
massive star clusters with masses >106 M� assuming a fraction
of the galaxy mass, mtot

SC = mCG · Γ, is in bound star clusters.
We adopted mCG = 3.5 × 107 M� (the stellar mass of the host
galaxy, Sect. 2.2) and Γ = 1.0 (100%, the full galaxy mass)
and Γ = 0.5 (50%, half of the galaxy mass). The random sam-
pling of the SCMF was performed assuming slopes, β, from −2.5
to −1.5 (with steps of 0.25) and a low-mass limit (Mlim) from
102 M� to 105 M�. The higher-mass end of the distribution, i.e.,
the maximum cluster mass, was chosen as half of the available
galaxy mass in clusters (0.5 · mCG · Γ). One thousand realiza-
tions have been performed for each combination of parameters.
For each realization, the process stochastically generates a syn-
thetic population of star clusters that obeys the aforementioned
set of parameters. In particular, the specific masses of individual
clusters and the number of clusters vary from run to run (since
high-mass clusters are rare, they “use up” more of the total bud-
get), and the presence or absence of massive outliers depends on
chance (especially near the maximum cluster mass).

The resulting probabilities of forming at least five massive
star clusters (mass >106 M�) are shown in Fig. 5. Consistent with
the results discussed in the previous section, a top-heavy SCMF
with a slope shallower than −2 (−1.8, −1.5) and/or a higher min-
imum cluster mass limit (Mlim) is clearly preferred. Only max-
imizing Γ to 100% and pushing the low-mass limit of the mass
function to higher values does allow for reasonable solutions (i.e.
probabilities �1%) in case of slopes close to −2. In general,
solutions with slopes steeper than −2 have a very low (.1%)
likelihood under all assumptions.

These results are, to some extent, dependent on the effective
resolution and our ability to identify individual massive clusters.
Although it is unlikely that parsec-scale objects are composed of
unresolved subcomponents (i.e., lower-mass star clusters), it is
worth noting that the same result is obtained even when the clus-
ter masses are halved and their number doubled. Finally, shal-
low slopes of the SCMF (−1.5 or −1.25) might overproduce the
number of massive star clusters relative to the observed popula-
tion (i.e., those with masses above 106 M�) and rapidly saturate
the fraction of the CG stellar mass assumed to reside in star clus-
ters. This results in an overall lower probability of finding at least
five massive clusters at small values of Γ, as illustrated in Fig. 5
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Fig. 5. Statistical sampling of the SCMF. The color coded probability
of having five or more massive star clusters (with masses exceeding
106 M�) is shown as a function of the slope of the stellar cluster mass
function (SCMF, β) and the low-mass limit used to integrate the SCMF.
The top panel presents the scenario where the entire mass of the CG
galaxy is composed of stellar clusters (Γ = 100%), while the bottom
panel illustrates the case with Γ = 50%.

by comparing the top and bottom panels. Even in the case of
Γ = 100% (i.e., 3.5 × 107 M� resides in star clusters) – the most
favorable scenario for forming massive clusters – the expected
number of massive clusters for a top-heavy SCMF rarely exceeds
ten, with the probability of having at least ten clusters more mas-
sive than 106 M� remaining below 5%. Finally, we verified that
the results remain unchanged when adopting a Schechter formal-
ism with M? equal to the cluster mass cutoff described above,
0.5 · mCG · Γ, and the same slope on the power-law side.

The observed massive star clusters in the CG arc can be
attributed to a combination of factors, including a top-heavy
SCMF combined with a high fraction of the host galaxy’s star
formation occurring in bound star clusters (high Γ), and/or the
suppression of star cluster formation at the low-mass end. Vari-
ous feedback mechanisms, such as radiation, supernovae, winds,
and Lyman-alpha (Lyα) pressure, influence the initial shape of
the SCMF (Andersson et al. 2024; Nebrin et al. 2025), which
is ultimately connected to the IMF within clusters (Elmegreen
2006; Krumholz et al. 2019). These physical mechanisms can
affect the shape of the SCMF, but high-resolution simulations of
low-metallicity star cluster formation that include these physics
are, for the most part, still missing.

Using a cosmological zoom simulation, Sugimura et al.
(2024) found that the formation of massive bound star clusters
and the extreme burstiness observed in several high-z galaxies
is mainly produced by the effect of strong Lyman-Warner radia-
tion (far-UV) from Pop II stars in a low-metallicity environment.
This radiation leads to a hot interstellar medium through sup-
pression of H2 formation and cooling, thus increasing the Jeans
mass and the typical masses of star forming clouds. As shown
in Garcia et al. (2023, 2025), this mechanism leads to a flatten-
ing of the SCMF rather than an increase of the low-mass cutoff
of the mass function. The properties of the compact star clus-
ters in these simulations are in good agreement with those found
in the CG; however, there are some caveats. The galaxies sim-
ulated by Garcia et al. (2025) and Sugimura et al. (2024) have a
relatively low mass and low metallicity with respect to the CG
(Messa et al. 2025a). In more massive galaxies, when invoking
simple scaling arguments, we may expect stronger bursts of star
formation and more massive gas clouds for a given power-law
slope of the SCMF. These scaling relations may balance out
the effect of increased gas metallicity, but more simulations of
higher-mass galaxies need to be run to confirm this hypothe-
sis. In addition, it is also possible that some physical ingredients
are still missing in these simulations that may further increase
the Jeans mass in the interstellar medium even at higher metal-
licities, for instance heating from cosmic rays and X-rays from
binary stars, accreting intermediate-mass black holes, or micro-
active galactic nuclei.

The conditions for star formation in these high-redshift com-
pact galaxies (the five clusters are located in a region spanning
about 70 pc, while from the CI we derived a very small size for
the entire galaxy) drive very high star formation surface densities
that in turn contribute to elevated Γ values (Adamo et al. 2020b;
Li et al. 2018). Recently, Lyα feedback has been proposed as
a dominant process that might suppress the formation of low-
mass star clusters (Nebrin et al. 2025). Despite the very high
lensing magnification factors, completeness limitations related
to resolution and depth hinder the ability to count or disentan-
gle individual star clusters down to low masses (103−104 M�).
The lack of detection of low-mass clusters in the CG arc might
imply that they have been suppressed. However, we cannot
exclude incompleteness. These limitations will be addressed in
a forthcoming study that will employ forward modeling sim-
ulations incorporating lensing uncertainties. Assuming a slope
of β = −2, in line with the observed local values for young
starbursts (.50 Myr; e.g., Whitmore et al. 2010; Linden et al.
2021; Adamo et al. 2020b) and with those derived from simu-
lations (Calura et al. 2025; Pascale et al. 2025; He et al. 2020;
Krumholz et al. 2019), our results suggest that large Γ values are
preferred in the CG galaxy along with a higher low-mass limit.

4. Star formation history

The observed magnitude of the CI in the F200W filter is 28.4 ±
0.1 (LB25), corresponding to an intrinsic magnitude of 29.1±0.1
after accounting for the lensing magnification factor, µ = 1.84.
This translates to an absolute UV magnitude of Mobs

UV = −18.4 ±
0.1 at the rest-frame λ ' 1800 Å. This value is about four times
fainter than the “blue monster” regime of the recently identi-
fied class of bright galaxies at z > 9 showing MUV . −20
(Whitler et al. 2025; Napolitano et al. 2025; Finkelstein et al.
2024; McLeod et al. 2024; Castellano et al. 2023; Donnan et al.
2024, 2025; Harikane et al. 2023, 2024; Pérez-González et al.
2023; Tang et al. 2025).
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We investigated whether the CG galaxy could have experi-
enced such a UV-bright phase in the past. The typical and funda-
mental source of uncertainty regarding the SFH arises from the
spatially unresolved formation histories of the internal regions,
which contribute collectively to the observed integrated light. In
addition, the absence of rest-frame optical coverage also pre-
vents us from deriving any solid conclusion about the presence
of old (&100 Myr, or z > 11.4 in the present case) stellar pop-
ulations and limits us to inferring an ultraviolet–B-band-based
SFH. This limitation also applies to the CI discussed here. How-
ever, the strongly magnified arc offers critical insight into the
formation histories of individual subcomponents of the galaxy.
The ages of the individual star clusters span a time interval
consistent with the formation timescale inferred from the CI
(9−27 Myr; Fig. 3). In particular, four of the five clusters formed
between 8 and 15 Myr ago (A, B, C, D), while the remaining
cluster (E) dates back to approximately 27 Myr ago (MM25).
Such a post-burst mode of the CG galaxy is also corroborated
by weak optical emission lines observed in new spectroscopic
JWST/NIRSpec observations (MM25). With a total intrinsic
stellar mass of '1.1 × 107 M� located in clusters A−E, formed
during an interval of time ∼20 Myr, the resulting minimum sSFR
is '50 Gyr−1 (when adopting a constant SFR). If we assume the
last burst made the bulk of the mass that we inferred from the
SED fitting (3.5 × 107 M�; see Fig. 3), then the CG galaxy was
very active in forming stars in the recent past (&10 Myr ago) and
likely appeared brighter in the ultraviolet than observed now.

This aligns with the relatively short formation timescale
inferred from the SED fitting, which describes the dominant UV-
weighted mass assembly of the CG galaxy. Figure 6 (top panels)
shows the fiducial SFHs obtained by the SED fit for the CI (left)
and for the sum of each individual star cluster (right). Rather
than the CI, we focus on the star clusters, which more directly
trace the most recent burst of star formation.

Two main effects drive the recent luminosity history of the
CG galaxy: (1) stellar aging and (2) dust extinction. To assess the
ultraviolet luminosity of the CG, we traced back the SFH of each
cluster using BPASS models to determine their age and mass at
each timestep2 and consequently the UV luminosity. The sum of
these luminosities, compared to the observed one, gave the UV
boosting factor (Fig. 6, top). In order to assess the uncertainties,
we ran 1000 Monte Carlo realizations, and in each realization,
we randomly drew the properties of each star cluster (most rel-
evantly, age and mass) from the posterior distribution used to
derive its best-fit properties in MM25 (see their Table 2). We
then repeated the process for finding the evolution of the ultra-
violet boosting factors and in particular of the maximum boost
reached in each realization, whose distribution is shown Fig. 6
(central). The median maximum boosting factor we obtained
is 3.1, with 16th and 84th percentiles of 1.9 and 4.5. In mag-
nitudes, the median brightening from aging alone is therefore
−1.23, occurring '15 Myr ago.

The current photometric, AV , estimates for the five clusters
span '0.2−0.4, while the host galaxy has AV ' 0.23 (MM25),
within 1σ uncertainty of AV inferred from the CI. When adopting
AV ' 0.2, the corresponding A1800 is '0.5 mag, computed from
A1800 = AVk(1800)/Rv using the Calzetti law (k(1800) ≈ 9.4,
RV = 4.05). Assuming the same attenuation for the host galaxy,
the dust-free MUV of the CI is −18.9 (from the observed −18.4
corrected by 0.5 mag). Therefore, in the absence of dust atten-
uation and accounting for aging alone, the CI was intrinsically

2 We left all other quantities (i.e., extinction, metallicity, and logU)
constant with time.

Fig. 6. Inferred past star formation activity for the five star clusters (left
panels) and for the CI (right panels). From top to bottom, the best-fit
solutions of the UV boosting factor (blue curve) and SFR (green curve);
Monte Carlo distribution of the maximum boosting factor with median,
percentiles, and fiducial values (see the text for details); Monte Carlo
distribution of the sSFR (median, percentiles, and fiducial values follow
the same color coding as in the middle panels).

brighter than MUV = −20 in 57% of the Monte Carlo realiza-
tions.

The key question is whether there existed a phase in which
dust attenuation decreased sufficiently to resemble a blue mon-
ster episode (i.e., high sSFR, very blue UV slope, UV bright).
The time evolution of A1800 is not directly measurable and must
be modeled.

We measured the sSFR of the system as the inverse of the
timescale needed to form its total mass3; the values found are
conservative estimates for the average sSFR during the entire
SFR event, but larger values could have been reached in the case
of a bursty SFH. Also in this case, the posterior distributions
from the SED fit were used to estimate uncertainties (Fig. 6,
bottom panels). The UV magnitude of the CG galaxy might
have experienced significant enhancement in the past, associ-
ated with periods of peaked sSFR. The data suggest that in more
than 55% of the cases, the sSFR exceeded 25 Gyr−1 during the
last burst, with values reaching 100 Gyr−1 (Fig. 6). This value
meets the critical threshold of 25 Gyr−1 proposed by Fiore et al.
(2023; see also Ferrara et al. 2023) as the condition for the onset
of radiation-driven outflows, which has been suggested (among
other mechanisms; e.g., Finkelstein et al. 2024) to explain the
overabundance of bright blue galaxies observed at z > 9. In par-
ticular, in this scenario outflows develop when a galaxy expe-
riences a super-Eddington phase boosted by stellar radiation
in compact and dusty galaxies. Recently, Nakazato & Ferrara
(2024) studied 20 galaxies at z > 10 and investigated if they
experienced a dusty outflow phase in their recent past. The same
analysis of Nakazato & Ferrara (2024) applied to the CG galaxy
suggests that it was indeed able to develop such a radiation

3 In the five cluster case, this time is set by the onset of the SFR event
for the oldest cluster.
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driven outflow about 10 Myr before observations, consistent with
the above mentioned sSFR activity and the recent burst traced by
the ages of clusters A, B, C, and D about 8−15 Myr ago. Based
on these tests, the CG galaxy would have appeared as a blue
monster had it been observed a few million years earlier, during
its bright phase.

The more time-compressed the star cluster formation events
are, the greater the resulting boost in both ultraviolet luminos-
ity (modulo dust attenuation) and the galaxy-wide sSFR. At
very high redshift, the stochastic nature of star formation fur-
ther amplifies this UV enhancement. However, this effect alone
still appears insufficient to account for the observed overabun-
dance of bright z ∼ 10 galaxies (e.g., Pallottini & Ferrara 2023;
Carvajal-Bohorquez et al. 2025).

The high cluster formation efficiency, Γ, measured for the
CG galaxy (Sect. 3), combined with its low dust attenuation, also
supports the feedback-free scenario proposed by Dekel et al.
(2023, see also Williams et al. 2025). In this framework, rapid
gas accretion is converted into stars with near-unity efficiency,
triggering successive starbursts that enhance the ultraviolet lumi-
nosity. The bound stellar remnants from these bursts subse-
quently appear as massive star clusters.

Ultimately, a combination of the aforementioned mecha-
nisms is likely responsible for shaping the z > 9 ultravio-
let luminosity function. Additional spectroscopic observations
of CG-like systems are needed to further investigate these
scenarios.

5. Final remarks

The CG galaxy is the first example of a z ' 10 source in which
parsec-scale star formation and individual stellar clusters are
probed. We observed five massive star clusters likely formed
within the last 30 Myr. We assumed that the SCMF follows a
power-law distribution with a given slope. After normalizing the
high-mass end to the five massive clusters and assuming a high-
mass cutoff (taken as half of the galaxy’s mass), a minimum
star cluster mass in the integration (Mlim), and a value for the
cluster formation efficiency (Γ), the total stellar mass in clusters
exceeds the stellar mass formed during the host galaxy’s most
recent burst in several combinations of explored SCMF slopes
and Mlim. The results of this exercise suggest that for Γ = 0.5
(and even Γ = 1), a fully populated SCMF with slope β = −2
or steeper and a lower mass cutoff of Mlim < 104 M� is highly
unlikely, as it would predict more mass than is actually available
from the galaxy’s last burst. Solutions that favor larger values
of Mlim may point to two not mutually exclusive effects: (i) The
formation of low-mass bound star clusters might be inhibited
due to early feedback (e.g., Lyα feedback, Nebrin et al. 2025)
and/or (ii) an environmental dependence related to the inter-
stellar medium surface density such that the higher the density,
the higher the minimum mass of the bound stellar clusters that
reshapes the initial SCMF (e.g., Trujillo-Gomez et al. 2019).

Although it remains to be tested whether by z ' 10 sufficient
time has elapsed for low-mass clusters to be destroyed by intense
stellar feedback, tidal shocks, and other dynamical processes,
it is also noteworthy that disrupted clusters would significantly
contribute to the total stellar mass of the galaxy. Flatter SCMF
slopes than the canonical β = −2 have also been reported in cos-
mological simulations of galaxies at z > 8. Garcia et al. (2023)
found slopes ranging from β ∼ −1.4 to −1.7, with a tendency for
the slopes to steepen over time following each starburst episode.
After the initial burst of star formation at z > 10, they measured Γ
values between 0.5 and 1. More recently, using an improved sub-

grid prescription incorporating a physically motivated star for-
mation efficiency in star forming gas clouds, Garcia et al. (2025)
found even flatter slopes of β ∼ −1.3, in agreement with the
findings presented in this paper.

In summary, by analyzing the CG arc and the CI, we found
the following:

– Under reasonable assumptions about the shape of the
SCMF, in order to reconcile the total stellar mass in the cluster
with the stellar mass of the burst in the host galaxy, a top-heavy
SCMF with β > −2 and/or a high Mlim are required, along with
a large fraction (Γ = 50−100%) of the galaxy mass located in
star clusters. These results weakly depend on the assumed mag-
nification of the arc. This study represents the first attempt to
investigate the properties of the SCMF and formation efficiency
at such small spatial scales in the early Universe (first 500 Myr
after the Big Bang). The results are based on observations of
a single galaxy, and additional statistical samples will be neces-
sary to confirm whether the occurrence of massive star clusters in
relatively low-mass galaxies is a common phenomenon at early
epochs.

– The CI provides a comprehensive view of the CG galaxy.
Based on the SED fitting and Galfit modeling, the stellar mass
and effective radius are estimated to be 3.5(1.7−6.9) × 107 M�
and '100 pc, respectively, which implies a high stellar surface
density of Σmass ' 520 M� pc−2. The currently delensed ultravi-
olet luminosity (MUV = −18.4) and the presence of massive star
clusters spanning the age interval 8−27 Myr, in which the bulk
of hot and massive stars already died (MM25), suggest that this
galaxy was more luminous in the past, potentially encompassing
the blue monster regime. The detailed star formation history is
currently limited by the JWST/NIRCam photometry and NIR-
Spec spectroscopy probing ultraviolet/B-band rest-frame wave-
lengths. However, it is worth noting that the more compressed
the star cluster formation events are (back in time), the higher
the intrinsic luminosity of the galaxy. The best-fit solution from
the SED-fitting and spectral analysis by MM25 suggests that the
CG galaxy approached MUV ' −20 and likely experienced a
large sSFR (>50 Gyr−1).

This is the first evidence that baryon concentration in the
early Universe (e.g., Renzini 2025) was highly efficient in form-
ing systems dominated by massive stars, which likely played a
pivotal role in driving the ionizing properties of early galaxies as
key agents of the reionization process (He et al. 2020). Massive
star clusters host (very) massive stars, eventually enhancing both
the ionizing photon production efficiency (e.g., Schaerer et al.
2025) and likely the escape fraction of ionizing photons (e.g.,
Vanzella et al. 2020, 2022; Rivera-Thorsen et al. 2019, 2024).

Future large telescopes working with diffraction limited
PSFs of ∼10 milli-arcseconds (e.g., ELT/MORFEO-MICADO,
Ciliegi et al. 2024; Sturm et al. 2024) will allow a significant
quantum leap to be made when targeting moderately lensed
galaxies, as they will enable parsec-scale physical regions
(<10 pc) with modest magnification (µ < 10) to be probed. In
fact, a magnification of µ > ×5 is formally sufficient to reach the
stellar cluster size regime (see the discussion in Vanzella et al.
2021 on future extreme adaptive optics facilities). Ongoing key
JWST massive surveys on lensed fields (e.g., the Vast Explo-
ration for Nascent, Unexplored Sources large program, VENUS,
with 300 hours allocated, n.6882 cycle 4, PI Fujimoto) will pro-
vide ideal targets for the extremely large telescopes. Observa-
tions of the CG arc with a 10 milli-arcsecond PSF resolution
will enable sub-parsec light profile analyses at redshift z ' 10
along with potentially locating the region hosting the star cluster
within the CI.
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Fig. A.1. Fraction of the stellar mass of the CG galaxy residing in the
bound star cluster population. The SCMF is integrated down to the min-
imum stellar mass of 102 M�. Each panel presents four histograms, rep-
resenting the fraction of stellar mass in star clusters calculated using
four different sets of magnifications as indicated in the legend (left
panel, and see text for more details). The green vertical line indicates
the total stellar mass of the host galaxy located in star clusters.

Appendix A: Varying the magnification of the
Cosmic Gems arc

Three lens models were presented in LB25 all yielding compara-
ble magnifications of the arc. MM25 present new models based
on additional multiple systems confirmed in the redshift range
1−6 with VLT/MUSE spectroscopy (PI. F. Bauer, prog. 0112.A-
2069(A)). In this work, we adopt the new fiducial magnification
values reported by MM25. The magnifications for the five star
clusters including their statistical errors (A, B, C, D, and E) can
be written as V = k·(48+4

−4, 92+12
−11, 124+20

−17, 167+32
−26, 323+125

−82 ), where
k = 1.0 corresponds to the fiducial case.

We then investigated how the results change with variations
in V . Figure A.1 presents the same quantities as in Fig. 4, adopt-
ing three different sets of V corresponding to k = 0.5, 1.0, 2.0
and 4.0 (half-fiducial, fiducial, double-fiducial and four times
fiducial magnifications, respectively). These values were chosen
to explore a wide range of uncertainties4 reported in MM25. The
magnification gradient along the arc is maintained as suggested
by the current fiducial model (MM25), for simplicity. The SCMF
is integrated down to a minimum cluster mass of 102 M�. The
magnification of the CI is fixed to µhost = 1.84 ± 0.05.

Lowering the magnifications below the fiducial values (k <
1) strengthens the conclusions of this work. Specifically, reduced
magnifications (e.g., k = 0.5) result in a higher mass fraction
residing in clusters for any value of β adopted in the SCMF, often
approaching or even exceeding the stellar mass of the CG galaxy.
Conversely, significantly higher magnifications (e.g., k = 4.0)
would be needed to align the stellar mass of the cluster popu-
lation with values below that of the host galaxy while keeping
more relaxed slope of the SCMF and/or minimum stellar mass
and/or Γ. However, it is worth noting that in this case the magni-
fication values are not consistent with any of the lens model pre-
dictions described in MM25, and in addition they would imply
significantly high stellar mass densities within the star clusters,
much higher than those reported by AA24 and MM25. Rather,
and more likely, the fiducial magnification values (k = 1) repre-
sent the best scenario, which eventually suggest a possible top-
heavy shape of the SCMF, and/or an high Mlim, and/or a large Γ
in the CG galaxy.

4 In more detail, 0.5 ≤ k ≤ 2.0 covers the uncertainty range of the
reference lens model used in MM25, while k = 3 and 4 are included to
consider significant deviation from the best fit lens models.

Fig. B.1. Corner plots for the CI obtained with and without including
the F150W band. Symbols and lines follow the conventions described in
Fig. 3. The best-fit parameters remain largely consistent overall; how-
ever, differences appear in the posterior distributions of τ and stellar
mass distributions (see text for details).

Appendix B: Spectral energy distribution fitting of
the counter image

Figure B.1 displays the corner plots from the SED fitting of
the CI carried out with and without the JWST/NIRCam F150W
band. As shown by MM25 and Christensen et al. in prep., the
spectrum exhibits a pronounced Lyα “damping wing" just red-
ward of the line center. The resulting flux depression in F150W
is clearly visible in Fig. 3 and matches the deficit measured in
the higher–S/N SED of the full arc (LB25). With the spectro-
scopic redshift now firmly established at zspec = 9.625, we can
understand why the original photometric redshifts were over-
estimated, zphot = 10.22 ± 0.20 for the arc and 10.8+0.6

−1.4 for the
CI. The fitting algorithm interpreted the F150W attenuation as
the onset of the intergalactic Lyα break sliding into that filter,
whereas at z = 9.625 the break lies blueward of F150W and
the flux deficit is instead caused by the intrinsic (or local-CGM)
damping wing. Including the F150W point in the fit therefore
forces the model SED to bend away from an otherwise consis-
tent solution. Because the exclusion of F150W does not change
the best-fit stellar mass or age, we omit this band in the final SED
fitting to avoid bias from the damping-wing absorption.
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