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The most distant galaxies detected were seen when the Universe was a scant 5% of its

current age. At these times, progenitors of galaxies such as the Milky Way were about
10,000 times less massive. Using the James Webb Space Telescope (JWST) combined
with magnification from gravitational lensing, these low-mass galaxies can not only
be detected but also be studied in detail. Here we present JWST observations of a
strongly lensed galaxy at z,,.. = 8.296 + 0.001, showing massive star clusters (the
Firefly Sparkle) cocooned in a diffuse arcin the Canadian Unbiased Cluster Survey
(CANUCS)". The Firefly Sparkle exhibits traits of ayoung, gas-rich galaxy in its early
formation stage. The mass of the galaxy is concentrated in 10 star clusters (49-57% of
total mass), with individual masses ranging from 10°M, to 10°M,,. These unresolved
clusters have high surface densities (>10°M_ pc?), exceeding those of Milky Way
globular clusters and young star clusters in nearby galaxies. The central cluster shows
anebular-dominated spectrum, low metallicity, high gas density and high electron
temperature, hinting at a top-heavy initial mass function. These observations
provide our first spectrophotometric view of a typical galaxy in its early stages, ina
600-million-year-old Universe.

The Firefly Sparkle is a gravitationally lensed arc identified with the
Hubble Space Telescope (HST) in the CLASH survey of the galaxy cluster
MACSJ1423.8 + 2404 (hereafter MACS 1423) and reported asaz > 7 can-
didate?. Follow-up spectroscopy using MOSFIRE on the Keck telescope
suggested aredshift of z=7.6 based on apossible Lyman-« (Lya) detec-
tion®. The Canadian Unbiased Cluster Survey (CANUCS)' revisited the
field with JWST*, using NIRISS®, NIRCam® and NIRSpec’. Imaging in 11
bands (0.8-5 um) showed along magnified arc with distinct star clusters
embeddedinalow surface brightness component extendingup to4’.
NIRSpec Prism spectroscopy, covering the central brightest region,
confirmed the high redshift (z;,.. = 8.296 + 0.001) through multiple
emission lines, with no Lya emission detected. The Firefly Sparkle has
two neighbours: Firefly-Best Friend (FF-BF) at z,.. = 8.2996 + 0.0008
andFirefly-New Best Friend (FF-NBF) at z,,.. = 8.2967 + 0.0016. All three
galaxies are shown in Fig. 1; this article focuses on the Firefly Sparkle
and its star clusters.

TheFirefly Sparkle residesin a highly magnified region lensed by the
MACS 1423 cluster, enabling us to resolve the galaxy down to its indi-
vidualstar clusters. We created a magnification model using Lenstool®®,
constrained by three multiple image systems?® with spectroscopic

redshifts from the CANUCS dataset. The model shows magnification
factorsbetween16 and 26. ANIRSpec Prismslitlet, placed on the high-
est magnification region at the centre of the arc, shows strong [O111]
emission, dominating the F444W flux and making the object appear
redinthe compositeimage (Fig.1). The projected half-light size of the
arcinthe source planeisonly 0.3 + 0.1 kpc, with most bright clusters
near the centre. Eight of the ten unresolved clusters (FF-3-FF-10) are
near the centre, whereas two others (FF-1and FF-2) lie along an elon-
gated arm, with a distance of 1.4 kpcbetween FF-1and the central clus-
ter FF-5 (all distances quoted in the paper are projected distances in
the source plane). Neighbour FF-BF is even more strongly magnified
(u=28.01%),located within 2 kpc of FF-1and also exhibits strong [O111]
emission, whereas FF-NBF is at adistance of 13 kpc with very faint [O111]
emission.

We use NIRCam and NIRISS imaging to study the resolved Firefly
Sparkle and explore the stellar mass distribution in the clusters ver-
sus the diffuse arc. Photometry, derived by joint modelling of the 10
clusters and the diffuse arc using GALFIT', shows that nine clusters
areunresolved, evenin the highestresolution F115Wimages. Only the
central cluster (FF-4) exhibits an elongated component and is fit with
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Fig.1| TheFirefly Sparkleisaredshiftz,,..=8.296+0.001gravitationally
magnified arclensed by the MACS J1423.8 + 2404 cluster. a, Full field with
the three objects of interest—Firefly Sparkle (centre), FF-BF (bottom left) and
FF-NBF (bottom right)—showninboxes and circles. The contours show the

aGaussianellipse (r.= 0.01). The diffuse arcis also fit with a Gaussian
ellipse. All11components are simultaneously fitin each filter to derive
thetotal flux (see section ‘Photometry of Firefly Sparkle’). We derived
an upper limit on the half-light radii (R < 0.02), which is 0.5 times
the FWHM of the PSF in the F115W image, for all 10 clusters, including
FF-4, whose deconvolved size is smaller than the PSF of the image.
As the tangential magnifications of the clusters range from y,, =12
to U, = 21, this results in an upper limit on the half-light sizes of less
than4-7pc.

We derive properties of theionization sources in Firefly Sparkle using
NIRSpec Prism spectra from two adjacent shutters (slit 1 and slit 2)
covering the central brightest region of the Firefly Sparkle. Spectra
and properties from slit 1are shown in Fig. 2, whereas spectra from
allslits (including BF and NBF) are shown in Extended Data Fig. 2. The
spectrum of slit 1 (including light from FF-6 and contributions from
FF-5 and the diffuse arc) shows a Balmer jump at A, = 3.5 um (ref. 11)
andasmoothturnoveratA,,, <1.4 um, possibly because of two-photon
continuum®. The absence of this feature in the spectrum at slit 2 (see
section ‘Photometry of Firefly Sparkle’) makes damping wing of neutral
hydrogen absorption unlikely. We infer significant nebular continuum
contribution to the overall SED for FF-6 and possibly other clusters with
similar high-EW line emission. The ionizing source effective tempera-
ture of T =10>' K, obtained by modelling the nebular continuum with
CLOUDY and from line ratios, after confirming the Balmer decrement
isdust-free (see section ‘Spectroscopy extraction and spectralfitting’),

F115W + F150W + F200W

lines of lensing magnifications (z =15,20,30 and 40). b, RGB (F444W, F277W
and F115W) image of the Firefly Sparkle showing different colours of the star
clusters.c, Combined short wavelength (F115W + F150W + F200W) image of
the Firefly Sparkle, in which the distinct clusters canbe seen. Scale bars, 1”.

suggests a hotter source than typical massive type O stars. Thisimplies
ahigher upper mass limit for the IMF or a top-heavy IMF“,

We derive the physical properties of the arc and the star clusters
by performing SED fitting using various models, including simple
stellar population (SSP) models and non-parametric star formation
histories using the Dense Basis method (see Methods for description).
SSP models are typically used in studies of star clusters in the local
universe, as both observational and numerical works find that they
canbeapproximated to single bursts, whereas other models allow for
extended star formation histories. Where spectrophotometry is avail-
able, weinclude NIRSpec Prism spectra along with NIRISS and NIRCam
photometry inthe twoslits (Extended DataFig. 4), followed by photo-
metricmodelling of the properties of the individual clusters. Extended
Data Table 2 shows the properties of the 10 clusters from the four
different fits.

The demagnified stellar masses of the 10 clusters are about 10°-10°M,,
when fit with SSPs, similar to those of globular clusters. The surface
density of the star clusters ranges between 10> and 10*M, pc ™, similar
to Milky Way globular clusters® (see Fig. 3b adapted fromref. 14). Dense
Basis fits, accounting for extended star formation histories, indicate
higher masses and specific star formation rates (sSSFR) of about 107 yr™,
showingasharp risein the past10-100 Myr. The precise nature of the
clusters depends on theinterpretation of their star formation histories.
If seen as star clusters, their masses lead to crossing times of 1-4 Myr.
Combined with their age estimates, this puts them at t,,./t 05~ 1-2,
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Fig.2|Physical properties of the Firefly Sparkle. The physical properties
measured from the NIRSpec and Prism spectra, whichinclude light from FF-6
aswell as fractional contributions from FF-3, FF-4 and FF-5 (Fig. 1). a, Positions
oftheslitletsonthearc.b, The 2D NIRSpec spectrum for slit1(middleline,
containing light from FF-6 with minor contributions from FF-5 and the diffuse
arc) andslit 2 (top line, containing light from FF-4 with minor contributions
fromFF-3and the diffuse arc) and the 1D spectrum of slit1only (see Extended
DataFig. 2 forslit2spectrum).c, Likelihood of the effective black-body
temperature and electron temperature from CLOUDY modelling of the nebular

whichindicates that they are marginally bound. By contrast, if they are
nuclear star clusters or the remnants of dwarf galaxies that have previ-
ously merged with the system, their ages are consistent with having
survived several crossing times, and they are likely to remain bound
until ejected from the system or integrated into the nucleus. The
smooth component of the arc has more demagnified mass than any
individual cluster, atlog(M,/M,) = 6.7*33 and an sSFR similar to the
star clusters (Fig. 4). The total demagnified mass of Firefly Sparkle is
log(M, /M) = 7.03,'%, one of the lowest stellar mass objects observed
at this epoch, similar in stellar mass to the progenitor of a Milky Way
mass galaxy at z - 8 (Fig. 3).

Theslit1region shows extremely low metallicity (log(Z/Z4,5) =
-0.56'0%, 12 +log(0/H) =7.05:322) , among the lowest observed at
z> 6 (refs. 9,15,16). Our analysis of slit 1 using varying power-law slopes
ofthe Kroupa IMF in FSPSindicates an excess of high-mass stars. Both
SSP and Dense Basis fits show a preference for top-heavy IMFs in the
MILES + MIST fits (Fig. 2). The high-mass star excess results ina domi-
nant nebular continuum and high equivalent width emission lines'.
The fits rule out top-light IMFs (a = 2.3) and prefer top-heavy slopes
(agin=1.7102), consistent with a high ionizing source effective tem-
perature of more than 40,000 K.

The current analysis has several limitations. The spectrophotometric
models areinfluenced by star formation history, stellar population and
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continuum (1,30 and Soshown by contours). The slit1 region exhibits electron
temperature of T,..on - 20,000 K, and ionizing source effective temperature of
Tetreciive - 10° K. d, Emission line diagnostics estimated from the fitted line ratios
forRO3 and 032 hints at ametal-poor stellar population. Error bars show 1o
uncertainties on theline ratios as derived in section ‘Spectralfitting in Firefly
Sparkleslit1. e, Marginal likelihood for the high-mass IMF slope fromjoint
spectrophotometric fitting with DENSE BASIS and SSP fits suggest atop-heavy
IMF (a < 2), full posteriors shown in Extended Data Fig. 4.

photoionization data, affecting estimates of stellar masses, IMF and star
formation histories (SFH). Future JWST observations will provide bet-
ter constraints. Inthe meantime, we have mitigated the impact onour
interpretation by using fourindependent SED models and focusing on
aspectsthatare commonto the models, and by providingindependent
measurements where possible (for example, electron temperature).
Improvements to population synthesis models and refinementsin the
lens magnification model would help, although the estimated ages,
sSFR and surface densities would be mostly unaffected.

Irrespective of these limitations, the Firefly Sparkle provides insights
into the early galaxy formation. With massive star clusters exhibiting
high surface density, low metallicity, high electron temperature and
hints of a top-heavy IMF, the Firefly Sparkle exhibits the hallmarks
of star formation in extreme environments, consistent with sce-
narios such as pressure-regulated feedback dominated star forma-
tion”"%, although further observations of the gas mass are needed
to ascertain this. The stellar mass of the galaxy is consistent with
progenitors of Milky-Way-like galaxies, derived using the abundance
matching method?** and TNG50 simulation?. The Firefly Sparkle
suggests that early galaxy assembly can occur by dense star clusters
aswell®%,

TheFirefly Sparkleis the farthest spectroscopically confirmed galaxy
with well-resolved star clusters, made visible by gravitational lensing
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circles for spectroscopy and unfilled circles for photometry?**7-*%), The Firefly
Sparkleisone of the lowest stellar mass systems observed and the only with
spectroscopically confirmed star clustersatz> 8.b, The surface density of the
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Fig.4|Thesmoothcomponentofthearc.a, Image of the Firefly Sparkle, FF-BF
and FF-NBF. b, Non-parametricintegrated star-formation historiesasafunction
oflookback time of these three galaxies reconstructed from SED fitting. The
Firefly Sparkle and FF-BF both show arecent burst of star formation in the past
approximately 50 Myr indicative of recentinteractions. ¢, The source plane RGB
(F444W,F277W and F115W) image of the Firefly Sparkle.d, The source plane
stellar mass surface density map of the Firefly Sparkle reconstructed fromthe
individual SED fits of the components and its source plane model; 49-57% of
thetotalstellar massis concentrated in the star clusters. Scale bars, 1kpc.
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star clustersin the Firefly Sparkle and their sizes are shown, colour-coded by
their ages from the SSP-MIST + MILES model. Nine of the ten star clusters are
unresolved; hence an upper limit on the demagnified sizes (HWHM/,,,,) and a
lower limit on the surface density are shown. Other high-redshift star clusters
inmagnified galaxies (Sunburst?®, Sunrise?** and Cosmic Gems') are shown
for comparison. Milky Way globular clusters**and young star clustersin
star-forming spiral galaxies in the Local Volume (distance less than16 Mpc)*?
arealsoshown. The Firefly Sparkle star clusters are denser thanlocal star
clusters butare comparable to the higher redshift analogues.

andJWST sensitivity. JWST observations, combined with those of other
distant galaxies'>'*??’, open anew area of study into the role of massive
star clusters in early galaxy formation. These sites of dense and rapid
star formation in distant galaxies have an uncertain future. They may
survive as present-day globular clusters® or be stripped by tidal forces
in the nascent disk of the galaxy to become nuclear star clusters® >,
Some clumps may evensurvive tidal stripping and loss, as simulations
suggest that they can reaccrete gas in the turbulent environment*.
Future observations by JWST and ALMA will help distinguish these
possibilities.
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Methods

Image preparation

The cluster field MACSJ1423.8 + 2404 was observed withJWST/NIRCam
imaging using filters FO9OW, F115W, F150W, F200W, F277W, F356W,
F410M and F444W with exposure times of 6.4 ks each, reaching a
signal-to-noise ratio between 5 and 10 for an m,; = 29 point source.
It was also observed with JWST/NIRISS imaging using filters F115W,
F150W and F200W.

Toreduce theimaging data, we use the photometric pipeline thatis
presented inmore detail inref. 44. Briefly, the raw data has beenreduced
using the public grism redshift and line analysis software Grizli*’,
which masks imaging artefacts, provides astrometric calibrations
based on the Gaia Data Release 3 catalogue® and shifts images using
Astrodrizzle. The photometric zero-points are applied as described in
ref. 34. RGB image created using six filters of NIRCam observation of
theFirefly Sparkleis showninFig.1. We used images from which bright
cluster galaxies andintracluster light have been removed, as described
inref. 25. The methodology for modelling and removing diffuse light
from cluster galaxies and intracluster light (ICL) is presented inref. 25.
The NIRCam depths (0.3’ diameter aperture) for FO9OW, F115W, F150W,
F200W, F277W,F356W,F410MandF444Ware7.2,6.6,5.2,4.4,3.0,2.9,
5.5and 4.3 nJy, respectively, and the NIRISS depths for F115WN, FIS0WN
and F200WN are 3.6, 4.3 and 4.0 n)y, respectively*.

Photometry of Firefly Sparkle

We perform photometry in 10 JWST bands (NIRISS: F115WN, F1I50WN
and F200WN; NIRCam: F115W, F150W, F200W, F277W, F356W, F410M
and F444W) in which the Firefly Sparkle is detected from their mor-
phological fit with GALFIT. In other JWST and HST filters, the Firefly
Sparkleis not or barely detected; hence, we place upper limits for the
entiresource. Asthe objectis resolvedinto atleast 10 distinct clusters
and adiffuse galaxy component, we perform a morphological fit using
Galfit'® to extract the photometric information.

Point spread functions are extracted empirically by median stack-
ing bright, isolated, non-saturated stars following the methodology
described inref. 28. Convolution kernels for homogenizing all data
to the F444W resolution are created with photutils.psf.matching
using a SplitCosineBellWindow() windowing function to remove
high-frequency noise, which results from floating-point imprecision
when taking the ratio of Fourier transforms. We optimize the shape
of each window function to minimize the median residual between
convolved stars from each source filter that is convolved and stars
from the target F444 W filter.

For the morphological fit, we create 10” x 10” postage stamps in all
10 filters from the BCG-subtracted images. We determine the priors
for the centres of the 10 clusters by visual inspection. Although nine
out of the ten appear as point sources, FF-4 has an elongated shape
and appears unresolved. We first determine the central coordinates of
the 10 clusters and the arc by fitting (1) an elliptical Gaussian for FF-4;
(2) nine point sources for the other nine clusters; and (3) another ellip-
tical Gaussian with the bending mode turned on for the diffuse arc to
the F115W image, which has the highest resolution (smallest PSF). The
free parameters are the centres and total fluxes of all the components,
the radius and axis ratio of FF-4, and the radius, axis ratio and bend-
ing mode (B2) of the arc. The initial guesses for the coordinates were
determined by visualinspection of the F115Wimage. Once we obtain the
fitted central coordinates of all the components from F115W, we again
fitall 11 components in F444W, which has the highest signal-to-noise
ratio for the arc and FF-4, to determine the radius, axis ratio, position
angles of the ellipses, and the bending mode B2 of the arc.

We use the best-fit centre coordinates from F115W as the central
coordinates in all the filters. However, instead of fixing the central
coordinates, we allow GALFIT tofit for themin every filter withinavery
narrow range of +0.5 pixels (0.02”) to account for the uncertainty in

the PSF centre. We also fix the bending mode B2 (2.14), ellipse radius
(3.9”), axis ratio (0.08) and position angle (-51.8°) of the arc from the
F444W fit. We fix the morphology of FF4 also with radius = 0.59”, axis
ratio = 0.1and position angle = -53°.

Wenow fitall11componentsinall10filters to determine their fluxes.
The resulting models and residuals are shown in Extended Data Fig. 1.
Residuals from the fits are negligible, as shown by x?/v - Lin the GALFIT
fitsin allfilters. This confirms the original visual impression that nine
of the ten clusters are unresolved and an additional smooth compo-
nentis present.

To derive the uncertainty in our flux estimation, we inject the full
Firefly Sparkle model in 100 random locations in our 10” x 10” post-
age stamps (avoiding the edge) and refit with the exact same setting
of GALFIT. We find no significant systematic offset between the fitted
flux and theinjected flux for any of the 11 components, in any of the fil-
ters, showing that our photometric technique is robust to background
variationsacross allfilters. The uncertainty inthe photometry is calcu-
lated from the bi-weight scale of the 100 refitted fluxes. The resulting
photometry and the RGB image of the model and the residual are shown
in Extended Data Fig. 1. The agreement between NIRISS and NIRCam
fluxes in the three overlapping filters is another confirmation of the
robustness of photometry. We have used updated zero-points* and cor-
rected for Milky Way extinction using the colour excess £(B - V) = 0.0272
fromref. 6 and assuming the extinction law in ref. 35 using the factor
between the extinction coefficient and colour excess R, = 3.1.

Spectroscopy extraction and spectral fitting

NIRSpec spectroscopy has been acquired for MACS J1423.8 + 2404
and spectra were obtained for the Firefly Sparkle, FF-BF and FF-NBF.
The spectra for the FF-BF were part of the sample in ref. 23, with
Zgpec =8.2953 +0.0005. The spectra were observed using the PRISM/
CLEAR disperser and filter, through three Micro-Shutter Assembly
(MSA) masks per cluster with a total exposure time of 2.9 ks per MSA
configuration.

The NIRSpec data were processed using the STScl JWST pipeline
(software v.1.8.4 and jwst_1030.pmap) and the msaexp package?.
We used the standard JWST pipeline for the level 1 processing, in
which we obtained the rate fits files from the raw data. We enabled
the jump step option expand_large_events to mitigate contamina-
tion by snowball residuals and used a custom persistence correction
that masked out pixels that approach saturation within the following
1,200 s for any readout groups. We then used msaexp for level 2 pro-
cessing, for whichwe performed the standard wavelength calibration,
flat-fielding, path-loss correction and photometric calibration and
obtained the 2D spectrum before background subtraction. As the
central and upper shutters contain different clusters (see Fig. 2a to
find the shutter positions), we need custom background subtraction
to avoid self-subtraction. We did this by building the background 2D
spectrum by stacking and smoothing the sky spectrum in the empty
pixels and obtained the background subtracted 2D spectrum of Fire-
fly Sparkle. We confirmed that this custom background subtraction
method works as well as a standard drizzle background subtraction
method used in theliterature®, using a well-isolated galaxy spectrum
fromthe CANUCS observation (Asadaetal.,in prep.). We finally extract
the 1D spectrum separately in slit 1 and slit 2, by collapsing the 2D
spectrum using an inverse-variance weighted kernel following the
prescriptioninref. 24. We verified that the uncertainty array of the 1D
spectrum has the appropriate normalization by testing the distribu-
tion of spectral fluctuations in an empty sky region and finding the
fractions of pixels at >1 and >2¢ as expected.

Spectral fitting in Firefly Sparkle slit 1. The resulting 1D spectrum of
Firefly Sparkleinslit1l, dominated by the cluster FF-6,is showninFig.2.

The spectrum exhibits a Balmer jump at A, ~ 3.5 pmand a turnover
at A, S 1.4 um, probably because of two-photon emission. These
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features suggest that the nebular continuum should dominate over
the stellar continuum in the rest frame UV to optical spectrum within
slit1(as found for a z= 5.9 galaxy in ref. 12). We thus model the con-
tinuum of the spectrum with nebular continuum using the photoion-
ization code CLOUDY v.23 (ref. 5). To determine the dust attenuation
value in the continuum model fitting, we first measure the Hy/HpB ratio
by fitting the Gaussian profiles. The ratio agrees well with the case B
recombination, and no significant dust attenuationisindicated. There-
fore, in the continuum spectral modelling, we use pure hydrogen gas
irradiated by anionizing source having black-body SED without dust
attenuation. We vary the effective temperature of the black body (7.¢)
and the electron temperature of the (ionized) hydrogen gas (T, ;+),
and search for the best-fitting model continuum by x*> minimization.
In the continuum fitting, we mask out emission line regions and
all wavelengths A, <1.2 pm at which the Lyman break is seen in the
slit 2 spectrum, because this region may be affected by a neutral
hydrogen damping wing. The best-fit model has log(T.q/K) = 5.10 and
log (T, y+/K) =4.34, whichis fully consistent with the results in ref. 12.
The result of continuum fitting does not change if we consider aslight
dustattenuation (4, = 0.1 mag) in thefitting. As discussed inref. 12, the
effective temperature of log(7./K) = 5.10 is much hotter than typical
massive type O stars and is suggestive of this star-forming cluster
having a top-heavy IMF. The IMF of this cluster is further discussed in
section ‘SED fitting analysis’.

Note that the UV continuum turnover feature could be because of
theabsorption from dense neutral hydrogen eitherin the intergalactic
medium (IGM) or in the circumgalactic medium (CGM). However, inthe
case of slit 1 spectrum, we expect the effect of IGM and CGM damping
absorptiontobe negligible or limited atA,,, <1.2 pmbased on the blue
continuum and sharp drop-outintheslit 2 spectrum (see section ‘Spec-
tralfitting in Firefly Sparkle slit 2’ for details of slit 2 spectrum). Consid-
ering the spatial proximity of the slit1andslit 2 regions (Fig.2), we can
assume the absorption feature from line-of-sight neutral hydrogen to
be the samein the slit1and slit 2 spectra. The slit 2 spectrum is rather
blue and has a sharp Lyman break starting at A,,, = 1.2 pum, whereas
the slit 1spectrum shows the turnover starting at A, ~ 1.4 pm. Thus,
the turnover feature should not be because of the neutral hydrogen
absorption, but rather because of the intrinsic continuum shape of the
source. Nevertheless, to avoid the possible effect of the neutral hydro-
gen absorption, we mask out A, < 1.2 pm in the nebular continuum
fitting above (corresponding t01,290 A in the rest frame).

Having the model continuum, we subtract the underlying model
continuum from the observed spectrum and measure the spectro-
scopic redshift and emission line fluxes by fitting Gaussian profiles.
The best-fitting model spectrum with nebular continuum and Gauss-
ian profiles is shown in Fig. 2b (red solid curve). We securely detect
emission lines of [0 111]A114959, 5007, HP, [O111]14363, Hy, H6 and
[Ner11]A13869, 3889. We do not find significant detection of [O11]13727
and obtain an upper limit for the flux of this line. There is a tentative
detection of the blended line of [O111]111661 + 1666, although the
spectralresolution of the prismis low at this wavelength making this
doublet difficult to securely detect and separate from He1111640. We
use these emission line fluxes to estimate the physical parametersin
slit 1. We first estimate the dust attenuation based on Balmer decre-
ments. Both the Hy/H[3 and H6/Hp ratios are consistent with theo-
retical predictionsin case B recombination? within the uncertainties,
suggesting there is no significant dust attenuation (Extended Data
Fig.3, red squares in the left). This result is consistent with the initial
measurement before the continuum fitting above and supports the
validity of the dust-free assumption in the nebular continuum fitting
process. Therefore, we do not correct for dust attenuation in the fol-
lowing measurements of emission line ratios and physical parameters
in this section.

We next measure the electron temperature using temperature-
sensitive emission line ratios: [OI11],9s0.500,/[O111],34; and [O111]5,/

[O111] 661.41666- We assume the electron density to be n, =10° cm =, which
is consistent with recentJWST observations of similarly high-z galaxies’
and obtain consistentindependent temperature measurements within
the uncertainties (T, o++=4.0'3% K and 2.9 x10* K, respectively;
Extended DataFig. 3 (right)). Note that because the [O111]111661 + 1666
detectionis tentative and potentially blended with He1111640, we con-
sider [O111]14363 to be more reliable.

We note that in ref. 16, the authors measured a similar ratio of
[O111] 49505007/ [O111] 4345 in the z= 6 galaxy RXCJ2248-ID to that of slit 1.
Inref. 16, medium resolution spectroscopy was used to determine the
electrondensity directly. They found that when using lines with higher
ionization potential than O+, the electron density was higher
(n, ~10° cm™) thanis typically found from [011]A3727 (ref. 7). This high
electrondensity leads to alower electron temperature for their galaxy
of T, o++=2.5x10* K. Similarly, if we assume the electron density of
n.=10° cm2instead for our slit 1 spectrum, the electron temperature
from [O111]14363 becomes T, o++=3.2*§%¢, Whichis in between the two
measurements based on [O111]A11661 + 1666 and [O111]14363
when assuming n, - 10> cm~ above. To consider the possibility of a
somewhat higher electron density in the highly ionized region, we
adopt the mean value of our two electron temperature measurements
(Te o++=3.5% 10* K) as our fiducial value and propagate the full range
of the two measurement uncertainties into the following metallicity
measurement.

Based on the electron temperature measurement, we obtained the
oxygen abundance from [O111] ,45.5007/HP and [O11],,,,/H ratios, fol-
lowing the prescriptioninref. 8. We assume the electron density to be
n.=10°cm™. The total oxygen abundance is calculated from O**/H*
and O'/H*, and the higher ionizing state oxygen is ignored®. As the
[011]13727 emission line is undetected, we can obtain only an upper
limit for O'/H*, but the upper limit for the abundance of the singly
ionized oxygenis negligibly small as compared with the doubly ionized
oxygen. We thus derived the total oxygen abundance from O**/H",
yielding 12 +10g(O/H) = 7.05'037 (Zy,s/Z,=0.02:33} assuming the
solar abundance to be 8.69; ref. 38).

We also derive the ionization parameters using the ionization-
sensitive emission line ratios: [O111]s,,,/[O1115,,, and [NellI] 40/ [O11]55,.
Following the prescription inrefs. 45,46, we obtain the lower limit for
the ionization parameters (log U) from these two ratios. Both ratios
provide a similar limit of log U > -2.0.

All the emission line flux measurements and the derived physical
parameters in Firefly Sparkle slit 1 are presented in Extended Data
Table 1. We also compare the diagnostic emission line ratios in Fire-
fly Sparkle with those in other galaxy population in Fig. 2d. We use
the ionization-sensitive line ratio 032 ([O111]s,,,/[O11]55,,) and the
temperature-sensitive line ratio RO3 ([O111],950.5007/[O111],3¢3;) and com-
paretheselineratios with other [O111]14363-detected galaxiesat z=2-9
from previous JWST observations?and those in the local universe from
SDSS observations™. Extended Data Fig. 3 (middle) presents a similar
comparison but uses another ionization-sensitive line ratio Ne302
([Ner111],g¢0/[O11]55,,) instead of 032.

Spectral fitting in Firefly Sparkle slit 2. In contrast to slit 1, the
extracted 1D spectrum in Firefly Sparkle slit 2 does not show nebular
continuum features, and the blue continuum is rather smooth with a
sharp drop-out because of the Lyman break at A, ~ 1.2 um. We thus
derive the emission line fluxes from the slit 2 spectrum by fitting Gauss-
ian profiles with the continuum being modelled by a constant offset
around each emission line. We detect [0111]114959,5007, Hf3, Hy, HS,
[Ne111]13869 and [011]13727 emission lines in the slit 2 spectrum but
donotdetect [O111]14363.

We then derive the physical properties in the same way as done for
Firefly Sparkle slit1spectrum. We measure the dust attenuation from
Balmer decrement, Hy/Hp3 and H6/Hp, and find both line ratios agree
wellwith the predicted ratios under case Brecombination (blue squares



in Extended Data Fig. 3 (left)). This suggests that the dust attenuation
is negligible in the slit 2 spectrum as well, and we do not make a dust
attenuation correction.

As we do not detect the temperature-sensitive emission lines of
[O111]11666 or [O111]14363 in the slit 2 spectrum, we cannot measure
the electron temperature and the metallicity from the direct-
temperature method. We thus obtain only the upper limit for the elec-
tron temperature (T, o++) from the non-detection of [O111]14363.
The electron temperature in Firefly Sparkle slit 2 is shown to be
T, o++<1.8x10* K (10) or <4.5 x10*K (30). To visualize the difference
in physical properties in slit 1 and slit 2, we show the diagnostic emis-
sion lineratios of Firefly Sparklesslit2in Fig.2d and Extended Data Fig. 3
(middle) as well.

SED fitting analysis

SEDs derived from our photometry were analysed using a slightly modi-

fied version of the Dense Basis method'®* to determine non-parametric

SFHs, masses and ages for our sources in Firefly Sparkle. We adopt

the Calzetti attenuation law*® and a Kroupa IMF* with a flat prior for

the high-mass slope a € [1., 4.]. We run fits using both the MILES stel-

lar libraries?® and MESA Isochrones and Stellar Tracks (MIST; ref. 17),

as well as the Binary Population and Spectral Synthesis (BPASS;

refs.26,36) models to consider for the presence of binary populations.

As the latest BPASS version in FSPS (-bin-imf135all 100) assumes a

Salpeter IMF with an upper mass cutoff of 100M, and does not allow

for avarying IMF, we only vary the top-heavy slope of the Kroupa IMF

in the MILES + MIST runs with an upper mass cutoff of 1220M,,. This
should be considered while comparing the physical properties from
the tworuns, as allowing for a varying IMF based on the MILES + MIST
configuration results in lower stellar masses for those runs because
they are preferentially fit with top-heavy SSPs with a greater fraction
of light coming from more massive stars. We fix the redshift to that
found from the NIRSpec Prism spectroscopy by the [O111] 14959 line
at zy,.. = 8.296 £ 0.001. All other parameters are left free. We run the

SED fits in two configurations to account for different possibilities of

the nature of the individual clusters:

1. SSPfits:toaccount for the possibility that the individual clumps are
star clusters, whichis likely given the physical scales of the clusters
and the extreme emission lines in the spectra, we modify the code
tofit forinstantaneous bursts of star formation, described by SSPs.
In this case, we assume a flat prior in the log age of the SSP from 10°
yearstotheage of the universeatz,,.. = 8.296 + 0.001instead of the
non-parametric defaults for the SFH in Dense Basis.

2. Non-parametric SFH fits (Dense Basis): to fit the diffuse body of the
galaxy and to account for the possibility that the clusters are nuclear
star clusters or remnants of previous mergers, we also run fits with
non-parametric SFHs with a Dirichlet prior. The main advantage
of using Dense Basis with non-parametric SFHs is that they allow
us to account for flexible stellar populations, which isimportant at
these redshifts* because star formation is expected to be stochas-
tic and may be underestimated if fit using traditional parametric
assumptions®°.

We perform our fitting in two stages—we initially perform a joint
spectrophotometric fit to the NIRSpec Prism spectrum along with the
HST + NIRISS + NIRCam photometry in the slits in which both exist
(Extended Data Fig. 4). We correct for slit loss considering two fac-
tors—the amount of light lost due to the changing PSF as a function of
wavelength and an overall multiplicative correction to match the spec-
trum against the photometric measurements. We modify the default
Dense Basis method in this stage to additionally fit for the slope at the
massive end of the IMF, the gas-phase metallicity and the ionization
parameter, using the relevant parameters from FSPS (imf3, gas_logz
and gas_logu). Doing so allows us to substantially constrain priors on
star formation rate, IMF, dust, ionization parameter and metallicity

that we then use to fit the photometry. We find that the fits are consist-
ent with negligible dust attenuation, consistent with our estimates
from measuring the Balmer decrement. We also find that our fits rule
outthe part of parameter space consistent with the canonical Chabrier-
like or Kroupa-like IMF (with the high-mass slope = 2.3) in favour of
more top-heavy slopes of about1.53Zfor slit 1, which contains portions
of clusters 3,4, 5and 6. We find weaker constraints from the spectrum
forslit 2, which still skews towards top-heaviness but with large uncer-
tainties of about 1.7:3%. Finally, we find estimates of both stellar and
gas-phase metallicities to be sub-solar, consistent with estimates from
thelineratios.

Using our photometry (Extended Data Table 4), we now determine
the stellar properties of each individual component by running a sec-
ond set of fits using the same set of parameters that are used to fit the
spectrophotometry. Although parameters such as the metallicity and
ionization parameter are only loosely constrained by these fits, we
obtain parameter estimates for the stellar masses, star formation rates
and ages of theindividual star clusters with uncertainties that marginal-
ize over the variations in the other parameters.

Both photometry and corresponding fits to the SED fit are shownin
Extended Data Fig. 5, with variationsin the stellar mass, age and reduced
x> of thefits for each of the four scenarios (SSPs fits with MILES + MIST
and BPASS, and Dense Basis fits with MILES + MIST and BPASS) shownin
Extended Data Table 2. All10 components have intrinsic (corrected for
magnification) stellar masses of about 10°-10°M,and sSFRof 107 yr™.
Although the error bars are large, the distinct colours of the clusters
hint at different formation times. Although the smooth component
contains a large fraction of the stellar mass, the bulk (about 57%) lies
inthe clusters. Extended Data Table 3 lists the physical properties of
the individual components as well as the full Firefly Sparkle, BF and
NBF galaxies.

We find that the SSP fits are generally less massive compared with
the Dense Basis fits, because the light from the SED is modelled by a
single epoch of star formationinstead of an extended episode. As light
from the massive stars responsible for young star formation are much
brighter than older stellar populations, they can describe the observed
SED withalower mass. However, the SSPfits often cannot capture both
the UV slopes and the nebular emission in the rest-optical, as seen for
clusters1,3,7 and 8 in Extended Data Fig. 5 and often approximate it
using aBalmer break, leading to posteriors consistent with much older
ages than the median values.

Although the t,,. from SSP and ¢, from Dense Basis fits (Extended
Data Table 2) may seem inconsistent, it is important to note that the
Dense Basis fits for most star clusters indicate a sharp burst of star
formation within the past 10 million years (Extended Data Fig. 6).
By design, an SSP is biased towards this recent burst, whereas a non-
parametric SFH can accommodate extended episodes of star forma-
tion. However, with our current data, we cannot distinguish between
extended SFH in the star clusters and the contribution of light from
the diffused arc.

The masses of the clusters also scale with the top-heaviness of the
high-mass end of the IMF in the MILES + MIST fits, with lower masses
for more top-heavy IMF values as that scale the amount of light from
massive stars. In comparison, the BPASS fits in the current setup are
done at the canonical Kroupa IMF, leading to higher masses for those
fits. At the same IMF slope, the masses are comparable within uncer-
tainties for the different SPS models, and the sSFR and age/t, values
are consistent even marginalizing over the IMF posteriors. Given the
observational constraints and the x* from the fits in Extended Data
Table 2, it is not currently possible to definitively rule out any of the
current fitting approaches.

Lens modelling
We use Lenstool® to build a strong lensing model of the MACS 1423 clus-
ter, tobefully presented in Desprez et al. (manuscriptin preparation).
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This modelis constrained with the three multiple image systems that
were leveraged in ref. 3, for which we provide additional information
obtained from the CANUCS data. The first two systems are those pre-
sented inref. 27, one at z=2.84 for which we account for the two clus-
ters visible in the four images of the objects, and the second one with
three images at z =1.779 for which we identify another cluster in the
two northernmost images for improved constraints. The last system
is composed of five images™ for which we provide anew spectroscopic
redshift measurement of z=1.781 that isinagreement with photometric
and geometric redshifts previously measured.

The different mass components are parameterised as double
Pseudo-Isothermal Elliptical (dPIE) profiles*. The model is com-
posed of a large cluster scale mass halo, an independent galaxy scale
centred on the brightest cluster galaxy and small galaxy scale mass
components to account for the contribution of all cluster members
that follow a mass-luminosity scaling relation®. For all galaxies,
their positions, ellipticities and orientations have been fixed to these
measured from the images. The final best model manages to repro-
duce the position of the input multiple images with a distance rms
of 0.46".

Magnifications are obtained by generating convergence and shear
maps around the Firefly Sparkle with a size of 20” and a resolution
of 10 milli-arcsec per pixel. Uncertainties in the magnifications are
computed from 100 randomly selected models from the optimiza-
tion of Lenstool after its convergence around the minimum x2 The
numbers provided in Extended Data Table 3 are the median and 10
limits on the distribution of the 100 values obtained at the position
of each cluster. We measured the average magnification of the FF-arc
by using the GALFIT model of the arc (in F200W) and selecting all
pixels with flux >10% of maximum flux. We then computed the best
magnification value for all selected pixels and computed the mean
and standard deviation values for these to find the magnification of
thearc (u=24.4£6.0).

The source plane reconstruction is made using the best GALFIT
model to compute the source plane positions and magnification
for the 10 star clusters. We use Lenstool to generate a source plane
image reconstruction of the diffuse light of the galaxy with a smooth
PSF-deconvolved model of its light profile. We use GALFIT to add 10
point sources convolved with the appropriate PSFs to the diffused
source plane model at the source plane positions of the star clusters
withthe demagnified fluxes. This processis repeated to generate source
plane modelsin allfilters. We also generate amass map using the same
prescription, replacing the demagnified fluxes with the demagnified
masses. Theresulting source plane RGB image and mass map are shown
inFig. 4c,d.

Size and surface density of star clusters

We now investigate the spatial properties of the star clusters. Nine out
of the ten star clusters are unresolved even in our highest resolution
F115W NIRCamimage. FF-4 has aslightly elongated shape visually but
has abest-fit major axis size (0.01) smaller than the smallest PSF, making
the size estimate unreliable. Hence, we use the half-width half-max of
the NIRCam F115W PSF (0.02) to set an upper limit on the size of all 10
star clusters. To determine the upper limits of the sizes of unresolved
sources, we use the tangential eigenvalue of magnification 1/|4,|, which
ranges between 14 and 24. This resultsinasize upper limit between 4 pc
and7 pc. The central star clusters have the highest magnification and
the smallest upper limits, whereas the ones near the two ends of the arc
have the lowest. We use the upper limit on sizes and the demagnified
stellar masses to calculate the lower limit on stellar surface densities
asshowninFig. 3b.

Abundance matching for MW and M31 progenitors
To estimate the range of stellar masses of progenitors of both MW-mass
and M31-mass galaxies at higher redshift, we adopt a semi-empirical

approach combining both simulations and observations. We assume
an evolving co-moving number density with redshift, as determined
by the abundance matching code fromref. 20, withz= 0 number den-
sities of log(n/Mpc®) =-2.95 andlog(n/Mpc>) =-3.4, respectively,
for MW and M31 mass analogues. The code calculates a past median
galaxy number density at z,, given aninitial number density at z,, using
peak halo mass functions. As the merger rate per unit halo per unit Az
is roughly constant, the evolution of the cumulative number density
of progenitors of any given galaxy is a power law, with the change
described by (0.16Az) dex.

Inref. 20, peak halo mass functions are used because the resultant
median number densities are less affected by the scatter in stellar
mass and luminosity. However, this scatter does affect the 1o errors
in cumulative number density. The 1o or 68 percentile range grows
withincreasing redshift, but this growth is also higher for more mas-
sive galaxies.

Asthe code fromref. 20 does not calculate stellar masses, we obtain
the stellar mass ranges of the progenitor populations of MW and
M31 analogues using stellar mass functions (SMFs) from various
surveys™"#°, We take the median cumulative number densities ateach
Azto find the stellar mass associated with that number density from
the corresponding SMF. Moreover, the 1o errors on the given number
density for each redshift are then used to determine the 1o errors on
the stellar mass of the progenitors. At z= 8.3, the median stellar mass
of MW progenitors is log(M, /M) = 6.4+0.7 and the median stellar
mass of M31 progenitorsislog(M, /M) = 6.9+0.8. The Firefly Sparkle
withastellar mass oflog(M, /M) = 7.0f3% isdefinitely withinlostellar
mass range of both Milky Way and M31 progenitors. More details on
the progenitor matching technique can be found in ref. 37.

Data availability

All data supporting the findings of this study are publicly available
on the CANUCS website at GitHub (https://niriss.github.io/). Further
requests for data can be directed to the corresponding authors.
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Extended DataFig.1|Morphological fit with GALFIT of the Firefly Sparklein
11JWST/NIRCam and NIRISS filters for photometric extractionand size
determination. Theimages, their respective models, and residues for 11 filters
and the RGBimage (R: F444W, G: F277W, B:115W) are shown. The cutouts used
for the fitting have size 10’ x10'. In this figure we have zoomed in on the central
7’x7". The FWHM of the point spread functions of the respective filters are
shownasblackcircles onthe lower left corner. The Firefly Sparkleis completely
invisible in the bluest filter (FO90W). Based on the reduced x? of the fits, nine
outthe tenclusters of the Firefly Sparkleare consistent with being point
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sourcesin F115W. The fullmodel consists of nine point sources, an elliptical
Gaussian for cluster (FF-4), and an elliptical Gaussian with abending mode for
the diffuse arc. The photometry is derived from the total model flux of the
11components. The error of the photometry is estimated by injecting the full
modelinrandomlocationsinthe MACS 1423 field, and refitting them them
with GALFIT. The upperlimit on the size of all clusters is determined by the
HWHM of the F115W PSF (0.02’), as the deconvolved size of FF-4 is smaller than
the F115W PSF.
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Extended DataFig.2|NIRSpecPrismspectrafor two slits of the Firefly emissionlinesand aLymanbreakin all the spectraunambiguously determine
Sparkle, along with those of the nearby FF-BF and FF-NBF companions. theredshifts ofall the components. Thereis aslight oversubtraction of
Slit1is dominated by FF-6 and contains contributions from FF-5in Fig. 1, while background atA>4 um for Firefly SparkleSlit 2and BF due to their locations

Slit2is dominated by FF-4 and contains contributions from FF-3, FF-5and FF-6, closetothebarofthe NIRSpec MSA shutter. Further analysis of these regions is
withbothslits getting marginal contributions from the diffuse arc. Strong left for follow-up observations.
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Extended DataFig. 3 |Inferring properties fromthe NIRSpecPrismspectrum  temperature measurements from [O 111] emission linesin Firefly SparkleSlit 1.
oftheFirefly Sparkle. Left: Balmer decrements of H§/HBand Hy/HBin Slit 1 The dashed lines withshaded regions are the measured line ratios. The
(red) andSlit 2 (blue) spectra. Black solid line denotes thelineratiosunder CaseB  solidlines denotes predicted line ratios asafunction of differentelectron
recombination. Thelineratiosindicates the dust attenuationis not significant temperatures from PyNeb*®. The two different emission line ratios
inbothspectra. Middle: Similar to bottom middle in Fig. 2, but Ne302ratio is independently suggestahigh electrontemperature of 7, ;+~40000K.

usedinstead as anindicator of the ionization parameter. Right: Electron
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Extended DataFig. 4 |Inferring physical properties from the
spectrophotometricfits. The top panel shows the spectrophotometry
forSlit1(black line and points) along with the best-fit spectrum from Dense
Basis (orange line and points) and fits using simple stellar populations (green
line and points). Aninset panel shows theregion with H + [Olll] where the
spectrum has much higher high fluxes. The corner plot shows the posteriors
foreach parameter being fit with only photometry (light blue contours), only
spectroscopy (red contours) and both (black contours) using Dense Basis.
The contours show the1-0and 2o regions for each posterior, along with their

covariances, while the diagonal plots show the marginal posteriors for each
parameter.Inaddition to thejoint posteriors, the spectraand photometry
posteriors generally agree, with the spectrabetter able to constrain
parameters like the gas-phase metallicity. The inset panels on the right
show thestellar population posteriors from photometry alone (light blue),
spectroscopy alone (red) and joint (black lines) along with 1o uncertainties
using the MILES+MIST and BPASS templates, again finding that they agree
between photometric and spectroscopic fits within uncertainties.
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Extended DataFig. 5| Top: The multiwavelength 11-component model for composite F115W +F277W + F444W images. Bottom: Photometry for the 10
theresolved structure inthe Firefly Sparkle consisting of 10 clusters and clusters are shown along with fits using DENSE BASIS (orange) and simple stellar
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Extended Data Table 1| Emission line flux measurements and the physical properties from the spectrum of Firefly Sparkle
Slit1

Line Flux Properties values
[O 11]A5007 646.8 + 10.2 | T, o+« (from [0 111]4363) 4.0725 x 10* K
[O 11)A4959 202.0 £ 9.0 | T, o+« (from [0 11]1666) 29707 x 101 K
H3 1251+ 7.6 12 + log(O** /H*) 7.05702
[O 11124363 47.5 4+ 10.2 12 + log(O* /H) < 5.90
Hy 60.0 + 12.4 12 + log(O/H) 7.0570%
Hé 250 + 6.8 10g(Uion,032) >—1.93
[Ne 111]A3968 43.0+7.9 10g(Uion,Ne302) > —1.96
[Ne 11113869 75.8 + 8.5
[0 1]A3727 <20.2
[O 11]AN1661,1666 166.5 + 50.7

Fluxes are in units of 10 ergs™cm™.




Extended Data Table 2 | Median stellar mass and age estimates from the various SED modeling configurations described in

Section 4 in Methods

logM, 5o logM, 50 logM, 50 logM, 50 tog [Myr]  tso[Myr]  t . [Myr]  t5o[Myr] X X2 X2 x?

Fit type (SSP) (DB) (SSP) (DB) (SSP) (DB) (SSP) (DB) (SSP) (DB) (SSP) (DB)
Models | (MIST) (MIST) (BPASS) (BPASS) (MIST) (MIST) (BPASS) (BPASS) (MIST) (MIST) (BPASS) (BPASS)
FF-1 5.26 5.91 6.28 6.67 5.27 96.84 4.56 108.95 0.23 0.10 0.23 0.26
FF-2 6.36 5.71 6.87 7.05 8.44 151.32 5.28 36.32 0.18 0.37 0.89 2.31
FF-3 5.66 6.26 6.87 7.16 3.83 90.79 4.01 36.32 1.21 1.50 1.00 1.31
FF-4 5.14 6.35 6.29 6.67 4.23 115.00 3.83 12.11 0.30 1.73 0.35 0.44
FF-5 5.41 5.74 6.60 7.05 3.64 84.74 3.91 163.42 0.44 0.47 0.53 0.56
FF-6 5.31 6.04 6.67 6.84 2.91 84.74 6.29 42.37 0.26 0.61 0.09 0.23
FF-7 5.15 6.04 6.34 6.77 4.14 96.84 4.27 133.16 0.14 0.25 0.12 0.12
FF-8 5.01 5.80 6.09 6.48 4.94 115.00 4.41 169.48 0.25 0.37 0.28 0.28
FF-9 4.97 5.57 6.13 6.55 4.05 84.74 3.59 60.53 0.10 0.37 0.12 0.10
FF-10 6.00 5.64 7.27 7.63 213 84.74 217 6.05 0.49 0.10 0.42 0.68
FF-arc 5.43 6.72 6.83 6.44 3.56 90.79 0.28 12.11 14.91 0.53 21.25 44.75
FF - - - - 0.80 36.32 0.67 12.11 3.20 18.06 1.54 1.71
FF-NBF - - - 3.61 121.05 232.01 12.11 21.28 417 41.72 48.00
FF-BF - - - 33.77 84.74 44.93 169.48 0.53 0.23 1.08 0.82
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Extended Data Table 3 | Magnification and upper limit on the size of the Firefly Sparklestar clusters, the diffuse arc, BF, and
NBF

ID H (#mn) I'50 (pC)
FF-1 156131 (13.9199) < 6.8704
FF-2 171757 (15245 < 6.24)4
FF-3 206755 (18.6113) < 5.1703
FF-4 210488 (19.03};9 < 4.9ig:‘é
FF-5 22.5ﬁ°;“ (20.533) < 4.6+07
FF-6 23.7i§:§ 21.8f§:§) < 4-3f{'2'}
FF-7 247155 (23.0723) < 417Y!
FF-8 26.1150 (24.3+30) < 39700
FF-9 24.217-0 (22.212%) <4208
FF-10 240155 (220155) <4310
FF-arc 24.47%0 -

Firefly Sparkle 244189 -

BF 28.01 144 »

NBF 9.1+10 .




Extended Data Table 4 | Photometry of individual star clusters and the diffuse arc of the Firefly Sparkle

1D F115W F115WN F150W F150WN F200W F200WN F277W F356W F410M F444W
FF-1 156 £ 1.6 9.3+2.1 19.2+1.1 13.6 1.0 168+1.5 144+18 11.1+14  103+£1.0 105+13 11.8+1.9
FF-2 98+ 1.5 21+1.2 13.6 £ 1.1 46+18 9.1+0.9 6.8+21 52412 6.1+14 13.6 £ 2.2 8.0+26
FF-3 39.6+56  26.2+3.7 65.0 £ 1.6 39.6+1.3 50.0+1.3 375+1.1 340+43 249+13 244424 23.7+3.0
FF-4 1544102 152+74 423 +2.2 45.0+08 373+13 39.0£18 279+83 273+22 322438 749+ 4.8
FF-5 7.5+4.0 10.6 £ 3.6 149+14 219427 227+18 18.0+2.3 16.2+19 181+22 18.2+4.0 30.2+4.1
FF-6 313437 198+3.0 58.0£ 1.6 46.2+34 371+15 39.2+1.6 426+19 482+31 499443 109.6 +4.0
FF-7 284+18 23.0£19 50.6 £ 0.6 421418 39.0+1.1 404+18 306+1.0 29.7+1.1 294421 324+23
FF-8 11.2+ 1.5 70+1.1 23.1+£1.5 21.3+13 201+13 16.7+ 1.7 18.0+05 225+08 21.1+14 269+ 1.5
FF-9 75+£19 4.0+1.0 15.0£1.1 8.1+£08 13.44+09 112+ 1.8 11.04+£08 129+09 13.2+42.0 171+ 1.6
FF-10 8.04+22 6.8+ 0.8 16.4+1.3 11.3+1.8 148+13 151+13 121+£1.0 125+11 109+18 17.7+£23
FF-arc 94.6+20.0 1689+7.2 290.2+16.8 3554+4.3 329.7+86 331.4+133 259.6+86 308.5+89 190.2+88 3724455

Fluxes are in units of nly.
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