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ABSTRACT

Using data from JWST, we analyze the compact sources (‘sparkles’) located around a remarkable
Zspec = 1.378 galaxy (the ‘Sparkler’) that is strongly gravitationally lensed by the z = 0.39 galaxy
cluster SMACS J0723.3-7327. Several of these compact sources can be cross-identified in multiple
images, making it clear that they are associated with the host galaxy. Combining data from JWST’s
Near-Infrared Camera (NIRCam) with archival data from the Hubble Space Telescope (HST), we
perform 0.4—4.4pm photometry on these objects, finding several of them to be very red and consistent
with the colors of quenched, old stellar systems. Morphological fits confirm that these red sources
are spatially unresolved even in strongly magnified JWST/NIRCam images, while JWST /NIRISS
spectra show [OIII]5007 emission in the body of the Sparkler but no indication of star formation
in the red compact sparkles. The most natural interpretation of these compact red companions to
the Sparkler is that they are evolved globular clusters seen at z = 1.378. Applying DENSE BASIS
SED-fitting to the sample, we infer formation redshifts of zform ~ 7 — 11 for these globular cluster
candidates, corresponding to ages of ~ 3.9 — 4.1 Gyr at the epoch of observation and a formation
time just ~0.5 Gyr after the Big Bang. If confirmed with additional spectroscopy, these red, compact
“sparkles” represent the first evolved globular clusters found at high redshift, could be amongst the
earliest observed objects to have quenched their star formation in the Universe, and may open a new
window into understanding globular cluster formation. Data and code to reproduce our results will
be made available at Ohttp://canucs-jwst.com /sparkler.html.
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1. INTRODUCTION

Despite being the subject of very active research for
decades (see, e.g., reviews by Harris & Racine 1979;
Freeman & Norris 1981; Brodie & Strader 2006; Forbes
et al. 2018), we do not know when, or understand how,
globular clusters form. We do know that most globu-
lar clusters in the Milky Way, and those around nearby
galaxies, are very old. The absolute ages of the old-
est globular clusters, determined by main sequence fit-
ting and from the ages of the oldest white dwarfs, are
about 12.5 Gyr, corresponding to formation redshifts of
Ztorm ~ D. However, the uncertainties in age estimates
are relatively large compared to cosmic age of the Uni-
verse at high reshifts, and absolute ages corresponding
t0 zform ~ 3 (at Cosmic Noon) at the low end, and ex-
tending well into the epoch of reionization at the high
end (2form >> 6), are plausible (Forbes et al. 2018).

There are two general views on how globular clusters
formed. In the first, globular cluster formation is a phe-
nomenon occurring predominantly at very high redshift,
with a deep connection to initial galaxy assembly. Ideas
along these lines go back to Peebles & Dicke (1968), who
noted that the typical mass of a globular cluster is com-
parable to the Jeans mass shortly after recombination.
In this view, globular clusters are a special phenomenon
associated with conditions in the early Universe, and
their formation channel is different from that driving
present-day star formation. The second view associates
globular clusters with young stellar populations seen in
nearby starbursting and merging galaxies (Schweizer &
Seitzer 1998; de Grijs et al. 2001). In this case, globular
cluster formation might be a natural product of continu-
ous galaxy evolution in systems with high gas fractions,
and globular cluster formation would peak at lower red-
shifts (Trujillo-Gomez et al. 2021).

We are on the cusp of distinguishing observationally
between these two globular cluster formation channels.
The JWSTis capable of observing routinely down to nJy
flux levels at wavelengths beyond two microns, and thus
of observing globular cluster formation occurring at high
redshift (Carlberg 2002; Renzini 2017; Vanzella et al.
2017, 2022). In this paper, we use newly-released data
from JWST to analyze the nature of the point sources
seen around a remarkable multiply-imaged galaxy at z =
1.378 that we fondly named the ‘Sparkler’. One image
of this galaxy is strongly magnified by a factor of ~
10—100 (Mahler et al. 2022; Caminha et al. 2022) by the
z = 0.39 galaxy cluster SMACS J0723.3-7327 (hereafter
SMACS0723). Our goal is to determine whether these
point sources are (1) globular clusters, (2) super star
clusters in the body of the galaxy, or (3) the product

of global star-formation in this galaxy being driven by
some other mechanism.

Throughout this paper we use AB magnitudes and
assume a flat cosmology with €, = 0.3, Q4 = 0.7 and
Hy =70 km s~ Mpc~1.

2. DATA

The imaging and wide field slitless spectroscopy data
used for this work are from JWST ERO program 2736
(“Webb’s First Deep Field”; Pontoppidan et al. 2022).
The galaxy cluster was observed with all four instru-
ments on JWST. Ounly Near Infrared Camera (NIRCam;
Rieke et al. 2005) imaging, and Near Infrared Imager
and Slitless Spectrograph (NIRISS; Doyon et al. 2012)
spectroscopy is used in this paper. NIRCam imaging
is available in six broad-band filters: F090W, F150W,
F200W, F277W, F356W and F444W. Shallow NIRISS
wide-field spectroscopy was obtained in the F115W and
F200W filters with the two orthogonal low resolution
grisms to mitigate contamination (Willott et al. 2022).
Only the F115W grism data is used in this study, be-
cause it is the only filter containing a strong emission
line, [OIII]A5007. These JWST data are supplemented
with HST/ACS imaging in F435W and F606W from the
RELICS program, drizzled to the same pixel grid (Coe
et al. 2019).

We reduced all imaging and slitless spectroscopic data
together using the Grizli' (Brammer & Matharu 2021)
grism redshift and line analysis software for space-based
spectroscopy package. We first obtained uncalibrated
ramp exposures from the Mikulski Archive for Space
Telescopes (MAST?), and ran a modified version of the
JWST pipeline stage Detectorl, which makes detector-
level corrections for, e.g., ramp fitting, cosmic ray rejec-
tion (including extra “snowball” artifact flagging), dark
current, and calculates “rate images”. Our modified
version of the pipeline also includes a column-average
correction for 1/ f-noise. Subsequently, we used the pre-
processing routines in Grizli to align all exposures to
HST images, subtracted the sky background, and driz-
zled all images to a common pixel grid with scale 0”04
per pixel. For the NIRCam F090W, F150W and F200W
images we created another data product on a 0”02 pixel
scale. The context for the JWST Operational Pipeline
(CRDS_CTX) used for reducing the NIRISS (NIRCam)
data was jwst_0932.pmap (jwst_0916.pmap). This is
a pre-flight version of the NIRCam reference files, so the
NIRCam fluxes should be treated with caution. One
consequence of this is that the NIRCam photometric

I https://github.com/gbrammer/grizli
2 https://archive.stsci.edu/
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FO90OW

F150W

Figure 1. Color images of the Sparkler and its environs made by combining FO90W, F150W, and F200W images at native
spatial resolution. The left panel shows the region around the three images of The Sparkler, with lines of lensing magnification
from the Mahler et al. (2022, solid curves) and Caminha et al. (2022, dashed curves) models overlaid. Note that regions of very
strong magnification (u ~ 10 — 100) cross image 2 of The Sparkler. The remaining three panels zoom in on the three images of
this galaxy. Images are centered on the following positions. Image 1: RA=110.83846, Dec=-73.45102; Image 2: RA= 110.84051,
Dec=-73.45487, and Image 3: RA= 110.83614, Dec=73.45879. Note the compact sources, many of them red, surrounding the
body of the galaxy; these are most prominent in image 2, but are also discernible in images 1 and 3.

zeropoints calculated from our reductions may be incor-
rect for in-flight performance, so we used EAZY (Bram-
mer et al. 2008) to derive zeropoint offsets consistent
with photometric redshift fitting of the full source cat-
alog. Bright cluster galaxies and the intracluster light
were modelled and subtracted out using custom code
(N. Martis et al., in preparation). To enable measure-
ment of accurate colors our analysis was done after con-
volution by a kernel to match the point spread function
(PSF) of F444W.

Figure 1 shows images of the Sparkler. Coordinates
for the three images of the background galaxy are pre-
sented in the caption accompanying the figure. The
Sparkler was first identified as multiply-imaged in HST
imaging combined with ESO MUSE integral-field spec-
troscopy that shows all three images having [OIT|A3727
emission (Golubchik et al. 2022). We adopt the spec-

troscopic redshift of z = 1.378 4+ 0.001 from the MUSE
[OI1] line (Mahler et al. 2022; Caminha et al. 2022;
Golubchik et al. 2022). The magnifications of the three
images (labeled as 1, 2, and 3 in Figure 1) in the lensing
model of Mahler et al. (2022, their IDs 2.1, 2.2, and
2.3) are 3.6+0.1, 14.9+0.8 and 3.040.1, respectively. In
the lensing model of Caminha et al. (2022, their IDs 3a,
3b, and 3c) the magnifications are significantly higher:
9.2713.103752%, and 6.1707, respectively. Based on
measured flux ratios between the three images we con-
sider the Caminha et al. (2022) model to better fit
the properties of this galaxy. As shown in Figure 1,
there may be critical curves and/or high magnifica-
tion contours crossing image 2 (magnification 5-10 in
the Mahler et al. 2022 model and magnification 30—
100+ in the Caminha et al. 2022 model), suggesting
strong differential magnification in the image. Fig-
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ure 2 shows a multi-band montage of Image 2 of the
Sparkler, using data from HST/ACS, HST/WFC3, and
JWST/NIRCam short- and long-wavelength cameras
at observed wavelengths spanning 0.4-4.4um. Circles
in the lower-left of each panel show the full width half
maximum of the point spread function. The exquisite
resolution of JWST/NIRCam SW best reveals the com-
pact sources surrounding the galaxy, which were not
resolved by HST in earlier observations even at similar
wavelengths.

3. METHODS

In this letter we focus our attention on twelve compact
candidates in and around the Sparkler. In this prelimi-
nary exploration, we selected candidates by eye, focus-
ing mainly on compact objects (‘sparkles’) in uncontam-
inated regions of the image. A few compact sources in
the galaxy itself were also added to our sample to al-
low us to compare objects in the body of the Sparkler
to objects in the periphery of the galaxy. Objects were
selected using the very deep 0702 pixel scale F150W im-
age, and were chosen to be broadly representative of
the compact sources in this system. As described be-
low, 2D modeling confirms that the objects chosen are
unresolved. We emphasize that the objects analyzed
in this letter are not a complete sample. Construction
of a complete sample will require detailed background
subtraction and foreground galaxy modelling, which is
deferred to a future paper.

3.1. Aperture Photometry

Photometry is challenging in crowded fields, and in
the case of the Sparkler the challenges are compounded
by contamination from the host galaxy and from other
nearby sources. This contamination can significantly
alter the shape of the SED of the individual compact
sources. In a future paper we will present a full catalog
of compact sources around the Sparkler that attempts
to account for these effects by subtracting contamina-
tion models and using PSF photometry. For simplic-
ity and robustness, in the present paper we used aper-
ture photometry, as this technique is relatively insensi-
tive to variations in the local background. Photometry
was done using images that i. are on 0704 pixel scale,
ii. have bright cluster galaxy and ICL-subtracted, and
iii. are F444W PSF-convolved F435W, F606W, FO90W,
F150W, F200W, F277W, F356W, F444W images.

Using photutils (Bradley et al. 2021), circular aper-
tures with radii of 0712, 0716 and 0”20 were defined us-
ing the centroided positions of the twelve sparkles in the
F150W image. An annulus starting at the edge of the

aperture and with width (0’08 was used to estimate the
median local background, which was subtracted from
the aperture flux. Aperture correction was applied by
multiplying with the F444W PSF growth curve. To
determine contamination corrections, we injected sim-
ulated point sources of various fluxes around the galaxy
to determine how well our procedure recovered the in-
trinsic total flux of the compact sources. We found that
the precision of the photometry varied widely across the
different filters, environments, and intrinsic brightness
of the sources, but that these variations could be quan-
tified by simulations. For every sparkle, we identified
a location proximate to it in which we injected simu-
lated point sources to model the measurement accuracy.
For a sparkle at a given wavelength, we injected 20 point
sources of total flux varying between 0.1 and 10 times the
measured flux of the source and measured their fluxes
using the same techniques used to analyze the original
sources. We then fit the intrinsic flux as a function
of the measured flux with a second-order polynomial,
which we used to determine local aperture corrections.
This process was repeated across 20 different locations
around the galaxy to estimate the uncertainty in flux
measurement. We selected the 0720 aperture for our fi-
nal photometry as the corrected flux recovered > 99%
of intrinsic flux across all environments. The procedure
was performed for all twelve sparkles in all eight filters
to construct the final SED of the sources. For sources
that are undetected, we assigned an upper limit of three
times the noise of the image.

3.2. SED fitting and estimating physical properties

Spectral Energy Distributions (SEDs) derived from
our aperture photometry were analyzed using the
DENSE BASIS method? (Iyer & Gawiser 2017; Iyer et al.
2019) to determine non-parametric star-formation his-
tories (SFHs), masses, ages, metallicities and dust ex-
tinction values for our compact sources. The DENSE
BAsis fits were run with a single tsg parameter, fol-
lowing the prescription in Iyer et al. (2019), with the
full methodology and validation tests presented in Iyer
et al. (2018, 2019) and Olsen et al. (2021). The primary
advantages of using non-parametric SFHs is that they
allow us to account for multiple stellar populations, ro-
bustly derive SFH-related quantities including masses,
SFRs and ages, and allow us to set explicit priors in
SFH space to prevent outshining due to younger stellar
populations that could otherwise bias estimates of these

3 https://dense-basis.readthedocs.io/
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Figure 2. Image 2 of the Sparkler from HST/Advanced Camera Survey (HST/ACS), HST/Wide Field Camera 3 (HST/WFC3),
and JWST/Near Infrared Camera (JWST/NIRCam) Short Wavelength (SW) and Long Wavelength (LW) at observed wave-
lengths from 0.4—4.4pm. Circles in the lower-left of each panel show the full width half maximum of the point spread function.
Note the exquisite resolution of JWST/NIRCamSW reveals the compact sources surrounding the galaxy, which were not resolved

by HST in earlier observations at similar wavelengths.

properties (Iyer & Gawiser 2017; Leja et al. 2019; Lower
et al. 2020).

However, DENSE BaAsis, by design, implements corre-
lated star formation rates over time, to better encode
the effects of physical processes in galaxies that regu-
late star formation and to better recover complex SFHs
containing multiple stellar populations (Iyer et al. 2019).
The formalism smooths out star formation histories that
are instantaneous pulses, and has an age resolution of
about 0.5 Gyr. We therefore also undertook SED fits
based on simple luminosity evolution of simple stellar
populations (SSPs). As will be seen below, in several
cases the DENSE BASIS fit results return SFHs that are
as close to instantaneous pulses as the method allows. In
such cases, SSP fits may give comparably good results
with fewer assumptions. SSP fits also have the benefit of
returning unambiguously-defined ages. Since the DENSE
BAsis fits provide a full SFH posterior, we will define the
‘age’ from these fits to be the time at which the SFR
peaks (tpeak). Using validation tests fitting synthetic
SSP sources injected into the field and mock photome-
try with similar noise properties to the observed sources,
we find that this can robustly recover the age of the
corresponding SSP within uncertainties, finding a bias
and scatter of (i, o), = (0.15,1.00) Gyr, (4, 0)t, 00 =
(0.13,0.86) Gyr and (i, 0)agessp = (—0.20,0.86) Gyr for
the three metrics tested.

3.3. Grism extraction and fitting

Before extracting individual NIRISS spectra, we con-
structed a contamination model of the entire field using
Grizli. We modeled sources at both grism orientations.
This model was built using a segmentation map and

photometric catalog created with SEP (Barbary 2016,
Bertin & Arnouts 1996). We initially assumed a flat
spectrum, normalized by the flux in the photometric
catalog, in our models. Successive higher-order poly-
nomials were then fit to each source, iteratively, until
the residuals in the global contamination model were
negligible.

After the spectral modelling of the full field for con-
tamination removal, we then extracted the 2D grism
cutouts of the three images of the Sparkler and fitted
their spectra using the Grizli redshift-fitting routine
with a set of FSPS and emission line templates. Grizli
forward model the 1D spectral template set to the 2D
grism frames based on the source morphologies in the
direct imaging. Based on the grism data alone, Grizli
identified multiple redshift solutions for the Sparkler in-
cluding a solution at z = 1.38 based on the identification
of [OIIT]A5007 at 1.2um in the F115W grism data. This
is consistent with the identification of the complemen-
tary OII line previously reported in the MUSE data, and
securely confirms the spectroscopic redshift of the source
as z = 1.38. As a product of the fitting, emission-line
maps of the [OIII]A5007 line were created for the three
images of the Sparkler.

4. RESULTS

The fluxes and associated uncertainties for the twelve
compact sources (‘sparkles’) in and around the Sparkler
are presented in Table 1 and their positions are identified
on Image 2 of the Sparkler in the middle row of panel
(A) in Figure 3. Panel (B) of this figure shows point
source fits (using GALFIT; Peng et al. 2010) to sev-
eral sparkles in our sample. Residuals from the fits are
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Figure 3. (A): The globular cluster candidates are associated with the main galaxy. F115W images (left column),
[OIIIJA5007 emission line maps derived from the NIRISS grism data in the F115W band (middle column), and NIRCam color
composite images (right column). Sparkle IDs are shown for Image 2, with tentative counterparts identified in Images 1 and
3. The lower part of the [OIII] map of Image 2 suffers from significant contamination. [OIII] emission is a classic signature
of ongoing star formation; here, it is present in the star-forming regions of the host galaxy, but its absence at the locations
of the globular cluster candidates supports the hypothesis that at the epoch of observation these are quiescent systems. (B):
The globular cluster candidates are unresolved. Fits to the globular cluster candidates with point sources on the 0”02
F150W images using GALFIT (Peng et al. 2010) show that the residuals are consistent with noise. (C): The globular cluster
candidates have colors of quenched stellar systems. urJ colors (measured directly from FO9OW, F200W, and the average
of F277TW and F356W fluxes) compared with z ~ 1.4 galaxies in the COSMOS2020 catalog (Weaver et al. 2022): the integrated
colors of the Sparkler galaxy (blue circle labeled Sp) are in the star-forming blue cloud, as are our other point sources (orange),
but the globular cluster candidates (pink) have u*-r>1.5 and are consistent with the colors of quenched systems.

negligible, confirming the original visual impression that given in Table 1. The table contains effective ages of the
these compact sources are unresolved. Panel (C) in Fig- globular cluster candidates from both DENSE BAsis and
ure 3 shows the colors of the individual sparkles in the SSP fitting methods, which generally agree within the
rest-frame urJ color-color space (measured directly from uncertainties. Of the objects under consideration, six
F090W, F200W, and the average of F277TW and F356W (IDs 1,2,4,8,9,10) are consistent with SFHs that peaked
fluxes), overplotted on the distribution of z ~ 1.4 galax- at early formation times. Note that we do not include
ies from the COSMOS2020 catalog (Weaver et al. 2022). Object 9 in our list of globular cluster candidates be-
The body of the Sparkler galaxy (blue point) is in the cause of its low SNR, coupled with possible contami-
star-forming blue cloud, as are 7 of 12 of our sparkles nation from the nearby diffraction spike and extended
(orange points). However, five of the sparkles have red tail visible in Figure 1. Objects 11 and 12, which are
colors (u* —r > 1.5) consistent with those of quiescent in the bulk of the galaxy, show recent star formation,
systems (the so-called red cloud). Panel (B) in Figure 3 consistent with the [OIII]A5007 emission in Figure 3.
shows two-dimensional fits of the point-spread function Panel (A) of Figure 3 shows the emission line maps
to these reddest five sources (obtained using GALFIT; at the redshifted wavelength of [OIII]A5007 for all three
Peng et al. 2010). Residuals from the fits are negligi- images of the Sparkler. Individual columns show the di-
ble, confirming the original visual impression that these rect, F115W image (the broadband filter within which
compact red sources are unresolved. These five red, un- the redshifted [OIII] emission lies), and a NIRCam
resolved objects will constitute our sample of globular F090W, F150W, and F200W color composite for each
cluster candidates throughout this paper, and are color- Sparkler image. There is clear evidence of [OIII]A5007
coded in pink in all figures in this paper. emission in all three images, which we interpret as re-
SEDs and derived SFHs inferred from our modelling lated to star-formation activity in the Sparkler. Note
are shown in Figure 4. The physical properties corre- that the line emission is spatially co-located with the

sponding to the models shown in this figure are also two blue regions in the color composite, consistent with
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Figure 4. Non-parametric SFHs derived from fitting the photometric SEDs of the individual sparkles. Pink points and curves
show the locations and colors (top left), SFHs (marked panels) and SED fits (inset panels) of the individual globular cluster

candidates, while

is used to show fits and SFHs for objects that are extended sources, heavily contaminated by light

from the galaxy, nearby objects or ICL, or in the body of the main galaxy. Even though object 9 is consistent with an early
SFH, we exclude it as a globular cluster candidate due to low SNR and possible contamination by a nearby diffraction spike.
SEDs are shown in F, units, with the spectra corresponding to the best-fit model from DENSE BaAsis. SFR values are not
corrected for lensing magnification, which could make them ~10-100 times smaller. zpeak corresponds to the redshift at which
the posterior SFH peaks in SFR. Overall, the globular cluster candidates show SFHs consistent with very early epochs of star

formation ranging over 7 < z < 11.

this interpretation. Most importantly, there is no evi-
dence of line emission at the locations of those sparkles
that we have previously identified as globular cluster
candidates (IDs 1, 2, 4, 8, and 10), and this adds con-
fidence to our conclusion that these objects consist of
old stellar populations and are devoid of ongoing star
formation.

Much can be learned from inter-comparing the im-
ages shown in Panel (A) of Figure 3, and in particular,
from comparing the properties of sparkles we identified
in Image 2 with their counterparts in Images 1 and 3.
We leave such analysis, as well as the construction of a
full lens model of the system, to future papers; for now,
we simply highlight a few tentatively matched features
in the third column of this panel, focusing on the glob-

ular cluster candidates (pink labels) and the two most
prominent star-forming regions (cyan labels).

We close this section with some preliminary discus-
sion of the mass of the Sparkler. Fits to the integrated
photometry of images 1 and 3 using DENSE BASIS re-
cover log stellar masses of 9.6770 56 M, and 9.517005M,
respectively for the host galaxy (uncorrected for magni-
fication), and star formation histories that show a recent
rise over the last ~ Gyr. We do not fit image 2 due to
the strong differential magnification. Assuming magni-
fications of ~ 5 for these images (much lower than for
image 2), the stellar mass of Sparkler would be around
10° Mg , which is similar to that of the Large Magel-
lanic Cloud (Erkal et al. 2019), which has ~ 40 globular
clusters (Bennet et al. 2022).
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5. DISCUSSION

We are at the earliest stages of understanding how
best to calibrate data from the in-orbit JWST, so SED
modeling is best approached with a degree of caution.
For this reason, we emphasize that our most important
conclusions spring from observations that are indepen-
dent of detailed SED modeling. Firstly, many of the
compact sources in and around the Sparkler are unre-
solved (panel B of Figure 3) and several can be cross-
identified in multiple images (Figure 1 and panel A in
Figure 3), so they are clearly associated with the host
galaxy, placing them at z = 1.378. The colors of these
systems are consistent with the expected positions of
quiescent sources at z = 1.378 on a rest-frame wurJ
diagram (panel C of Figure 3). Independently of any
modeling, these facts suggest an identification of the red
sparkles with evolved globular clusters.

Going further than this requires modeling. At face
value, the reddest compact clumps (five of the twelve in
Table 1 and Figure 4) surrounding the Sparkler show
SFHs consistent with simple stellar populations formed
at very high redshifts (z 2 9). Another two objects,
mainly in the bulk of the galaxy, show SFHs consistent
with younger (~ 0.03 — 0.3 Gyr) stellar populations.

The quiescent nature of the reddest point sources in
and around the Sparkler effectively rules out the pos-
sibility that they are active star formation complexes
of the kind seen in many 1 < z < 3 galaxies, such as
those associated with dynamical instabilities in gas-rich
turbulent disks (Genzel et al. 2006; Forster Schreiber
et al. 2006). A number of studies examining clumps in
high-redshift systems with strong gravitational lensing
have been able to explore the clump size distribution
at physical spatial resolutions below 100 pc (e.g., Liv-
ermore et al. 2012; Wuyts et al. 2014; Livermore et al.
2015; Johnson et al. 2017; Welch et al. 2022a). These
report a broad range of sizes (50 pc — 1 kpc), but be-
cause of the high magnification of the Sparkler, most
such clumps would be expected to be resolved by the
JWST data we study. As already noted, pioneering
work by Johnson et al. (2017) and Vanzella et al. (2017)
suggests that HST observations of strongly lensed ac-
tive star-formation complexes in galaxies at 2 < z < 6
may already have captured the earliest phases of globu-
lar cluster formation. More recent work on lensed z ~ 6
galaxies has revealed even smaller complexes, e.g. in the
Sunrise Arc (Welch et al. 2022b). This work is exciting,
but the association of young massive clusters at high red-
shift with proto-globular clusters remains indirect, and
the future evolution of these star formation complexes
is unclear.

The most interesting interpretation of the clumps in
and around the Sparkler is that the bulk of them are
evolved (maximally old, given the 4.6 Gyr age of Uni-
verse at the epoch of observation) globular clusters. If
this interpretation is correct, JWST observations of qui-
escent, evolved globular clusters around z ~ 1.5 galaxies
can be used to explore the formation history of globular
clusters in a manner that is complementary to searching
directly for the earliest stages of globular cluster forma-
tion (e.g., by examining young massive star-formation
complexes at z ~ 6 and higher). Young star forma-
tion complexes may, or may not, evolve eventually into
globular clusters, but there can be little doubt about
the identity of an isolated and quiescent compact sys-
tem if its mass is around 10° Mg and its scale length
is a few parsec. JWST observations of evolved globu-
lar clusters at z ~ 1.5 are also complementary to ex-
ploration of the ages of local globular clusters, as mod-
els fit to local globular clusters cannot distinguish be-
tween old and very old systems. For example, distin-
guishing between an ~ 11.5 Gyr old stellar population
that formed at z = 3 and a 13.2 Gyr old stellar popu-
lation that formed at z = 9 is not possible with current
models and data, because they are degenerate with re-
spect to a number of physical parameters (Ocvirk et al.
2006; Conroy et al. 2009, 2010). JWST observations of
evolved globular clusters, seen when the Universe was
about one third of its present age, provide an oppor-
tunity for progress by ‘meeting in the middle’, because
population synthesis models of integrated starlight from
simple stellar populations can distinguish rather easily
between the ages of young-intermediate stellar popula-
tions. This is because intermediate-mass stars with very
distinctive photospheric properties are present at these
ages. At z = 1.378, the lookback time to the Sparkler is
9.1 Gyr, and the age of the Universe at that epoch is 4.6
Gyr. Distinguishing between z = 3 and z = 9 formation
epochs for the globular cluster system corresponds to
distinguishing between 2.4 Gyr- and 4.1 Gyr-old popula-
tions, which is relatively straightforward for population
synthesis models in the JWST bands. In the case of the
Sparkler, the striking conclusion is that at least 4 of its
globular clusters have likely formed at z > 9.

Our identification of the ‘sparkles’ in Figure 1 with
evolved globular clusters relies on an assumption of very
strong magnification of the Sparkler. Strong magnifica-
tion occurs only in narrow regions near lensing caus-
tics, so there are strong magnification gradients in the
source plane. This makes it difficult to invert lens mod-
els to compute accurate luminosity functions for the pu-
tative globular cluster population. Based on Figure 1,
we assume the overall magnification of the system is
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large (at least a factor of 15), but handling the strong
magnification gradients across the local environment of
the Sparkler is beyond the scope of this paper. Assum-
ing magnifications of 10-100, the stellar masses of these
point sources fall in the range ~ 106 — 10"M,, which is
plausible for metal-poor globular clusters seen at ages of
around 4 Gyr, although most lie at the high end of the lo-
cal globular cluster mass range. Since critical curve may
be running through the system, we emphasize again that
the magnification (and hence the masses) of the clusters
is very uncertain.

If lens models can be determined with the accuracy
needed to compute source plane luminosity functions
and mass distributions, then the Sparkler may place
interesting constraints on globular cluster dissolution.
Physical processes slowly dissolve globular clusters, and
luminosity evolution is significant, so distant globular
clusters are expected to be both more massive and more
luminous than their local counterparts. The most rel-
evant physical processes are stellar evolution coupled
with relaxation and tidal effects, and in some models
significant mass loss is expected. For example, with a
standard Kroupa IMF (Kroupa 2001) about 30% of the
mass of a star cluster is expected to be lost due to stel-
lar evolution alone in the first few Gyr (Baumgardt &
Makino 2003), and this fraction is much higher for top-
heavy IMFs. Dynamical processes would compound this
loss, though dynamical processes are likely to be most
significant for lower mass clusters (Baumgardt 2006). In
any case, unless globular cluster dissolution processes
are operating far more quickly than expected, very high
magnifications are certainly needed to explain the point
sources surrounding the Sparkler as globular clusters.

6. CONCLUSIONS

In situ investigations of evolved globular cluster sys-
tems at z ~ 1.5 present us with a golden opportunity
to probe the initial formation epoch of globular clusters
with a precision unobtainable from studying local sys-
tems. Magnified red point sources seen at this epoch are
old enough to be unambiguously identified as globular
clusters, but young enough that their ages can be de-
termined quite reliably. We applied this idea to JWST
and HST observations of a z = 1.378 galaxy (which we
refer to as the Sparkler), which is strongly lensed by
the z = 0.39 galaxy cluster SMACS J0723.3-7327. At
least five of the twelve compact sources in and around
the Sparkler are unresolved and red, and the most likely
interpretation of these is that they are evolved globular
clusters seen at z = 1.378. By modeling the colors and
spectra of these compact sources with the DENSE BA-
s1s method, four (33%) are found to be consistent with

simple stellar populations forming at z > 9, i.e., in the
first 0.5 Gyr of cosmic history and more than 13 Gyr
before the present epoch. If these ages are confirmed,
at least some globular clusters appear to have formed
contemporaneously with the large-scale reionization of
the intergalactic medium, hinting at a deep connec-
tion between globular cluster formation and the initial
phases of galaxy assembly. Data and code to reproduce
our results will be made available at Ohttp://canucs-
jwst.com/sparkler.html.
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Table 1. Photometric properties and derived physical parameters for the compact point sources estimated from DENSE BASIS
and the SSP fitter. Reported uncertainties represent the 16*" — 84" percentiles of the posterior distribution for each quantity.

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

Class® GC GC C GC E E B GC C GC B B
F, [nJy; F435W] - - - - - - 13.98  33.51 - - 38.17 155.42
0F, [nJy; F435W] - - - - - - +4.57 £4.72 - - +4.57 +4.63
F., [nJy; F606W] - - - - 20.28 20.98 21.20 - - - 102.37  231.08
0F, [nJy; F606W] - - - - +3.24 +£3.28 =£3.16 - - - +3.15 +£3.08
F, [nJy; F814W] - - - - 52.41 - 46.52 - 67.55 - 126.44 258.67
0F, [nJy; F814W] - - - - +4.49 - +4.54 - +4.58 - +4.62 +4.54
F., [nJy; FO90W] 2.40 3.00 19.05 - 25.70 17.66 72.54 17.40 6.40 7.45 178.21 249.38
0F, [nJy; FOOOW] | £2.27 £2.26 +£2.34 - +2.41 +£2.42 £1.78 £2.30 235 =£2.34 +1.77 +£1.87

F, [nJy; F150W] 20.12 1711 2225 35.21 4847 34.82 69.74 7723 19.80 5299 285.08 334.33
0F, [nJy; F150W] | £5.32 £5.33 £5.28 £5.28 £5.28 £5.28 +5.35 £5.29 £5.25 £5.29 +£5.35 +5.32
F, [nJy; F200W] 41.05 72.04 41.53 3597 44.43 32.12 82.67 91.62 22.36 60.53 328.86 271.68
0F, [nJy; F200W] | £5.03 £5.04 £5.09 =£5.12 £5.09 =£5.14 +£5.07 £5.08 =£5.11 £5.08 +£5.07 +5.04
F., [nJy; F277W] 51.28 67.68 73.76 75.72 60.01 33.99 60.36 104.96 21.52 82.81 455.34 351.27
O0F, [nJy; F27TW] | £7.21 £7.19 +£7.24 +7.23 +7.24 4734 +£7.10 £7.25 +£7.33 +7.23 £7.04 +7.06
F., [nJy; F356W] 46.60 95.96 55.93 58.01 57.21 27.74 9849 111.25 10.54 88.50 502.32 345.09
0F, [nJy; F356W] | £7.20 £7.21 +£7.17 +7.21 +7.21 4716 +£7.03 £7.20 +£7.14 +7.21 4644 +6.98
F, [nJy; F444W] 25.70 61.42 6245 68.21 53.26 26.67 43.28 75.12 12.08 74.95 452.73 311.93
0F, [nJy; F444W] | £6.23 £6.16 +£6.21 +6.22 +6.62 +6.13 +£6.09 +6.21 +£6.17 +6.22 +6.10 +£6.07

log MY 50 [Mo] 826 857 842 857 834 815 820 868 7.96 858 9.09 8.4l
log MY 15 [Mo] 815 848 832 848 824 801 7.72 860 7.82 849 9.0l 833
log MY g4 [Mo] 838 867 852 868 845 827 834 877 810 867 914 849

log sSFR. 50 [yr™'] | -12.05 -12.25 -12.05 -12.15 -11.55 -11.05 -8.95 -1245 -11.75 -12.25 -9.25 -8.35
log sSFR.16 [yr™'] | -13.25 -13.35 -13.25 -13.35 -13.15 -12.95 -9.75 -13.35 -13.15 -13.35 -9.35 -8.45
log sSFR.s4 [yr™'] | -10.85 -11.05 -10.85 -10.95 -10.05 -9.55 -8.05 -11.35 -10.35 -11.15 -9.05 -8.25

tpeak,50 [GyT 4.10 4.01 0.68 3.87 0.32 0.87 0.27 4.01 4.01 4.10 0.05 0.00

]

tpeak,16 [CyT] 1.50 150 000 160 000 080 000 160 100 150  0.00  0.00
tpeak,sa [CyT] 451 451 130 050 170 1.80 0.25 451 451 451  3.55  0.00
A% 5o [mag] 030 048 028 1.28 0.5 016 018 023 0.22 034 027 003
A% 16 [mag] 0.08 0.16 0.07 078 0.04 004 003 006 006 010 020  0.01
A% 54 [mag] 0.68 091 062 1.82 039 047 049 049 055 0.71 035  0.05
log Zso/Zo -0.51 -0.33 -047 -0.11 -1.04 -1.02 -0.82 -0.72 -0.72 -0.36  0.21 0.11
log Z16/Z -1.09 -0.88 -1.05 -0.67 -1.37 -1.37 -1.43 -1.13 -1.25 -0.89 0.14  0.09
log Zs1/Zo -0.02 005 001 016 -045 -0.41 -0.54 -024 -0.12 0.03 024  0.15
log M. ssp [Mo)] 8.66 887 841 898 849 823 845 9.06 834 897 860 832
agessp [Gyr] 437 316 126 450 056  0.71  0.39 447 447 450  0.04  0.03
log Z/Zo ssp -0.50 -0.26 -0.55 0.00 -1.47 -1.50 -1.50 -1.00 -1.50 -0.50 0.00  0.00
Ay.ssp [mag] 011 043 023 1.00 060 022 0.00 012 0.00 018 0.71 0.06
Xbe/Xasp .01 1.03 127 1.00 1.05 095 0.72 092 094 093  0.51 2.02

@: Categories for the individual objects: GC: globular cluster candidates, C: possibly contaminated by galactic light (or by a nearby
diffraction spike for id 9), E: extended sources from visual inspection, B: in the bulk of the galaxy or actively star forming, for e.g. the
OIII regions in Figure 4.

b: The stellar masses account for stellar mass loss but are not corrected for magnification factors, which are ~ 10 — 100 and can vary
across the image.
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Facilities: JWST, HST(ACS)

Software: astropy (Astropy Collaboration et al.
2013, 2018), Photutils (Bradley et al. 2021), Cloudy
(Ferland et al. 2013), SEP (Barbary 2016, Bertin &

Arnouts 1996), SExtractor (Bertin & Arnouts 1996),
FSPS (Johnson et al. 2021), Dense Basis (Iyer et al.
2021), matplotlib (Caswell et al. 2019), scipy (Vir-
tanen et al. 2020), numpy (Walt et al. 2011), corner
(Foreman-Mackey 2016), hickle (Price et al. 2018) and
GALFIT (Peng et al. 2010)
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