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Abstract

Strong gravitational magnifications enable to detect faint background sources,
resolve their internal structures, and even identify individual stars in distant
galaxies. Highly magnified individual stars allow various applications, including
studies of stellar populations in distant galaxies and constraining dark matter
structures in the lensing plane. However, these applications have been hampered
by the small number of individual stars observed, as typically one or a few stars
are identified from each distant galaxy. Here, we report the discovery of more
than 40 microlensed stars in a single galaxy behind Abell 370 at redshift of
0.725 when the Universe was half of its current age (dubbed “the Dragon arc”),
using James Webb Space Telescope (JWST) observations with the time-domain
technique. These events are found near the expected lensing critical curves, sug-
gesting that these are magnified stars that appear as transients from intracluster
stellar microlenses. Through multi-wavelength photometry, we constrain stellar
types and find that many of them are consistent with red giants/supergiants
magnified by factors of hundreds. This finding reveals an unprecedented high
occurrence of microlensing events in the Dragon arc, and proves that JWST’s
time-domain observations open up the possibility of conducting statistical studies
of high-redshift stars.

The high magnification afforded by massive galaxy clusters accompanied with
microlensing enable us to identify individual stars in distant galaxies[l, 2]. Highly
magnified individual stars in distant galaxies allow for a wide range of applications to
several astronomy fields, including constraints on compact dark matter[3-6] or self-
gravitating micro-structures[7], the measurement of the abundance of dark matter
subhalos[8-11], direct constraints on the stellar populations and initial mass func-
tion of distant galaxies[2, 12], and direct observations of Population III stars [13-15].
To provide meaningful constraints, these applications require a statistically sufficient
large number of distant stars identified from each lensing field. However, from previ-
ous observations, typically only one or a few individual stars have been identified from
each galaxy[2, 16-20], and such applications of individual stars have been so far lim-
ited. With its superb light-collecting power and excellent spatial resolution, JWST has
been expected to change the current situation by significantly increasing the detec-
tions of individually lensed stars from each galaxy, which finally will open up various
applications of individual star detections.



Individual stars require extremely strong gravitational magnifications of factors
of hundreds to thousands to become bright enough to be detectable[2]. Such strong
gravitational magnifications are possible by combinations of strong lenses induced by
massive dark matter in galaxy clusters and microlensing events by intervening compact
masses such as intracluster stars. Since microlensing events are usually observed as
variable sources, we typically need time-domain observations for extragalactic survey
fields to search individual stars. Here, we report the results of serendipitously obtained
JWST's time-domain observations of a strongly lensed galaxies.

Our target is a strongly lensed star-forming galaxy at z = 0.725, behind the galaxy
cluster Abell 370, which appears as a giant lensed arc also known as “the Dragon arc”.
JWST NIRCam multi-wavelength images of the Dragon arc are obtained over two
epochs. One is during JWST Cycle-1 in December 2022 and another is during Cycle-
2 in December 2023. Both observations serendipitously use filters covering similar
observing wavelength ranges within which 2 pym and 4.1 ym images are commonly
observed. The repeat observations allow us to perform a time-domain observation of
the Dragon arc.

Using 2 ym and 4.1 pym images obtained across the two epochs, we searched tran-
sient events that show up only in one of the epochs. For searching transients, we use
the 2 um images as the detection images as the 2 um images are deeper by ~ 1mag
and have higher spatial resolution than the 4.1 ym images. The two epoch observations
of the 2 um wavelength images apparently show a large number of compact transients
across the Dragon arc (bottom panels of Figure 1). To more precisely identify fainter
transients, we created a differential image by subtracting each epoch’s 2 ym observa-
tion (see Methods for more details). Thanks to the high spatial resolution and high
sensitivity of each 2 ym image with the identical position angle of the telescope, we
obtained a clean differential 2 um image which shows a large number of transient
events appearing as bright positive and negative detections in the differential image
(Figure 2). We used two complementary source-finding algorithms (DAOFIND[23] and
Sextractor([24]) to efficiently detect compact and crowded transients from the 2 um
differential image (see Methods for more details). In total, we identified 45 bright and
securely detected transients with the signal to noise ratio (SNR) of greater than 5
across the Dragon arc.

After careful investigations, we find one transient d; ~ 1”.8 away from the Dragon
arc (event o in Figure 2) that could likely be a non-lensed type of transients (e.g.,
the late stage of a supernova), where d; represents the distance from the closest
position to the Dragon arc (see Methods). However, finding more than 40 supernovae
simultaneously from a single galaxy is improbable even in this faint limit[25]. Also,
transients seen in the 2 ym images are located around the expected positions of critical
curve within the Dragon arc, while each lens model has slightly different predictions for
the positions of critical curves due to uncertainties of the models. Thus these transients
should be strongly magnified with factors of ~ 10 to ~ 6000 that are estimated from
various lensing models. As they appear as transients typical for microlensing events,
from their expected high lensing magnifications, and their point source morphology in
the image plane, we conclude that these transients represent microlensed stars in the
Dragon arc.



To study basic properties of the lensed individual stars, we create a color magni-
tude diagram using photometry from differential images of 2 um and 4.1 ym. To study
the color magnitude diagram, we limit our sample only to F410M bright sources,
namely F410M detection of > 50 as F410M images are shallower than F200W image
and individual detection of the lensed stars are limited (see Methods). With these cri-
teria, we analyze the color magnitude diagram for 8 micro-lensed stars. We find that
these stars have rest-frame F200W - F410M colors consistent with stars having sur-
face temperatures of ~ 3000K — 4000 K[32] (Figure 3). Such low surface temperature
indicate that these stars are either low mass main-sequence stars or red giants/su-
pergiants with apparent luminosity of p L ~ 107 =8 L, where u represents the lensing
magnification factor. As these microlensing events typically have magnification factors
of a few thousand, these results indicate that the F200W and F410M detected stars
are red supergiants with intrinsic liminosities of L, ~ 10° L, receiving gravitational
magnifications of factors 4 = 100s — 1000.

Excluding one likely non-lensing transients, the finding of 44 microlensed stars
in a single high-redshift galaxy far surpasses previous records[2, 16]. The findings of
the large number of highly magnified individual stars demonstrate the unique power
of sensitive time-domain observations in near-IR wavelengths using JWST as well as
the high occurrence of microlensing events in the Dragon arc. Future JWST time-
domain observations of the Dragon arc as well as other similar strongly lensed galaxies
at high redshift will allow us to obtain large number of individual stars detected
from galaxies in cosmological distances, which will provide us with essential infor-
mation about stellar populations in high-redshift galaxies. A full SED analysis of
magnified stars will be enabled by another imaging visit using the same filters in
future observations. The discovery of the large number of highly magnified individ-
ual stars show that JWST has open up the new possibility of conducting statistical
studies of high-redshift stars and subgalactic scale perturbations in the lensing field.
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Abell 370, the Dragon arc at z=0.725

2023

Fig. 1 Figure 1 — JWST observations of distant stars seen as bright transients in
the Dragon arc. Upper panel: A false-color image of the entire “the Dragon arc” behind Abell
370 cluster [21, 22], using JWST filters FO90W, F150W, and F200W. North is up, East to the left,
and a reference angular scale of 1”7 is shown by the solid horizontal bar at the bottom right corner.
The dashed white rectangle shows the region of interest further analyzed in Figure 2. Lower panels:
F200W zoom in on a part of the Dragon arc in the 2022 image (left panel) and in the effective
F200W in 2023 (right panel). The effective F200W image in 2023 was made using F182M and F210M
images (see Methods). Examples of the apparently bright microlensing events are indicated, where
dashed half-crosses show bright sources seen only in 2022 data and solid half-crosses show sources
only in 2023. Many additional microlensing events exist, but are only visible in the differential image
in Figure 2. Horizontal bars in the lower right corners show 1" scales.
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Fig. 2 Figure 2 | 2 um differential images of the Dragon arc between the 2022 and 2023
epochs. Top Panel: The entire 2 um differential images. Positive signals (red) show objects that
appear only in 2023, while negative signals (blue) show sources only seen in 2022. Contours show
critical curves for z = 0.725 estimated from several programs: the solid black critical curve is derived
with the WSLAP+ code [26, 27], the dashed green lines are from the lenstool software [28, 29], and the
dash-dotted purple lines are from the Light-Traces-Mass (LTM) method [30]. Star symbols indicate
locations of previous HST detections of microlensing events [31]. Lower Panels: Zoom-ins of crowded
transient regions indicated with A, B, C, and D letters in the upper panel. Circles (r = 0”.12) show
detected microlensed events. Solid circles show lensed stars significantly detected in 2023 epoch, while
dashed circles indicate stars detected events in 2022 epoch. Hatched circles show the masked regions
that are used to avoid contamination from bright residuals. In total, 44 microlensed stars and 1 likely
Supernova are significantly detected.
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Fig. 3 Figure 3 | 2um Color-magnitude diagram of F410M-detected transients. Square
symbols show events in 2022 and circular symbols show events in 2023. Filled space shows the F410M
detection limit. Except for event «, 8, 0.4 mag of dust attenuation corrections are applied for all
F200W - F410M colors estimated from measurements of [33]. Error bars represent the estimated
standard deviations of measured colors. The gray area shows the color space inaccessible among our
data due to the sensitivity of the F410M difference image. Solid line in the upper panel shows typical
F200W - F410M color of different temperature giant stars redshifted at z = 0.725 [32]. Right panel
shows a histogram of detected F200W magnitude and absolute magnitude at the rest-frame J-band.
The observed J-band absolute magnitude of these sources show that these stars are strongly magnified
by 1 2 100s — 1000 assuming they are red giants or asymptotic giant stars [34].



Methods

Cosmology

Throughout this paper we assume a concordance cosmology with Q,, = 0.3, Q = 0.7,
h=0.7.

Observations and Reduction of JWST Data

We used JWST NIRCam imaging [35] observations from two programs: Cycle-1 GTO-
1208 (the CAnadian NIRISS Unbiased Cluster Survey, CANUCS, PI: C. Willot [36])
and Cycle-2 GO-3538 (PI: E. Tani) which are publicly available. These two programs
targeted Abell 370 cluster at z = 0.375 using multiple NIRCam filters. Observations
were executed in December 2022 and December 2023, respectively, i.e., separated in a
time period of ~ 1 year. Abell 370 field includes a giant arc of a star-forming galaxy
at z = 0.725 also known as the “Dragon”[21, 22, 37], which is the target of this study.

GTO-1208 CANUCS obtained images in filters of FO90W, F115W, F150W,
F200W, F277W, F356W, F410M, F444W, each with integration times of ~ 6400 s.
GO-3538 performed NIRCam wide-field slitless spectroscopy and direct imaging in
filters of F300M, F335M, F410M, and F460M, accompanied with short-wavelength
imaging using F182M (~ 19400s) and F210M (~ 19090s) filters. Direct imaging for
long wavelength filters were also taken with integration time of 2770-3092s.

All observations are calibrated using the standard JWST pipeline [38] version
v1.11.2, with reference file jwst_1188.pmap. We also included customized routines to
remove well-known artifacts, including the subtraction of 1/f noise stripes in both row
and column directions, template-based wisp subtraction in NIRCam short-wavelength
detectors, hot-pixel masking in long-wavelength detectors, and manual masking of the
persistence from bright objects [35, 39, 40]. The astrometry of each image was carefully
corrected using a combined catalog of HST sources detected with HFF/BUFFALO
images [41] and DESI Legacy Imaging Survey catalog[42], both registered to Gaia[43].
As a result, each image is well aligned, with an absolute astrometric error of < 0”.03,
and an internal RMS astrometric error of ~ 0”.004 for all > 50 sources. The final
mosaicked images were drizzled with pix_frac=1.0 and a pixel size of 0”.03.

Identifications of microlensing events

Our target is a strongly lensed star-forming galaxy, “the Dragon arc” at z = 0.725
behind Abell 370. This highly lensed galaxy was originally known as “the Giant
Arc’[21, 22, 37]. Later, “Dragon arc” was labeled during one of image release of the
Hubble Space Telescope’s Advanced Camera for Surveys (ACS) in 2009.

We first investigated the Dragon arc by directly comparing the F200W (2022) and
F182M (2023) images. where we find that several bright sources are only seen in one
of the epochs, representing potential transient events across the Dragon arc. Then,
to more precisely identify fainter transient events, we subtracted a combined F182M
+ F210M image (2023) from the F200W image (2022). We use Aops = 2 pum images
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to identify transients instead of the repeated F410M filter because the 2 um data are
deeper by ~ 1 mag and higher spatial resolution. To make the 2023 epoch F182M +
F210M image (i.e., “effective” F200W image), we first performed point spread function
(PSF) homogenization for the F182M and F200W images to match their PSFs to
that of F210M. The PSF for each image was made using WebbPSF [44] applying the
wavefront measurements for the closest date of each observation. Convolution kernels
were produced using pypher [45] by applying a regularization factor of 0.0001. The
kernels were convolved using the convolve2d function of the scipy.signal submodule
[46]. Using the PSF-homogenized F182M and F210M images, we created an effective
F200W image by linearly interpolating fluxes at the pivot wavelength of each filter. We
then verified that the effective F200W-2023 image provides consistent fluxes with the
F200W-2022 image by performing aperture flux measurements of bright (mgogow >
23.2mag) sources in both images. We find the difference of the fluxes are 0.4195 %.
The differential image was then created by subtracting the effective F200W-2023 image
from the PSF-homogenized F200W-2022 image.

Finally, we subtracted the global background of the differential image. This is
to remove any large-scale background in the differential image. The systemic large-
scale background is made by the differences in background (sky and intracluster light)
subtraction during the production of mosaicked images. As a result, a clean differential
image was created with the pixel distribution of ~ 0.0+£0.8 nJy. The differential image
clearly shows significant positive and negative peaks across the Dragon arc, indicating
a large number of transient events observed over the two epochs (Figure 2).

We used DAOFIND [23] incorporated in the photutils.detection submodule and
SExtractor [24] to detect microlensing transients from the differential image. These
two source-finding algorithms are complementary in a way that DAOFIND efficiently
detects circular Gaussian sources in crowded regions while Sextractor can detect less
circular sources that can also be found in the crowded regions in the differential image.

For the Sextractor run, to detect compact sources, we applied a minimum num-
ber of connected pixels of four, each of them with flux > 2.5 ¢ above the background
standard deviation by setting DETECT_MINAREA = 4 and DETECT_THRESH = 2.5 (i.e.,
> 50 detection). To deblend crowded sources, we applied a contrast parameter of
DEBLEND_MINCONT = 0.0005. With these settings, we run Sextractor for positive and
negative instances of the differential image, corresponding to transient events in 2023
and 2022, respectively. For DAOFIND run, we used a 5o threshold of 0.038 MJy /sr
(0.7nJypix~!) and a kernel full width at half maximum of 2.5 pixels. Similarly,
DAOFIND was used for positive and negative instances of the differential image.

For both of the source detections, we masked regions close to bright sources (e.g.,
bright cluster member galaxies and bulges of the Dragon arc) exist in the original
F200W image. This is to avoid the contamination from residuals caused by minor PSF
differences between 2022 and 2023, which is apparent in the differential image. All
masks have a fixed radius of » = 0”.45 and are centered on the brightest pixel of each
galaxy and bulge. To be conservative, the radius is manually determined using the
brightest and largest residuals located in the north west and south west part of the
differential image. Between the two epochs, the position angle varies by ~ 2 degrees,
and the difference in FWHM of the PSF is < 5 %.
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To assess the impact of noise signal on detection, we ran the same source-finding
routine over the same F200W differential image of several types of galaxies (e.g.,
clumpy or smooth morphology with different luminosities). Except for genuine tran-
sients such as supernovae that can be also detected in other bands, we do not detect
any significant bad pixels that only appear in the single band with similar signifi-
cance. Therefore, we conclude that the transients detected on the Dragon arc are not
data-quality artifacts but real transient events.

Using the PSFphotometry routine of the photutils.psf module, we assessed the
sizes of the individually detected transient events by subtracting scaled PSFs at the
positions of detected transients. The residuals appear consistent with background
noise, leading us to conclude that the transients are consistent with point sources.

Contamination from strong emission lines?

We note that strong emission lines from HII regions still have some probability to
masquerade as transients due to the imperfect match between the F182M-+F210M
and F200W filter transmission curves. At z = 0.725, Hel A1.083 pm and Paschen -~y
can elevate the flux density from F182M photometry, and Paschen 8 may boost the
F200W photometry if they are strong enough. In the “head” of the Dragon arc (the
least magnified multiple image of the Dragon arc seen in the most eastern part of
Figure 1), three bright clumps can be tentatively seen as faint F200W (2022) excess
sources with peak brightness ~ 1nJy pix~! in the difference image. However, counter
images of these clumps are not selected in our sample, as they are much fainter than
our selected transients. Additionally, there are no underlying compact star-forming
clumps seen in continuum emission. For these reasons, we conclude that the emission
line contamination in our transient sample is negligible.

Contamination from star clusters?

We note that star clusters rather than single stars might be able to contaminate
the sample if microlenses can magnify such spatially more extended objects. How-
ever, as we argue below, this is not the case and we securely reject the possibility of
contamination in our microlensed transient samples from magnified star clusters.

In order to achieve a microlensing magnification boost factor of p, = 10 through a
solar-mass lens in Abell 370 cluster given a macrolensing magnification of 100 (Table
1), the maximum allowed source size is r, = 20 * D/, where 0 is the Einstein
radius for the effective microlens and Dy is the angular diameter distance at z; = 0.725
[47, 48]. This is found to be 7, ~ 5.4 x 103(10/u,) AU. This distance is too small
compared to the typical distance between bright stars in a star cluster that can be
detectable through ~ 1000x of magnifications from microlensing events[49, 50]. Thus,
the microlens does not provide enough magnification to such a spatially extended
object. This means that even if the observed supergiants reside in star clusters, the
detected sources cannot be the entire star cluster. Assuming an extreme case of 1000
very bright stars within 1 pc[49], the projected separation between them is large
(~ 10000 AU) and simultaneous microlensing boost of many of them is impossible.

12



Photometry

To measure the F200W fluxes of detected transients, we performed forced aper-
ture photometry on the difference images at the detected positions. We used a fixed
aperture photometry with an aperture radius of 0.06 arcsec. Photometric errors are
estimated by placing random apertures with the same size on the transient-free regions
of differential images. To take into account realistic Poisson noise from the host galaxy,
we only place random apertures where the surface brightness in F200W image is 0.4-
50 nJy pixel 7!, i.e., similar to the surface brightness of the background the Dragon arc
around the transient positions. We performed aperture correction based on the PSF
models obtained using WebbPSF [44]. The 50 detection limit is therefore determined
as 28.75 AB mag in the difference image.

We also performed photometry of transients using F410M images because F410M
is the only repeated filter used in both epochs while the F410M image is shallower
than F200W image as it is observed as a part of grism observation in GO-3538. During
this long wavelength photometry, we limited our sample only to F410M bright sources,
namely F410M detection of > 5o. Because of the larger PSF size and higher sky
background, longer wavelength images only have limited detection capability. Espe-
cially, within the bright region of the Dragon arc, large correlated noise buries weak
transient signals. Additionally, larger PSF size of F410M (FWHM ~ 0”.14) prevent
us from detecting transients in crowded regions where F200W based detections have
separations of ~ 0”.1. Therefore, we only focused on F410M photometry and anal-
ysis for the brightest microlensing events (see Supplementary Figure 1). For these
bright sources, we similarly performed forced aperture photometry with a fixed aper-
ture radius of 0.1arcsec. The F410M detection limit of transient is ~ 27.7 ABmag.
The much smaller number of transient detections in F410M reflects the shallowness
of F410M differential image, its larger PSF size, actual surface temperature of each
individual star (see Figure 3), and difference of the dust opacity in each line of sight.

Photometry of microlensed stars using other filters was not performed in this study
except for event a, event 3, and event 3’ see §49. These three events appear around the
region where backgrounds are smooth and thus easy to estimate using the surrounding
area. However, for most cases, the background is part of the Dragon arc itself, leading
to uncertainty in estimating background and accurate photometry of each source.
This is because current observations do not have repeat observations of all filters. A
full reliable SED analysis would require another imaging visit using filters that have
existing images.

Summary of transient events in 2022 and 2023

From two independent source detections, we found 44 and 31 sources from SExtractor
and DAOFIND, respectively. All DAOFIND detected sources are detected by SExtractor.
In total, we detected 45 microlensing events from the Dragon; 28 in the 2022 observa-
tion and 18 in the 2023 observation (Supplementary Table 1). Compared with previous
identifications of microlensing events and magnified single star observations (e.g., 8 in
the Dragon arc identified with HST Flashlights program down to 3.30 significance[31]),
our finding of 46 microlensing events in a single galaxy far surpasses previous records,
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which shows the extremely high occurrence rate of microlensing events in the Dragon
arc captured by JWST. This is because the Dragon arc has a lower redshift than other
galaxies that host microlensing events e.g.,[2, 20, 51], and therefore more stars are
visible to the JWST when highly magnified.

The detection of microlensing events requires extremely high magnification (u 2
103). Therefore, they occur frequently around the critical curves of the large-scale grav-
itational lens powered by major dark matter halos of the galaxy cluster (macrolens).
The locations of our detections of microlensing events are consistent with macrolens
critical curves for z = 0.725 objects previously estimated in different studies and with
different software and methods (see Figure 2). The estimated magnifications from
macrolens based on existing cluster mass models are typically at p > 102 despite large
uncertainties as indicated by the model-to-model scattering in Supplementary Table 1.

Although the positions of detected microlensing events are consistent with the
macrolens critical curves, we note that existing lens models of Abell 370 cluster do
not simultaneously explain all the microlensing events. In particular, several transient
events have large angular offsets from the expected positions of macrolens critical
curves (e.g., region C in Figure 2). These large offsets between the macrolens critical
curve and microlensing events may indicate the complex structure of the dark matter
sub-halo structure of the lensing cluster e.g., [8, 9, 52], or uncertainty of gravitational
lens models. In-depth analyses of detailed mass models with complex sub-halo dis-
tributions incorporating the uncertainty of lens model will be important in future
works.

Furthermore, we identified an event which has a large angular offset (d; ~ 1.8” or
1.7kpc assuming z = 0.735) from the Dragon arc. We call this event as event « (see
Figure 2), and detailed analysis and discussion is presented in Section 49.

We note that many point-like residuals in the Dragon arc are currently not selected
as transients because of our conservative 5o detection limit (Figure 2). These surface
brightness fluctuations are also likely caused by fainter microlensed events, or events
off from the peak phase. As the magnitudes get fainter, we expect it increasingly
probable that multiple, independently micro-lensed stars blended within the PSF col-
lectively contribute to the observed flux variability. Such signals have been discussed
in the contexts of pixel variability [53] and collective variability of unresolved stel-
lar associations [47]. Future deep and higher spatial resolution multi-epoch imaging
observations, such as using 30 m class telescopes with the adaptive optics, will be able
to resolve and identify such faint and crowded single stars.

We find that, in the region A of Figure 2, one of our sample’s spatial location
overlaps with the previous transient findings using HST[31], which may represent the
close microlensing events or repeating microlensing event of a same star. Although
the probability of finding the same star microlensed in different epochs would be very
low, it is still possible especially if the background object is a binary star system as is
discussed for the finding of a z ~ 6 star[20]. Disentangling these possibilities or con-
firmation of such repeating events, at least, requires multi-wavelength observations of
the events with the future repeat observations using JWST. In addition, the proba-
bility of seeing multiple microlensing events from the same background star can be
increased if a millilens is near the line of sight as discussed in [54].
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Color magnitude diagram

The color magnitude diagram of the detected sources shows that the lensed sources
have red colors in F200W — F410M > Omag (roughly corresponding to J — K in
the rest frame; Figure 3). Previous Herschel observations at 100-500 um have shown
that the Dragon arc is a dusty star-forming galaxy [55], and it exhibits significant
interstellar dust attenuation of up to E(B — V) = 0.4 mag [33]. This implies a necessity
of color corrections between F200W and F410M of up to 0.4mag to derive intrinsic
F200W — F410M colors of each source, assuming a uniform dust screen. We simply
applied a color correction of 0.4 mag to demonstrate possible stellar type classification
for detected sources, except for the off-arc event e and 3, but we caution the potential
variation of dust attenuation of observed stars, which cannot be corrected with the
data taken so far.

Sources detected in microlensing events have F200W — F410M colors of —0.5 ~
+0.5 mag (Figure 3). By comparing with theoretical stellar atmosphere spectra of giant
stars (lowest surface gravity available at each effective temperature in the set of [32],
under the assumption of [M/H] = 0), these colors are consistent with typical ranges
of stellar spectra with temperatures of 7' < 5000 K. Due to their low temperature and
high luminosity, these sources are red giants/supergiants (and potentially binaries)
magnified by factors of p > 1000, and thus reaching absolute J-band magnitude of
—14 ~ —16 AB mag (see also §49 below). These color distributions are particularly
biased toward red sources because we performed source detection in F200W filters and
because of the shallowness of F410M observations. Detecting higher temperature stars
at this redshift (e.g., 2 8000 K) requires multi-epoch observations at Aops < 1 pm [31].

~

SEDs analysis of bright sources

For three particularly bright events, event a, event B and event 3/, we study their
SEDs using multi-wavelength photometry. As these events occurred in regions that
are away from the brightest part of the arc, more accurate background subtraction is
possible using single-epoch data. We find full SED analysis of other transient events
are difficult. This is because the proper background subtractions from their photom-
etry are only possible for the repeating F200W and F410M bands. For event «, event
B and event 3, backgrounds of non-repeating bands would be possible as their back-
ground is smooth. Nevertheless, their photometry might still be contaminated by their
backgrounds. Thus, photometry in Supplementary Table 1 is more accurate as it uses
actual backgrounds for each transient event although single epoch data in Supplemen-
tary Table 2 is useful for full SED analyses. We conducted photometry of these events
using background subtracted images of observations in 2022 and 2023. Aperture pho-
tometry was performed with aperture radii of 0.06 arcsec and 0.10 arcsec for short
wavelength filter images and long wavelength filter images, respectively. Annuli with a
width of 0.10 arcsec were used to measure local backgrounds, and flux density uncer-
tainties were measured from random aperture experiments. Obtained photometry is
summarized in Supplementary Table 2.
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Event a:

From our analysis of the difference images between the 2022 and 2023 observation,
event « has the largest angular separation from the arc (~ 1”.8; Figure 2). The SED
of event « is shown in the top-left panel of Supplementary Figure 2, and we find
that a T'= 2200 K template among the examples in the stellar spectral library of [32]
provides the best match to the observed SED. Therefore, if event « is a microlensing
event of a single star, it should be a cool star in the galaxy halo of the Dragon arc.
We also examine the F182M and F210M light curve of event o over epoch-2 (3.4-day
span in the observer frame). Despite the data being noisy per each telescope visit, we
detect no evidence of significant brightness change (< 0.7 mag) within this time frame.

However, most of the existing cluster mass models do not explain the required
high magnification of event o needed to be observed as a microlensing event (typical
macrolens y ~10-100 in Supplementary Table 1). Assuming a macro+micro lensing
magnification of = 1000 at z; = 0.725 and no dust extinction, event a should have
absolute J-band magnitude of —7.2 AB mag in the rest frame. Given the expected
low number density of very luminous, short-living stars in galaxy halos, the likelihood
of event a being a microlensing supergiant star in the Dragon arc is low. Although
one can assume a significantly larger lensing magnification to accommodate a lower
intrinsic luminosity of the source, this would require a much smaller impact parameter
(and thus a rarer chance) for the alignment of the microlens with the background star.
In addition, the separation of event o (d ~ 1”.8) from the host galaxy is too large for
an evolved star to be found at this distance, making the interpretation of event « as a
microlensing event even less likely. Therefore, we also consider the following physical
explanations of event o and explore their likelihood:

— Type Ia Supernova in Abell 370: Possible. Given its proximity to one cluster
member galaxy of Abell 370, event « is likely a SN at the cluster redshift. Because
most of galaxies in Abell 370 cluster are quiescent and although some cluster galaxies
are known to show core-collapse supernovae e.g., [56, 57, we consider event a a likely
SN TIa. At the cluster redshift z = 0.375, the observed F200W magnitude implies an
absolute magnitude of —13.2 AB mag at 1.5 um. With this brightness, it can only be
a nebular phase SN Ia that is ~ 200 days post-peak in the rest frame (e.g.,[58]). We
note that the two epochs of JWST observations have a separation of 260 days in the
z = 0.375 rest frame, placing a stringent upper limit of the age of event « if it is a
cluster SN. The middle-left panel of Supplementary Figure 2 compares the SED of
event « with the JWST spectrum of the nearby Type Ia supernova SN 2021aefx at
+255 days post peak (i.e., nebular phase [59]). We find that the observed SED of event
« can be explained by this spectral template with similar reduced Xfeduced (of = 1.6)
to that of the aforementioned cool star template ( x%4uceq = 1-6), and the residual is
mostly dominated by the F460M non detection. Therefore, we conclude that event «
could be a SN Ia at the redshift of the foreground cluster.

— Kilonova in Abell 370: Unlikely. At z = 0.375, the observed F200W magnitude
could match that of a kilonova like AT 2017gfo (the electromagnetic counterpart of
GW170817[60]) at ~ 10 days post merger [61]. At this epoch, AT 2017gfo has already
shown a red rest-frame H — K color of 1 AB mag. However, this is not observed for
event o in F210M — F300M. Therefore, we conclude that event « is unlikely a kilonova
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at the cluster redshift. However, our knowledge on kilonovae’s light curves and SEDs
could still be very limited, which could show a large diversity because of different
ejecta properties [62].

— Luminous red nova in Abell 370 or the Dragon arc: Unlikely. Massive star merger
can trigger luminous red novae reaching absolute V-band magnitude of ~ —15mag
e.g., [63]. They can also show similar rest-frame near-infrared color as that of event a.
However, we argue that the likelihood of having a massive stellar progenitor in either
the halo of Dragon or Abell 370 quiescent member galaxies is considerably low.

— “Hostless” SN at z ~ 1 — 2: Possible. Fvent a could also be a lensed SN hosted
by a low-mass galaxy that was not detected even by JWST. This is also known as
“hostless” supernova. If event o is a SN at z 2 2, based on glafic lens model [64, 65],
we expect the detection of a counter image of the SN with a short time delay to event
a (< 20days) but potentially larger magnification. If event o is a SN at z < 0.8,
then with the large magnification (1 ~ 10) and limited evolution time (< lyr in
observed frame), event a should have been as bright as < 27 AB mag at 2 um, i.e.,
1 mag brighter than the actual observed value. Therefore, if event « is a hostless SN,
it can only be at z ~ 1 — 2. With the SN Ia spectral templates from [66] and software
SNCosmo [67], we find that the SED of event o can be explained by SN Ia at z ~ 1.32
with X?educed = 1.7, for which the age is t ~ +129days post-peak (4300 days in
the observer frame; Supplementary Figure 2, bottom-left panel). At this redshift, the
multiple images are expected as nondetections in obtained JWST data, either because
of large difference of arrival time or proximity to bright cluster member galaxies.
Therefore, we do not rule out the possibility of event a being a hostless SN at z ~ 1.3.

As a final remark, naturally there are other transient sources (e.g., tidal disruption
events) that could be considered to interpret event a. However, we believe that the
above discussions cover most of the known possibilities, and we conclude that event o
could be also interpreted as a nebular-phase SN Ia at Abell 370 redshift or a “hostless”
SN at z ~ 1.3.

Event 8 and 3':

The event 3 and event 5’ are found in the 2022 and 2023 observations, respectively,
at the most south-east position of the Dragon arc (Figure 2). Both event 5 and event
B’ are some of the brightest events among the current microlensing events found in
the 2022 and 2023 images. As the locations of these events are in the outer disk region
of the Dragon arc, we expect low dust attenuation for these two sources. Thus, we
assume no dust attenuation for sources observed in both event 3 and event '

Right panel of Supplementary Figure 2 shows the observed fluxes of event 8 and
event 3. Using the spectra of stellar atmosphere models of [32], we performed x?
minimization. We find that low temperature stars with surface temperature of T =
3000K to T'= 3300K fit well and a "= 3200 K star gives the minimum x2,;,..q = 1.1
for the SED of event 3. Similarly, the observed SED of event 8’ is well represented with
a star with surface temperature of 7' = 3500 — 3700 K while a T' = 3500 K star gives
the minimum x2,..q = 4.7. With these fits, we find the apparent luminosity of the
event B and event ' to be Lo ~ 1 x 10® Lo and p Ly ~ 8 x 107 L, respectively.
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Due to their low temperatures represented by their red colors, these events would
be microlensed red giant/supergiant stars that are strongly magnified with p 2 1000.
The different spectral shapes of event S and event 3 suggest that they would be
different stars, rather than multiple images of a single star. At the same time, as
low temperature stars at high-redshift are only bright in Aops = 2 um, these sources
demonstrate the importance of such near-IR observations to build complete stellar
samples at high-redshift.

An alternative interpretation would be that these two stars are indeed the same
star multiply imaged as a result of astrometric perturbation induced by dark matter
subhalos. Such events are predicted by [8] and will occur specifically around the critical
crossing region such as the location near event S and eventf3’ see also [2]. In this
case, the difference of the observed SEDs are interpreted by intrinsic variability of
the magnified star. In fact, such variability of stars accompanying changes of surface
temperature and SEDs are observed in nearby stars such as Cepheid. Although a
definitive conclusion is difficult to obtain with existing photometry using single epochs,
confirmations of such magnified close-paired star in large numbers allow to investigate
the subhalo structure of dark matter as well as to constrain dark matter physics. Future
JWST's time-domain observations using matched filters allow us to obtain accurate
multi-wavelength photometry of individually magnified stars and allow us to conduct
such studies.

Data availability. The 2 um differential image generated and analysed during the
current study is available from https://github.com/yfudamoto/the_dragon_arc2024.
git. Other datasets generated are available from the corresponding author on reason-
able request. The raw data from GTO-1208 (CANUCS) are available on the Mikulski
Archive for Space Telescopes (MAST) at doi:10.17909/ph4n-6n76 [70].
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Table 1 F200W-based detections of microlensing events in 2022 and 2023

ID RA Dec year  magraoow  w glafic®  p WSLAP+P  p Zitrin® x4 BUFFALOY ;4 HFF®
2201 39.969401  -1.584803 2022 28.4+ 0.1 2677 65 88 2307 37
2202 39.969417  -1.584746 2022  28.6 & 0.2 2417 34 78 317 27
2203 39.969426  -1.58478 2022 28.3+0.1 33142 a7 87 2348 44
2204 39.969442  -1.584832 2022 28.3+0.1  13072%* 357 185 46 890
2205 39.969469  -1.584738 2022 27.6 + 0.1 43118 50 92 2575 46
2206 39.969659  -1.584863 2022  28.5+ 0.2 2715 46 13665 31 31
2207 39.969942  -1.584886 2022  28.3+0.1 3015 102 168 56 50
2208 39.970067 -1.584966 2022  28.6 % 0.2 2013 123 180 55 50
2209 39.970094  -1.585033 2022  28.6 4+ 0.2 2673 73 385 44 43
2210 39.970136  -1.584935 2022 28.2+0.1 37+7 4639 108 86 76
2211 39.970328  -1.585 2022 28.6+ 0.2 4813t 134 91 371 333
2212 39.970374  -1.585049 2022  28.7 £ 0.2 46143 117 100 163 721
2213 39.970374  -1.585009 2022 27.9+ 0.1 54119 88 82 540 1452
2214 39.9704 -1.585094 2022 27.540.1 43t1t 182 108 123 355
2215 39.970419  -1.585006 2022  28.1+0.1 64728 65 74 1733 3059
2216 39.970445  -1.584967 2022  28.24 0.2 89158 51 65 1795 313
2217 39.970468  -1.585274 2022 28.3 +0.1 3215 161 691 54 95
2218 39.970727  -1.585275 2022 28.5+ 0.1 60123 88 146 1935 110
2219 39.971079  -1.584887 2022 28.4+0.1 20110 15 34 15 10
2220 39.971768  -1.584963 2022 28.5+0.2  196T¢s? 114 182 65 3495
2221 39.971904  -1.584807 2022  28.5+ 0.2 1167399 119 140 48 207
2222 39.971952  -1.584836 2022 27.3+0.1  9471%° 116 166 62 56
2223 39.972045  -1.584789 2022  27.440.1 71ta 156 161 98 28
2224 39.97209  -1.584741 2022 28.4+0.1 73+33 568 155 112 26
2225 39.972163  -1.584835 2022 27.5+0.1 2976 45 120 39 8
2226 39.972248  -1.584707 2022  27.340.0 2512 30 104 26 7
2227* 39.972783  -1.584734 2022 27.4+0.0 30t 418 456 22 11
2301 39.969121  -1.5846 2023  28.6+ 0.2 1877 18 119 363 18
2302" 39.969252  -1.584188 2023 28.0+ 0.1 1173 11 189 16 8
2303 39.969456  -1.584804 2023  28.5 4 0.2 85197 191 139 73 913
2304 39.969473  -1.584769 2023  28.5+ 0.2 67118 84 113 430 96
2305 39.970074  -1.584921 2023 27.2+0.1 3476 286 122 73 64
2306 39.970191  -1.585072 2023  28.6 % 0.2 2013 114 249 51 52
2307 39.970362  -1.585098 2023  28.14 0.2 RIS 357 126 90 134
2308 39.970436  -1.585247 2023  28.1+0.1 3218 193 405 55 89
2309 39.970446  -1.585053 2023  27.8 4+ 0.2 58122 79 85 1241 2646
2310 39.970578  -1.585187 2023  28.7 £+ 0.2 55119 95 114 648 250
2311 39.970619  -1.585151 2023  27.7+0.1 78138 54 83 2048 85
2312 39.971437  -1.584837 2023 28.44+0.1 1511337 48 66 110 36
2313 39.971446  -1.584912 2023 28.24+0.1 1731332 51 75 231 51
2314 39.971971  -1.584861 2023  28.6 % 0.2 85172 111 176 80 40
2315 39.972012  -1.584799 2023  27.5+ 0.1 79739 146 162 73 36
2316 39.972014  -1.584859 2023  28.5+ 0.2 69719 104 177 140 27
2317 39.972169  -1.584785 2023  28.1+0.1 327 53 134 51 9
2318**  39.972768  -1.584761 2023  26.8 + 0.0 2417 105 178 17 8

Noteworthy events include {: event «, *: event ' and *x: event B (see discussions in §49). Lensing
magnifications are from a: [65]; b: [26]; c: [30]; d: [29]; e: [68]. Note: Near the critical curve, uncertainties

of magnifications are large and dominated by systematic of each lens model [69]. Although the

uncertainties of glafic model are displayed to demonstrate statistical uncertainties, intrinsic uncertainties
are not captured by statistical errors of each model. Thus, we list predicted magnification from different
models to indicate typical uncertainties.
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Table 2 Multi-wavelength Photometry of Evant «, 38, and 3’

Filter set 1 | Fvent « Event 3’ || Filter set 2 | FEvent 8
F182M 28.0£0.3 26.7+0.1 FO90OW 30.1+0.7
F210M 27.8+£0.3 26.5+0.1 F115W 28.74+0.3
F300M 27.9+0.5 25940.2 F150W 27.6£0.1
F335M 28.2+0.5 26.0+0.2 F200W 27.0£0.2
F410M 27.9+0.3 26.3+0.2 F27TW 26.5 £ 0.2
F460M > 27.5 26.6 +0.3 F356M 26.5 £ 0.2

F410M 26.9 £ 0.2
F444W 27.0£0.2

All photometry are in AB magnitude
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Fig. 4 JWST single-epoch SEDs of event a (left) and event 8, 8’ (right). For event o, we consider
three possible scenarios, including (i) microlensed red supergiant star in the halo of the Dragon arc
(model from [32]; top pannel); (ii) nebular-phase SN Ia in the foreground Abell 370 cluster (spectrum
from [59]; middle panel); (iii) lensed SN Ia at z = 1.32 with no obvious host detection (129-day
post-peak, [66]; bottom panel). All three templates fit the observed SED with similar goodness. For
event B / (’, although they are found at close positions (AD = 0”.1) with similar F200W fluxes,
their SEDs are largely different, showing that event 3 and event 3’ are different objects experiencing
different microlensing events.
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@ F410M detected stars in 2023
® F410M detected stars in 2022

% Mask: bright foregrounds
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Fig. 5 The observed ~ 4 um differential image between the 2022 and 2023 epochs. Solid and dashed
circles show locations of detected lensed stars in the F200W differential image that have > 50 F410M
flux measurements at the same time. Positive signals (red) show objects that appear only in 2023,
while negative signals (blue) show sources only seen in 2022. Hatched circles show masked regions to
avoid contamination from bright residuals. In total, eight microlensed stars have > 50 F410M flux

measurements.
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