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ABSTRACT

Galaxy clusters magnify background objects through strong gravitational lens-
ing. Typical magnifications for lensed galaxies are factors of a few but can also
be as high as tens or hundreds, stretching galaxies into giant arcs'?. Individ-
ual stars can attain even higher magnifications given fortuitous alignment with
the lensing cluster. Recently, several individual stars at redshift z ~ 1 — 1.5
have been discovered, magnified by factors of thousands, temporarily boosted by
microlensing®*°%, Here we report observations of a more distant and persistent

magnified star at redshift z e = 6.2 &= 0.1, 900 Myr after the Big Bang. This

star is magnified by a factor of thousands by the foreground galaxy cluster lens
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LENSED STAR 3

WHL0137-08 (z = 0.566), as estimated by four independent lens models. Unlike
previous lensed stars, the magnification and observed brightness (AB mag 27.2)
have remained roughly constant over 3.5 years of imaging and follow-up. The
delensed absolute UV magnitude Myy = —10 & 2 is consistent with a star of
mass M > 50M. Confirmation and spectral classification are forthcoming from

approved observations with the James Webb Space Telescope.

1. A SINGLE STAR IN THE FIRST BILLION YEARS

The Reionization Lensing Cluster Survey (RELICS”) Hubble Space Telescope (HST) Treasury Pro-
gram obtained HST Advanced Camera for Surveys (ACS) optical imaging and Wide Field Camera
3 infrared (WFC3/IR) imaging of a total of 41 lensing clusters. Included in these observations was a
15”-long lensed arc of a galaxy at zpnot = 6.2 + 0.1%, designated WHL0137-zD1 and nicknamed the
“Sunrise Arc” (see Extended Data Table 1 and Extended Data Figure 1 for photometry and redshift
estimate details). Its length rivals the “Sunburst Arc” at z = 2.4, the brightest strongly lensed
galaxy known'. Within this z > 6 galaxy, we have identified a highly magnified star sitting atop
the lensing critical curve at RA, Dec = 01:37:23.232, —8:27:52.20 (J2000). This object is designated
WHL0137-LS, and we nickname the star “Earendel” from the Old English word meaning “morning
star”, or “rising light”. Follow-up HST imaging revealed Earendel is not a transient caustic crossing
event; its high magnification has persisted for 3.5 years (see Extended Data Figure 2).

We can deduce qualitatively that the magnification of this object must be high given its position
within the arc. Multiple images of lensed objects appear on opposite sides of the lensing critical
curve, with the critical curve bisecting the two images. Earendel appears at the midpoint between
two images of a star cluster (1.1a/1.1b in Figure 1). We only see one image of Earendel, indicating
that its two lensed images are unresolved. Thus, the critical curve must fall near the image of the
star, indicating that it will have a high magnification.

Our detailed lens modeling supports this interpretation. We model the cluster using four independent

techniques: Light-Traces-Mass (LTM'%!512) TLenstool'*'*, Glafic'®, and WSLAP+'%!7. To constrain
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these models, we identify two triply-lensed clumps 1.1a/b/c and 1.7a/b/c within the Sunrise Arc and
one triply-lensed clump within a z ~ 3 galaxy to the north (see Extended Data Figure 3). Given
these modest constraints, our lens models retain a significant degree of freedom. Yet all our models
put Earendel within D < 0.1” of the critical curve.

Each lens model includes some uncertainty on the model parameters. To understand the effect of
these uncertainties, we sampled the posterior distribution generated by the LTM lens model, and
generated critical curves from each resultant parameter set. These critical curves are shown in Figure
2. We find the star to be within 0.1” in ~ 80% of models, while the maximum distance reaches 0.4”.
We then derived tighter constraints on the distance to the critical curve based on the fact that we
observe only a single unresolved object. If Earendel were farther from the critical curve, we would
see two multiple images, as with clumps 1.1a and 1.1b. The single image means either that its two
images are spatially unresolved or that microlensing is suppressing the flux of one image. We deem
the latter unlikely given that this cluster has an optically thick microlensing network at the location
of the star (see §2.6.2 for details). In this configuration, there are no pockets of low magnification
which could hide one of the images, as the microcaustics all overlap. Therefore we conclude the two
lensed images are unresolved in the current HST WFC3/IR imaging. This is consistent with our
original lens model-independent interpretation suggesting it is directly on the critical curve.

We then use the fact that the two images of the star are unresolved to determine the maximum
allowed distance to the critical curve. We analyze super-sampled drizzled images and find that two
lensed images would be spatially resolved if they were separated by 0.11” along the arc (see Extended
Data Figure 4). Moving each image 0.055” along the arc puts them < 0.036” from the critical curve,
given the angle between the arc and critical curve in the various lens models (see §2.5 for details).
Maximum distances to the critical curve (Dqy) for each lens model are tabulated in Table 1. This is
a more precise determination than is possible with the weakly constrained lens models alone.

Using the maximum allowed separation, we can calculate the minimum magnification of the lensed

star. In the vicinity of the critical curve, magnifications are inversely proportional to the distance to
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the critical curve:

H = ,uO/Dcrit <1)

where D is expressed in arcseconds, and i is a constant that varies between lens models'®. The
value of g depends on the slope of the lens potential, with flatter potentials yielding higher values of
o and thus higher magnifications for a given distance (i.e. LTM), while steeper potentials give lower
magnifications (i.e. Lenstool). Due to the paucity of lensing constraints, we can only determine the
slope of the potential to within a factor of 6. However, using multiple lens models, including two
Glafic models with one flatter (lower concentration ¢ = 1) and one steeper (¢ = 7) potential, we are
able to cover the full range of possible outcomes.

Based on this analysis, we derive magnification estimates summarized in Table 1. Note the magnifi-
cation calculated from Equation 1 accounts for only one of the two unresolved images. We therefore
double this value to get the total magnification from the source to the unresolved image. At the
nominal estimated distances D, the magnification estimates range from 2u ~ 1400 (Lenstool) to
~8400 (LTM). Given the uncertainty on D, these values may be 0.7 — 5.0 times smaller or larger
(68% confidence). Thus the full range of likely magnifications is 2 = 1000 — 40000. This factor of
40 uncertainty is much larger than found for lensed galaxies with typical magnifications of a few'?,
due to the rapid changes in magnification that occur in the vicinity of lensing critical curves. Future
observations will significantly shrink these error bars.

Lower magnifications (at larger D) are excluded because Earendel is unresolved. Higher magnifi-
cations are allowed as the star approaches the caustic. However, based on the cluster stellar mass
density in the vicinity of the arc (Extended Data Figure 5, Extended Data Table 2, §2.6.1) we find
that the network of microlensing caustics in the star’s vicinity is optically thick (see §2.5). Given this
microlensing configuration we estimate the maximum magnification to be of order u < 10°, even for a

20:25:18:22 - Microlensing also has the effect of causing fluctuations in observed

transient caustic crossing
brightness as the lensed star traverses the microcaustic network. However, due to the optically thick

microlensing network we find a 65% probability of the observed brightness staying within a factor of
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2 over the 3.5 year span of our observations (Extended Data Figure 6). This is consistent with our
observed factor ~ 1.4 variation (see §2.6.2 for details).

Our strongest evidence that Earendel is an individual star or binary rather than a star cluster comes
from our derived 1o upper limit on its radius. This limit ranges from r < 0.09 pc to r < 0.36 pc,
depending on the lens model. We derive these limits by comparing sheared Gaussian images of various
widths to the super-sampled images to determine what sizes are consistent with our observations of
a spatially unresolved object (§2.5).

All of the lens models yield a radius limit that is smaller than any known star cluster, indicating
that this object is more likely an individual star system. The smallest compact star clusters known
have typical radii of order ~ 1 pc, with the smallest single example known having a virial radius of
0.7 pc?*2*. Our largest radius constraint is a factor of two smaller than this star cluster, while our
tightest constraint is nearly an order of magnitude smaller. Objects at high redshift may differ from
those seen in the local universe, so we also consider observations and simulations of other high-redshift
objects. Bouwens et al.?” have measured radii as small as tens of pc for very low luminosity galaxies at
6 < z < 8, and Vanzella et al.?® report r < 13 pc star clusters in a a z = 6.143 galaxy that is strongly

7 resolve star-forming clumps on

lensed though not on the lensing critical curve. Recent simulations?
scales of tens of pc in z ~ 2 disks. Our constraints of » < 0.09 — 0.36 pc probe significantly smaller
scales than these state-of-the-art high-redshift studies. We expect future spectroscopic observations
with JWST to conclusively determine that Earendel is one or more individual stars rather than a
star cluster.

Most stars of mass M > 15M,, are observed in binary systems, with a companion at a separation
of < 10 AU, This is well within our observational radius constraint, suggesting that Earendel is
likely composed of multiple stars. However, the mass ratio of these binaries is generally small, ~ 0.5
or less®”. In such systems, the light from the more massive (and thus brighter) star would dominate

our observation. For our primary analysis, we therefore assume that most of the light we observe is

coming from a single star. The binary case is discussed further in §2.7.
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With a magnification between p = 1000 — 40000, we find Earendel has a delensed flux 1 — 50 pJy
(AB mag 38.7 — 34.6) in the F110W filter (0.9 — 1.4 ym), corresponding to an absolute UV (1600A)
magnitude —8 > Myp > —12. Based on this, we constrain Earendel’s luminosity as a function of
temperature in the H-R diagram (Figure 3), using a combination of blackbody stellar spectra at high
temperatures (Tog > 40000 K) and stellar atmosphere models at lower temperatures (details can be
found in §2.7).

We compare these constraints to stellar evolution models from Bonn Optimized Stellar Tracks
(BoOST?!). We find Earendel’s derived luminosity is consistent with a single massive star with
initial mass ~ 40 — 500M, at Zero Age Main Sequence (ZAMS). Note Figure 3 shows a fiducial low
metallicity (0.17), as might be expected for a z ~ 6 galaxy®?, but we explore other metallicities
in §2.7 and Extended Data Figure 7, finding this does not significantly change our mass estimates
given the currently large uncertainties. This single star would either be a massive O-type star on
the main sequence with effective temperature ~60000 K and mass > 100M,, or an evolved O, B, or
A-type star with mass > 40M, and temperature anywhere from ~8000 — 60000 K. Folding in the
times spent at Earendel’s derived luminosity for each track and the greater relative abundances of
less massive stars, we find masses between 50 — 100 M and temperatures above 20000K are most
likely (see §2.7, Extended Data Figure 8).

We estimate the probability of observing a star of mass M 2 100M, in a caustic-crossing galaxy like
the Sunrise Arc to be up to a few percent, making this a fortunate yet reasonable discovery given
tens of such galaxies have been observed (see §2.8 for details).

The spectral type, temperature, and mass of the star remain uncertain. Future spectroscopic obser-
vations with our approved JWST program (GO 2282; PI Coe) will determine these properties for

Earendel and place it on the H-R diagram.
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Lens Model o Derit  magnification flux mag Mpyy axis ratio radius
" 24 nJy AB pc
LTM 113 0.027 8400733600 62 37.00%7  —9.8*lT 1500 < 0.09

Glafic (c=1) 69 0.020 6800135550 7ty 36.8T07 100757 760 < 0.14
Glafic (c=7) 23 0.020 22007200°  22%0, 356707 —11.2%57 930  <o0.21
WSLAP 28 0.036 150078100 32413 351FlE 117718 580 <0.33
Lenstool 18 0.026  14007350° 36T 35.070% —11.874% 560 < 0.36
Table 1. Magnification, flux, and radius constraints across multiple lens models Earendel results
from each lens model: magnification normalization pg, nominal distance D from critical curve, resulting
magnification 2u (sum of two lensed images), delensed flux in HST F110W filter (0.9 — 1.4 pm), delensed
F110W magnitude, absolute UV magnitude (IGOOA), model axis ratio of lensed image, radius upper limit.

68% confidence limit uncertainties are shown for all quantities.
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Figure 1. Labeled color image of WHL0137-zD1 The Sunrise Arc at z = 6.2 is the longest lensed
arc of a galaxy at z > 6, with an angular size on the sky exceeding 15 arcseconds. The arc is triply-imaged
and contains a total of seven star-forming clumps; the two systems used in lens modeling are circled, with
system 1.1 in cyan and system 1.7 in magenta. The highly magnified star Earendel is labeled in green. The
best-fit lensing cluster critical curve from the Light-Traces-Mass (LTM) model is shown in red, broken where
it crosses the arc for clarity. The color composite image shows the F435W filter image in blue, F606W —+
F814W in green, and the full WFC3/IR stack (F105W + F110W + F125W + F140W + F160W) in red.
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1 arcsec
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Lenstool
—— Glafic
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Figure 2. Strong lensing critical curves Our best-fit lens models all produce critical curves that cross
the lensed star Earendel within 0.1”. Additionally, 100 iterations of our LTM model drawn from the MCMC
(thin tan lines) are similarly consistent, albeit with greater variance, all crossing the arc within 0.4” of the
lensed star. Critical curves are shown for LTM (red solid), Lenstool (purple dashed), Glafic (cyan dash-dot),
and WSLAP+ (yellow dotted).
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Figure 3. Lensed star constraints on the H-R diagram Constraints on Earendel’s luminosity and

effective temperature from HST photometry and lensing magnification estimates, shown on an HR diagram

alongside BoOST stellar evolution models (colored tracks) for stars with low metallicity (0.1Z)

31 The

green shaded region covers the 68% confidence interval of our models. All five lens models are shown,

including both Glafic models with concentration ¢ = 1 and ¢ = 7. The theoretical upper limit magnification

@ ~ 10° is also shown; it is similar to the 95% limit for LTM. Each stellar model evolution track shows

points in time steps of 10,000 years with radii scaling with stellar radius. Our luminosity constraints favor

a very massive star.
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2. METHODS
2.1. Data

The galaxy cluster WHL0137—08 (RA = 01:37:25, Dec = —8:27:25 [J2000]) was originally discovered
as an overdensity of red luminous galaxies in SDSS images®?, later confirmed at z = 0.566>* based
on SDSS DR12 spectroscopy®®. WHL0137—08 was also ranked as the 31st most massive cluster
(Mspo ~ 9 x 10" M) identified in the Planck all-sky survey PSZ2 catalog®® that detected clusters
via the Sunyaev-Zel’dovich (SZ) effect on the CMB, or Cosmic Microwave Background®’.
WHL0137—08 was observed with HST as part of the RELICS Treasury program (HST GO 14096)".
RELICS obtained shallow imaging of 41 lensing clusters, with single-orbit depth in the ACS F435W,
F606W, and F814W optical filters, and a total of two orbits divided between four WFC3/IR filters
(F105W, F125W, F140W, and F160W). These observations were split over two epochs separated by
40 days for most clusters, including WHL0137—08 observed 2016-06-07 and 2016-07-17.

Salmon et al.® performed a search for high-redshift galaxies within the RELICS data, and among
that sample found the 15" long arc at zppet = 6.2£0.1, here dubbed the Sunrise Arc. This impressive
arc warranted followup imaging with HST, which was obtained 2019-11-04 and 2019-11-27 (PI Coe;
HST GO-15842). This follow-up included an additional 5 orbits of ACS F814W imaging, along with
2 orbits each of ACS FA75W and WFC3/IR F110W. These images were again split over two epochs,
this time separated by 23 days. The final image was obtained 3.5 years after the first. These data
were co-added to produce a full-depth image, while single epoch images were also produced to allow
study of the variability of the star. Images were processed the same way as the original RELICS
data’. Total exposure times and limiting magnitudes in each bandpass for our co-added images are
listed in Extended Data Table 1.

We note that this cluster has also been observed with Spitzer as part of the Spitzer-RELICS program
(PI Brada¢). An attempt was made to extract IR fluxes from these observations®®, however reliable

photometry could not be obtained due to blending with brighter cluster member galaxies nearby.

2.2. Photometry, Redshift, and SED Fitting
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We measured photometry using Source Extractor v2.19.5% following procedures detailed in Coe et

al.”.

The Sunrise Arc was detected as 18 source segments. We summed the flux measured in all
segments, and summed the flux uncertainties in quadrature. Extended Data Table 1 provides this
total photometry for the Sunrise Arc, along with photometry for Earendel, which we identified as
one of the 18 segments.

We discarded the foreground interloper circled in Figure 1 from our analysis, based on its slight
positional offset, extended size, and colors consistent with a cluster member. Removing the interloper
only increases the resulting photometric redshift by 0.1.

We measure the Sunrise Arc’s photometric redshift using two methods: BPZ*%* and BAGPIPES*.
BPZ uses 11 spectral models (plus interpolations yielding 101 templates) spanning ranges of metal-
licities, dust extinctions, and star formation histories observed for the vast majority of real galaxies”.
BPZ also includes a Bayesian prior on the template and redshift given an observed magnitude in
F814W. We allowed redshifts up to z < 13. BPZ yields a photometric redshift of zpne = 6.20 £ 0.05
(68% CL) without any significant likelihood below z < 5.9 (Extended Data Figure 1).

BAGPIPES generates model spectra based on physical parameters, then efficiently searches a large
multidimensional parameter space to measure best-fitting parameters along with uncertainties. We
ran BAGPIPES fitting simultaneously to redshift and physical parameters as detailed in Strait et
al.?®. Our choices do not significantly affect the photometric redshift, but we summarize them here.
We used synthetic stellar populations from BPASS v2.2.1%* with nebular reprocessing and emission
lines added by the photoionization code CLOUDY**. We used a delayed star formation history that
initially rises then falls via SFR(t) oc t e7¥/7. We use the BPASS IMF “imf135.300": Salpeter®’
slope v = —2.35 for 0.5 < M /M < 300, and a shallower slope of & = —1.3 for lower mass stars
0.1 < M/Mg < 0.5. In our BAGPIPES modeling of the Sunrise Arc, we left redshift as a free
parameter (z < 13), along with dust (up to Ay = 3 mag), stellar mass (10° — 10 M), metallicity
(0.005—5 Z), ionization parameter (2 < log(U) < 4), age (from 1 Myr up to the age of the universe),
and SFR exponential decay time 7 (100 Myr — 10 Gyr). Dust extinction is implemented with the

Calzetti et al.*® law, and we assume twice as much dust around all HII regions in their first 10 Myr.
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The resulting best fit and redshift likelihood distribution are shown in Extended Data Figure 1.
BAGPIPES yields a redshift estimate z = 6.24 + 0.10, similar to the BPZ result without any sig-
nificant likelihood at lower redshifts. We tried explicitly exploring lower redshift z < 4 solutions,
including old and/or dusty galaxies with intrinsically red spectra that can result in photometric red-
shift degeneracies for some high-redshift galaxies. But in our case, none of those red spectra can
reproduce the flat photometry observed for the Sunrise Arc in the near infrared (1.0 — 1.6 pm).

BAGPIPES further yields estimates of the dust Ay, = 0.154+0.10 mag and mass-weighted age 135460
Myr, but no strong constraints on metallicity or ionization parameter. Any estimates of stellar mass
and SFR include uncertainties due to the lensing magnification. But simply adopting a fiducial
magnification of 300 for the full arc from the LTM model, we estimate a stellar mass ~ 107502/

and current SFR ~ 0.3 £ 0.1 M yr~!, not including magnification uncertainties.
2.3. Variability

Microlensing simulations suggest that the magnification, and thus observed flux, of Earendel should
remain relatively constant over time. However, some variation is expected as the star traverses the
microlensing caustic network. A factor of 1-3 difference in observed flux would be expected given
these simulations (see §2.6.2).

To assess the variability of the star, we study the four available epochs of HST imaging separately.
Images from each epoch are shown on the left in Extended Data Figure 2, where Earendel is circled
in green. Each image shows 1 orbit of WFC3/IR imaging: for RELICS, this is a WFC3/IR stack
F105W+F125W+F140W+F160W, while the follow-up imaging consists of F110W. Our analysis is
complicated by the fact that RELICS and the follow-up imaging did not use the same WFC3/IR
filters. We measure 49 + 4 nJy in the F110W imaging (sum of epochs 3 and 4) and derive a single
value 35 + 9 nJy in RELICS (epochs 1 and 2) from a weighted average of the fluxes measured in
the four WFC3/IR filters. The results are shown as horizontal bands in Extended Data Figure 2,
along with the fluxes measured in each filter individually. Note summing only the RELICS filters
F105W+F125W (closest to F110W) yields 34 £ 15 nJy, similar to the result from the full stack with

larger uncertainty.
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We find that the IR flux may have varied by a factor of ~ 1.4 across the epochs. However, the large
uncertainties on our measured flux values mean that this number is consistent with no variation.
Thus we conclude that we see no significant variation across our observations. This low level of
variation is consistent with our microlensing simulation results. Future observations with HST and

JWST will further explore the variability of this highly magnified object.

2.4. Lens Modeling

The Sunrise Arc is a highly magnified system, and the lensed star Earendel was identified by the large
magnification given by our best fit lens models. Strong lensing magnifications have steep gradients in
the vicinity of lensing critical curves, so to evaluate the validity of our interpretation of the arc and
lensed star we have taken great care in modeling the lensing cluster. We have constructed a total of
five lens models using four independent modeling programs, LTM1%12 Lenstool**!?, Glafic'®, and
WSLAP+1716,

We utilized a total of three sets of multiple images in our lens model optimization. The multiple
image systems are highlighted in Extended Data Figure 3, with each arc shown in detail within that
figure. System 1 is the Sunrise Arc at z,no = 6.2, and system 2 consists of three images of a bright
blue knot at zphet = 3.1. Within the Sunrise Arc, we use two sets of multiple images, labeled 1.1 and
1.7. Positions of multiple images 1.1 and 1.7 are defined using the F110W data, as this filter has the
strongest detections for each component of the arc (SNR ranges from 7 for the faintest feature to over
20 for the brightest). 1.1 is a compact star-forming clump within the galaxy. Two of the images of
1.1 bracket the star, and are themselves highly magnified. The third image appears much fainter at
the southeastern end of the arc. The apparent difference in surface brightness between these clumps
is due to the fact that all three are unresolved. This fainter third image was not included in the
Glafic models, while it was included in the LTM, Lenstool, and WSLAP+ models. Comparisons with
LTM and Lenstool models made without including this third image show insignificant deviation from
models including the third image, indicating that it may not be critical to include when our other
constraints are used. The images of 1.7 consist of a clump near the opposite end of the arc. This

clump is closer to the center of the host galaxy, and so it is harder to pick out among the flux of the
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host galaxy. However, our lens models support its positioning, and it allows us to include the full
length of the arc in the lens model optimization by including a positional constraint at each end. No
additional counter-images of the arc are predicted by our lens models.

Cluster member galaxies were selected via the cluster red sequence?”*®. We selected galaxies along
the cluster red sequence in two colors, (F435W — F606W) and (F606W — F814W). We also included
a redshift selection, only including galaxies in the range 0.35 < zyhot < 0.8, bracketing the cluster
redshift of z.usier = 0.566. After selecting galaxies that fit these criteria, we performed a visual
inspection to confirm or remove cluster members based on morphology. Finally, we chose to include
two small galaxies near the Sunrise Arc which are more questionable cluster members. These small
galaxies, marked as C and D in Extended Data Figure 3, may be small cluster members or background
galaxies, and would normally have been too faint to include in our lens models. They are only
included here due to their proximity to the arc, and thus their increased potential to impact the
lens magnification in this region. Their questionable status as cluster members led us to leave them
to be freely optimized in the LTM and Lenstool models, while galaxy C was excluded from the
WSLAP+ model. This galaxy is given low mass in other models (downweighted relative to its
observed magnitude), so its exclusion from the WSLAP+ model causes only minor changes in the

shape of the critical curve.
2.4.1. Light-Traces-Mass Lens Model

The primary lens model used for this analysis was created using the Light-Traces-Mass (LTM)

d'B1%12 - Ag the name suggests, the LTM method assumes that light approximately traces

metho
mass within the lensing cluster. Each cluster member is assigned a power-law mass density dis-
tribution, with the overall scaling proportional to the measured flux of the galaxy. The sum of
these galaxy-scale masses is then smoothed with a Gaussian kernel of variable width to represent
the cluster-scale dark matter distribution. This simple description of the lens allows a rudimentary
lens model to be created without multiple image constraints set, as mass is assigned based on cluster

member positions and fluxes. Multiple image candidates can then be checked against the initial lens

models, which in turn are iteratively refined.
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In this case, we began with the a priori assumption that the Sunrise Arc consisted of two images
of a single source galaxy, reflected once across the critical curve. However, initial models disfavored
this interpretation, and some exploration revealed that a triply imaged galaxy was the only way to
reproduce the full length of the arc. The other multiply imaged system at z ~ 3 was initially assumed
to be triply imaged, with three clear knots showing similar photometry and morphology. These knots
were confirmed by the exploratory LTM models.

After the initial explorations solidified our interpretation of the multiple image constraints, we op-
timized the model using the standard LTM minimization algorithm. Briefly, the distances between
true multiple image locations and model-predicted positions are minimized using a y? function.
The minimization is done with a Monte-Carlo Markov Chain (MCMC) using a Metropolis-Hastings
algorithm™.

During optimization, we allowed the relative weights of six galaxies (circled in Extended Data Figure
3) to be freely optimized. This allows the model additional freedom where needed. Each free galaxy
is allowed to vary individually in brightness (and thus mass) by a factor ranging from 0.5 to 3 with
a flat prior. The brightest cluster galaxy (BCG) is left free as standard. Beyond that, we allow
the two bright cluster members near system 1 (labeled A and B in Extended Data Figure 3) to
vary due to their proximity to our multiple image constraint. Similarly, the relative weights of the
galaxies labeled C and D were left free due to their proximity to the Sunrise Arc. Additionally,
the membership status of these galaxies is uncertain, as described above. Allowing their weights to
vary effectively covers the range of possibilities, from these being true cluster members to unrelated
background galaxies. Finally, galaxy E appears to be a spiral disk galaxy viewed edge-on. Such
galaxies follow a different mass-to-light ratio than elliptical galaxies, so allowing it to vary accounts
for this difference. Relative galaxy weights in the best fit model range from 0.8 to 2.2.

In addition to the multiple image constraints described above, we added flux constraints from the
bright knots bracketing the star, and added parity constraints to all image systems. The flux con-
straint helps to pinpoint the location of the critical curve crossing, which is of critical importance to

our analysis of this object. The parity constraints serve to counteract the proximity of our multiple
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images. Since our images are separated by as little as 1”7, the MCMC optimization often found so-
lutions with a single image appearing near the midpoint of the arc. While this does provide a low
X2, it is clear that the relensed images do not look anything like the true arc. The parity constraint
requires that the critical curves pass between multiple images, giving them opposite parity. If this
constraint is not met, a penalty is added to the x? function, allowing the model to avoid these local
minima and find the true solution.

The LTM model provides the most accurate reconstruction of the full length of the Sunrise Arc, thus

it is the one we take as our overall best fit model.
2.4.2. Lenstool Lens Model

The accuracy of the cluster lens model is of critical importance to our analysis of this object. There-
fore, in order to confirm that our lensing interpretation is correct, we modeled the cluster lens using
additional independent software packages. The secondary package used in this analysis was the
Lenstool lens modeling software!*:'3.

Lenstool is a parametric model that utilizes a MCMC method to sample the model parameter space.
The model assigns pseudo-isothermal elliptical mass distributions (PIEMD)? to both the cluster-
scale dark matter halo as well as to individual cluster member galaxies. The total mass distribution
is a superposition of the cluster-scale mass distribution and the smaller galaxy-scale masses. Each
PIEMD model has seven free parameters: the position (z, y), ellipticity, position angle, core radius
Teore, truncation radius r.,, and the effective velocity dispersion og. Note oy is not precisely the
observed velocity dispersion; see Eliasdéttir et al.! for details.

Six of the seven parameters of the PIEMD model are left free to be optimized, with the exception
being the cut radius as this is not well constrained by strong lensing data alone. To keep the
total number of parameters from getting too large, the parameters for the galaxy-scale masses are
determined by their photometric properties, assuming a constant mass-to-light ratio. This is done
using scaling relations for the velocity dispersion oy o< L'/ and truncation radius 7., o L'/2. The
constants of proportionality are optimized freely, while the positions, ellipticities, and position angles

are all fixed to what is measured photometrically using Source Extractor®.
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In our modeling, we choose to leave several key galaxies free to have their velocity dispersions and
radii freely optimized. These free galaxies are highlighted in Extended Data Figure 3. As mentioned
above, the spiral galaxy (E) does not follow the same M /L relation as cluster elliptical galaxies, and
is therefore left free. We again leave the two small, white galaxies near the arc (C, D) free both
because of their proximity to the arc, and because of their questionable status as cluster members. If
these are not part of the cluster, their effect on the lensing of the arc will be much less, so we account
for that by allowing their masses to vary. Finally, two galaxies are left free near the z ~ 3 system
(A, B). Each free parameter is assigned a Gaussian prior centered on the parameter value given by
the above scaling relations. The velocity dispersion priors are given a width of 15 km/s, and priors

on radius are given a width of 5 kpc. Best fit values all fall within ~ 2.5¢ of the original value.

2.4.3. Glafic Lens Model

The Glafic model used here was made using the publicly available Glafic lens modeling code!®. Glafic
adopts a parametric lens modeling approach in which the lensing mass is built of multiple components,
each defined by a small number of parameters (position, mass, ellipticity, and position angle). Cluster
member galaxies are modeled with PIEMD mass models, while the larger cluster-scale potential is
modeled with two NFW halos® placed at the positions of the brightest and second brightest cluster
member galaxies. To reduce the total number of parameters in this model, the member galaxies are
assumed to scale with luminosity, such that the velocity dispersion o o< L'/4, and the truncation
radius rq, o< L7 with n being fixed to 1 for simplicity. The normalizations of these scaling relations
are left as free parameters. The ellipticities and position angles of the member galaxies are fixed to
values measured from the images using Source-Extractor®”. The parameters of the lens model are

optimized using a MCMC.

2.4.4. WSLAP+ Lens Model

The final lens modeling package used in our analysis is the hybrid parametric/non-parametric
WSLAP+ code!'™6. This modeling program divides the cluster mass distribution into a compact

component associated with cluster member galaxies, and a diffuse component representative of the
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cluster dark matter halo. The compact component assigns mass to cluster galaxies based on their lu-
minosity via a mass-to-light (M /L) scaling ratio. This scaling is fit to a single value for the ensemble
of cluster members during the optimization process.

The diffuse mass component is defined as the superposition of Gaussians on a grid. These grid cells
map the mass at any given point in the cluster, and are optimized in conjunction with the compact
galaxy masses. This non-parametric aspect of WSLAP+ gives it more freedom to assign mass where
a parametric model (such as LTM or Lenstool) might not.

Such non-parametric models probe a broader range of solutions, often allowing larger uncertainties for
measured quantities'”. However, the increased freedom of this type of lens model can more readily fit
atypical mass distributions, meaning it is more likely to span the true solution, particularly when the
underlying mass distribution deviates from our typical mass-to-light assumptions. In this case, the
increased freedom can determine if such an atypical mass distribution could explain our observations
as a moderately magnified cluster of stars rather than a single star.

Instead, we find that the WSLAP+ model agrees with our parametric models, with the z = 6.2
critical curve crossing within 0.1” of Earendel in all models. This supports our interpretation of

Earendel as an extremely magnified single star.

2.5. Magnification and Size Constraints

Using the various lens models, we constrain Earendel’s magnification and delensed properties as
summarized in the main text. Based on observing a single unresolved image, we place upper limits
on Earendel’s radius and distance from the critical curve as illustrated in Extended Data Figure 4.

First, we model the source as a Gaussian light profile with a width ¢ that we refer to as the radius r
(e.g., 0.1 pc). Then we stretch this Gaussian along the arc for a given model magnification p = pp 1
and axis ratio py/py where the tangential magnification yy = 1/(1 — k — 7) and perpendicular
magnification u; = 1/(1—k++) for a lens model mass k and shear v at a given position (note this is
normally referred to as radial magnification as defined with respect to the BCG. However that would
be confusing in this context where Earendel’s radius is magnified most significantly by the tangential

magnification p ~ 1000, and much less so by the perpendicular or radial magnification p; ~ 1.1 —
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2.1). In practice, for each model we measure p; near Earendel (it varies slowly) and pg from fitting
p = pio/D("). Then the observed lensed radius along the arc would be R = pyr = por/D(")pu..
We convert the magnified radius to image pixels via 1” = 5.6 kpc (at z = 6.2). Note the resulting
lensed image is approximately a 1D Gaussian line (stretched almost entirely tangentially along the
arc) convolved with the HST WFC3/IR F110W PSF (point spread function).

Then by analyzing the HST images, we determine that a 1D Gaussian with a width of = 0.055”
would begin to appear spatially resolved. This width is roughly 0.4 native WFC3/IR pixels (each
0.13"), or ~ 1 drizzled pixel (0.06”) in our standard data products. We perform this analysis on a
10x super-sampled image (drizzled to 0.013” / pixel) combining the 8 F110W exposures. Given a
model of the HST F110W PSF, we first confirm that the image of Earendel is unresolved: consistent
with and not measurably wider than the PSF. Then we stretch the PSF diagonally along the arc,
finding that it appears unresolved when convolved with a 1D Gaussian with o = 0.055”. Combining
this upper limit on R with the lens model estimates of o and g, , and upper limits on D(”) derived
below, we determine that Earendel’s intrinsic delensed radius is » < 0.09 — 0.36 pc, depending on the
lens model.

Additionally, the radius upper limit assumes that a hypothetical star cluster would sit centered on
the lensing caustic. This configuration would imply that our unresolved object is a merged pair of
images, each showing the same half of the source cluster. This specific geometry would require precise
alignment of the star cluster with the lens, making it less likely. A more likely geometry would be a
hypothetical star cluster appearing entirely on the visible side of the caustic, now creating a merging
pair of images of the full cluster. This setup would decrease our radius limits by a factor of two (to
r < 0.045 pc for LTM through r < 0.18 pc for Lenstool), further straining the possibility that this
is a star cluster. There is a possibility that we are seeing a small fraction of a larger star cluster,
and that the rest of the cluster is hidden behind the caustic. This is also somewhat unlikely, but we

cannot rule it out.
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Given this radius smaller than known star clusters, we determine Earendel is more likely an individual
star or star system. Such systems are significantly smaller and would certainly appear as unresolved.
Thus going forward, we assume Earendel’s light can be modeled as a point source.

Next we model Earendel as two lensed point sources separated by a distance 2§. By analyzing the
HST images, we find a similar result: the two images (convolved with the PSF) can be spatially
resolved when separated by a distance 26 ~ 0.11”, with £ ~ 0.055”. These lensed images would
appear separated along the arc. The lensing critical curve intersects the arc at an angle 6 that varies
between 22° and 41°, depending on the lens model. The distance from each lensed image to the
critical curve is D = £sinf. Thus, the maximum distance to the critical curve is D < 0.055” sin 6,
which varies from D < 0.02” to D < 0.036”, depending on the lens model.

Given D, we determine the magnification estimate p from each model and constraints on radius r
described above, all summarized in Table 1. We note that given the strong lens model constraints
(observed multiple image locations), the critical curve can be at any small distance D < 0.1” from
Earendel with roughly equal likelihood. This translates to a magnification likelihood P(u) o 1/p.
We confirm this likelihood distribution in the LTM MCMC posterior range of models. We note
microlensing introduces additional scatter and uncertainty, but this is subdominant.

Our upper limits on D (68% confidence) translate to lower limits on u, given p o< 1/D. Here rather
than upper limits D < D;, we are more interested in the 68% central confidence range, which is
0.2D; < D < 1.4D; assuming a Gaussian likelihood. Given p oc 1/D and lower limits g > pq,
the corresponding central confidence range is 0.7u; < p < 5.0u1. For example, at 68% confidence
LTM yields either 2u > 8400, or 6000 < 2u < 42000. This statistical uncertainty (a factor of 7) is
comparable to the large systematic uncertainty spanned by the various lens models (a factor of 6).
LTM yields the highest magnification estimates, while Lenstool yields the lowest: 1000 < 2u < 6900
(see Table 1). Thus, rounding slightly, we quote the full uncertainty range as 1000 < 2u < 40000 for
Earendel’s magnification.

We note we also attempted to measure constraints on radius and separation using a forward modeling

technique as in Johnson et al.’*. However, this method is limited to the few allowed lens models that
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each put Earendel at a discrete distance D from the critical curve. In order to determine limits on
D, r, and u, we needed to vary D and R smoothly. Forward model results for each model fell within

the allowed ranges derived above.

2.6. Microlensing Effects

Previous lensed star discoveries were identified when the magnification, and thus observed brightness,
temporarily increased®*%%. These transients have relied on microlensing, wherein stars bound to the
lensing cluster temporarily align with the lensed image(s) of the star, creating a brief boost to
the magnification. The relative transverse motions of lensing stars with respect to the lensed star
impact the microlensing alignment and lead to the fluctuations observed in previous lensed stars.
It is possible to decrease the amplitude of these microlensing fluctuations if the optical depth of
microlenses increases. In situations where the magnification is extreme, microcaustics overlap in the
source plane resulting in relatively small fluctuations in the flux every time a microcaustic crossing

“more

happens. The more microcaustics overlap, the less effect they have on the observed flux. This
is less” microlensing effect is observed when the effective optical depth of microlensing is greater
than 1 (that is, microcaustics are overlapping each other®?). In this situation, the observed flux is the
sum of the fluxes from all microimages. Since the number of microimages scales with the number of

overlapping microcaustics, crossing one microcaustic results in a smaller relative change in the total

flux for a larger number of overlapping microcaustics®.

2.6.1. Diffuse Light Calculation

Our microlensing simulations depend on the number density of stars in the line of sight to Earendel.
These can be a combination of stars or stellar remnants in the wings of cluster member galaxies,
and stars or stellar remnants not bound to any galaxy that make up the ICL. To facilitate our
microlensing analysis, we measured the cluster stellar mass density in the region around the Sunrise
Arc, combining both the ICL and faint wings of cluster galaxies. From the stellar mass density, we

can then calculate the number density of stars using an assumed initial mass function.
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The full cluster light and ICL modeling analysis of WHL0137—08 is performed by Jiménez-Teja et
al.%. Here we mostly care about the stellar mass density in the region around the arc, and more
specifically around the lensed star. Thus we focus our measurement on two rectangular regions
parallel to the arc, one on each side, extending between the two images of the brightest knot, as
shown in Extended Data Figure 5. The arc, knots, and star are all masked from the image prior to
measurement, but cluster member galaxies are kept as we are interested in the wings of these galaxies
as well as the ICL contribution to stellar density in this region. The extent of the arc is defined in
the F110W band, as that is the band in which the arc appears brightest.

The fluxes within these apertures are used to fit a stellar energy distribution (SED). The SED fitting
is done using the Fitting and Assessment of Synthetic Templates (FAST) code™. We used stellar

t", along with initial mass functions from both Chabrier®?

population models from Bruzual & Charlo
and Salpeter®® to explore the full range of possible solutions. With this technique, we find a stellar
surface mass density of ¥, ~ 10 Mgypc~2, however the uncertainties allow for values as low as
~ 1 Mgpc™? (see Extended Data Table 2). Since low stellar surface mass densities introduce more
variability in the flux, we explore two regimes with ¥, ~ 1 Mypc=2 and X, ~ 10 Mypc—2. Outside

this regime, smaller values of X, are unlikely given the observational constraints, and larger values

of ¥, would result in even smaller fluctuations (over time) in the observed flux.
2.6.2. Microlensing Simulations

To cover the range of possible diffuse light stellar surface mass densities in our microlensing analysis,
we ran two simulations of the effects of microlensing on our observed magnification. One simulation
assumed a value of ¥, = 10 Mgypc~2, while the other assumed a value of 3, = 1 Mypc=2. With
these two values, we can explore both the high end density estimate, which would produce a denser
microlensing caustic network and thus increase the probability that the star would appear at extreme
magnification, and the low end estimate which would produce greater variability in the magnification,
and a non-negligible probability that one of the two counter-images is unobserved.

Our simulations follow Diego et al.?’!® Since we are assuming the two counter-images form a single

unresolved image, in order to compute the total flux, we perform two simulations, one with negative
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parity and one with positive parity. In both cases, the magnification (in absolute value |u|) is the
same and equal to half the total magnification of the pair of counter-images of the star (2u). We
force the two magnifications to be the same (but opposite sign) by changing slightly the values of
k and/or v. The total flux at a given moment is given by the superposition of two tracks, one for
the simulation with positive parity and one for the simulation with negative parity. Both tracks
are forced to have the same orientation with respect to the cluster caustic. The very small scale
fluctuations observed in the tracks are due to shot noise in the ray-tracing process.

In the simulation, microlenses are assumed to be point-like, with masses drawn from the mass func-

1.”2 The mass function is normalized to match our stellar surface mass density

tions of Spera et a
measurements around the star. These microlenses are then distributed randomly across a circular
region of radius 10 mas, in a lens plane that has a resolution of 20 nas per pixel. For the smooth
component, or macromodel, we impose the constraint that the total convergence and shear from the
macromodel and the stellar component is consistent with our lens models. The convergence from
the smooth component is such that the total magnification is 2 ~ 9000, when the flux from both
counter-images is combined into a single unresolved source. In particular, the convergence in the
smooth model is determined after fixing the total magnification of each counter-image as p = p i,
where g and g, are the tangential and perpendicular magnifications, respectively. This results in a
total average magnification (when integrating over long periods of time) of 2 = 8960, close to the
desired fiducial value 2p = 9000.

The magnification in the source plane is then built through a standard ray-tracing method. The
resulting pattern is shown in Extended Data Figure 6.

To measure the fluctuations over time, we assume the star is moving at a velocity v = 1000 km s~ ~
0.001 pc/yr relative to the caustic network®"™. This velocity estimate accounts for rotation of the
lensed galaxy, motions of stars and galaxies within the cluster lens, and relative transverse velocities
between the cluster lens, lensed galaxy, and Earth with respect to the Hubble flow. Windhorst et al.%”
test whether 1000 km s~! is reasonable by adding random space motions of up to several thousand

km s™! to well-studied clusters and measuring the effect on the cluster redshift space distributions,
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finding velocities of ~ 1000 km s~! do not distort the observed cluster properties. Thus we infer
that this velocity is reasonable in our case. Ultimately, the exact velocity assumed will impact only
the duration and frequency of microlensing events, with little to no effect on their amplitude. The
direction the star moves relative to the caustic network also impacts the expected variability in
magnification. If the star were moving perpendicular to the cluster caustic, we would expect the
greatest variation in time, whereas if the star were to move parallel to the cluster caustic we expect
much less variation. For our analysis, we assume the star is moving at an angle of 45° relative to
the cluster caustic. This will produce moderate fluctuations in time, with the star typically staying
within a factor of two of our measured brightness. As with the velocity, the direction will only impact
the duration and frequency of magnification fluctuations. Because we are in a microlensing regime
with a larger effective optical depth (> 1), microcaustics will overlap and limit the amplitude of
variations as the star traverses this caustic network. Thus no matter what velocity and direction we
assume, the star will most likely stay within a factor of two of its current magnification, matching
our observations.

Extended Data Figure 6 shows simulated light curves and likelihoods for both microlensing stellar
densities ¥, = 1 and 10 Mopc=2. The higher stellar density reduces the variability in flux as the
microlensing caustic network saturates, yielding a consistently high magnification 2u ~ 9000. In
this case, we can expect with ~65% confidence that magnifications measured 3.5 years apart will
be within a factor of 1.4, as observed. If the stellar density is lower (1 Mgpc=2), this likelihood
decreases to ~40%, which is still fairly likely. Therefore, both of these predictions are consistent with
our observations.

We also tested a third “critical” scenario with maximal time variations and found these very similar
to the results for 3, = 1Mgpc~2. The degree of variability depends on the product uX,. Our
simulations had p3, = 44800, 4480, and finally 1600 for the critical case. Tighter constraints on both
parameters p and X, are required to improve variability predictions. Future observations will better

constrain these parameters while providing better data on variability or lack thereof. An approved
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upcoming HST program (GO 16668; PI Coe) will add time monitoring observations to test these

predictions and more precisely constrain the baseline flux.

2.7. Luminosity and Stellar Constraints

From our magnification measurements of ;= 1000 — 40000 derived above, and Earendel’s observed
flux 49 + 4 nJy in the HST F110W filter (0.9 — 1.4 pm), we calculate a delensed flux of 1 — 50 plJy,
corresponding to an AB magnitude of 38.7 — 34.7. This then gives an absolute UV (16OOA) magnitude
of =8 < Msp < —12, given the distance modulus 48.9 at z = 6.2 and flux per unit frequency dimming
by 142z (2.1 mag). We can then calculate the intrinsic stellar luminosity, assuming blackbody spectra
for hot stars with effective temperatures Tog > 40000 K. For cooler stars, we used the lowest surface
gravity models available from the grid of empirically-corrected [M/H] = —1 stellar atmosphere spectra
compiled by Lejeune et al.®*. This yields the black tracks in Figure 3 for a given magnification and
delensed flux. Green shaded regions show magnification uncertainties (factor of 7 for each individual
lens model); the photometric uncertainties are 10% (insignificant and thus not included). We also
explored the effects of different metallicity stellar atmosphere models (from [M/H] = 0 to -5 using
Lejeune et al.®?), and found Alog L < 0.1 for T.g > 10000 K, and Alog L ~ 0.2 for T,g < 10000
K, which is insignificant compared to our other uncertainties. The redshifted spectrum of a B-type
star with temperature ~20000-30000 K maximizes the flux in the F110W filter, whereas spectra of
hotter / cooler stars require a higher total bolometric luminosity to produce the same F110W flux.

For our calculations of the stellar luminosity, we assume zero extinction due to interstellar dust.
With current data, we cannot robustly estimate the extinction around the star. While BAGPIPES
yields an estimate of Ay = 0.15 4+ 0.1 mag for the full galaxy, we would expect less dust in the ISM
near the outskirts of the galaxy where we see the star. On the other hand, we would expect this
massive star to still be associated with a star forming region, which would increase the expected dust
extinction. To get a rough estimate of the effect of dust, we can assume we have E(B — V) ~ 0.1
mag in the region surrounding the star (reasonable for a star cluster in a low-metallicity galaxy®®),

and an SMC-like extinction law with Ry ~ 2.93. With these assumptions, we would expect a factor
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~ 2 reduction in flux. This would lead to an equivalent increase in the inferred luminosity. While
this is significant, it is still far less than the large magnification uncertainty.

In Figure 3, we show low-metallicity (0.1Z;) dwarf galaxy predictions from BoOST, as may roughly
be expected at z ~ 6 based on simulations®?. There is considerable scatter in galaxy metallicities in
both observations and simulations. Additionally, the star is not necessarily at the same metallicity as
the galaxy overall. To probe the effects of metallicity on our interpretation of the mass of Earendel,
we consider a range of stellar tracks from BoOST with varying metallicities. These range from solar
metallicity Z, down to 0.004Z, the full range available from BoOST models. These tracks, along
with a green shaded band showing our full luminosity uncertainty across all lens models, is shown
in Extended Data Figure 7. The differences between various low-metallicity tracks are small relative
to our current uncertainties, so the exact choice of metallicity does not impact our conclusions; we
still find massive stars best match our constraints. A more important uncertainty is in the stellar
modeling of massive stars, which radiate near the Eddington limit. In such stars, the expansion of
their outer layers is poorly understood, leading to increased uncertainty on predictions of stellar radii
and effective temperatures®®. The luminosity of the star is not impacted by this uncertainty, so these
models still provide a useful estimate of the mass of the star.

In Extended Data Figure 8, we show the BoOST 0.1Z7 stellar evolution tracks vs. time. We see that
very massive stars of 1000/, or more spend the greatest time (~ 2 Myr) with a luminosity matching
Earendel within the uncertainties. The next less massive track ~ 55Ms would only match our
luminosity constraint for ~ 0.5 Myr. This shorter time would decrease the probability of observing
such a star by ~ 1/4. On the other hand, lower mass 55M, stars may be roughly 4 times as numerous
as 100M stars, depending on the IMF. From this simple analysis, we estimate that Earendel’s light
may be most likely generated by a star with ~ 50 — 100M,. More massive stars are less likely
because they are less numerous, while a less massive star would not be bright enough. Given the
large uncertainties on our observational constraints, we leave more detailed analysis of lifetimes,

formation rates, and magnification probabilities for future work.
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2829 Multiple less massive stars could also combine to produce

Such massive stars are rarely single
the observed luminosity. While it is most likely that a single star will dominate the light in such a
system, there is a possibility of finding tightly bound multiple systems of similar masses, and thus
similar brightnesses. El-Badry et al.’” find a sharp excess of “twin” systems, with a mass ratio
2 0.95 indicating that the stars are roughly equal masses. This analysis was restricted to lower
mass stars, but Moe & Di Stefano® find a similar (although more modest) excess for more massive
systems. Additionally, Moe & Di Stefano®® find that the fraction of stars in triple and quadruple
systems increases as the primary star’s mass increases, up to a quadruple fraction of ~ 50% for stars
of mass ~ 25M. In any case of a twin/triple/quadruple star, the contribution from companion
stars becomes non-negligible. This would effectively reduce the inferred mass of the primary star,
potentially down to ~ 20M, in the case of a quadruple system of equal mass main sequence stars.
We note that multiple bright stars would also dampen microlensing variations, as one star may be
crossing a microcaustic while others are not, further supporting our observation of relatively stable
flux.

With the HST photometry available, we cannot reliably distinguish between different stellar types
and effective temperatures, and thus stellar mass. We have multi-band imaging, but only the F110W
band has a reliable (> 50 significance) detection. Other WFC3-IR bands do detect the star, but
at much lower significance, the highest being F160W with a ~ 30 detection. Additionally, these
other IR bands were taken in the original RELICS imaging. The 3.5 year gap between observations
provides ample time for the magnification to vary considerably. Our microlensing analysis suggests
that the magnification will stay high (x > 1000) for many years, but fluctuations of a factor of 2 are
expected.

ACS/F814W imaging was obtained in every epoch of observations, however the stacked detection in
this band is still only at 4.40 confidence. Additionally, this bandpass spans the Lyman-a break at
z ~ 6, so the F814W flux is primarily a function of redshift: more flux drops out as redshift increases

up to z = 7. Any SED constraint from HST photometry would be weak. Future spectroscopic
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observations with our approved JWST program (GO 2282; PI Coe) will determine the type and

temperature of this star, placing it on the H-R diagram.

2.8. Probability of Observing a Massive Star

In the following, we assess the probability of observing a lensed star with M, = 100M, at sufficiently
high magnification to be detected in our data. To do so, we use our model of the Sunrise Arc
to estimate the total star formation rate (SFR) of the host galaxy within a region close to the
lensing caustic, and use assumptions on the stellar IMF to convert this into an estimate on the
number of high-mass stars within this area. Using the formalism presented by Diego'®, and fitting
for necessary constants using our LTM lens model, we calculate a source plane area of ~ 500 pc?
(~ 0.5 pc perpendicular to the caustic times ~ 1000 pc along the caustic) that intersects the host
galaxy at a magnification of 2u 2 4200 (set by the minimum magnification to detect a M, ~ 100 M,
star in our data). We next estimate the surface brightness of the arc close to the location of the

star, finding I ~ 6 x 1075 nJy pc~2.

By assuming that the surface brightness of the host galaxy
remains approximately constant along the caustic, we may then convert surface brightness to total
SFR within the 2y > 4200 region that intersects the host galaxy. Using Starburst99 v.7.0.1°® under
the assumption of a Kroupa® IMF throughout the 0.01-120 M, interval and a constant-SFR stellar
population with Z = 0.001 at age 100 Myr, we find a total SFR ~ 2 x 107* M, yr~! in the host
galaxy region magnified by 2u > 4200.

We next calculate the probability of observing a star of mass > 100 M, at this SFR. This is done with
two star formation prescriptions, one assuming clustered star formation wherein stars are distributed
into star clusters with a cluster mass function dNcuster/dMeiuster X ]\/[C_luzSter between 20 — 107 M),
then randomly sampled from the IMF with the limit M, < Muster using the SLUG v2.0 code®%6,
This tends to result in fewer high mass stars. The other possibility is unclustered star formation,
in which stars are randomly sampled from the IMF without first being split into clusters. This

method results in a greater proportion of massive stars. From this calculation, we find a probability

P(>100Mg) ~ 2% in the clustered scenario, and ~ 4% in the unclustered scenario.
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From this calculation, we conclude that one might expect to find such a massive, lensed star in about
1 in 25-50 such caustic crossing galaxies. Tens of galaxies like this have been observed in HST images
from various programs. Therefore, the probability of such a discovery is reasonable.

We note that a different choice of IMF over the stated mass range could impact the calculated SFR,
up to a factor ~ 1.5 if we were to use the Salpeter’® IMF®. However, this change will be largely
canceled out by the lower probability per unit stellar mass of forming > 100M, stars using the
Salpeter IMF. The difference if we were to use a Chabrier® IMF would be even smaller, as that is
more similar to the Kroupa IMF over our mass range. Ultimately, any uncertainty introduced by the
choice of IMF will be sub-dominant compared to other assumptions, such as the assumed metallicity.
However, if the stellar IMF would be more top-heavy than the Kroupa IMF (i.e., contain a larger
fraction of massive stars), as has been argued to be the case for star formation in low-metallicity
environments®, then the probability for detecting a > 100 M, star could be significantly higher.
The probability would also increase in scenarios where the host galaxy, despite being metal-enriched,
contains a fraction of Pop III stars, as in the simulations by Sarmento et al.%*%. From the MESA

1.7 showed that most of their light comes from

mass-luminosity relation of such stars, Windhorst et a
20 — 200 M, stars, so that finding a single ~ 100 M, star during a significant caustic magnification

is possible.
2.9. Alternative Possibilities

There are a few alternative possibilities we consider for this object. One such possibility is that
Earendel is a Population III star with zero metallicity. Calculations of observable properties of Pop
ITI stars from MESA stellar evolution models show that a > 50M, in a hydrogen-depleted phase would
match our delensed flux constraint, as would a ZAMS star of > 300M°".

The lifetime of a massive Pop III star would be short relative to its host galaxy. It would therefore
require a pristine zero-metallicity environment within the host galaxy to form. Such regions become
less common as more early generation stars explode and enrich their surroundings with heavier
elements. Our SED fitting of the Sunrise Arc gives a stellar mass of M, ~ 3 x 107M,, from which

we might expect a metallicity on the order of 0.01Z or 0.1Z,%?. This non-zero metallicity would
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indicate that some enrichment has taken place. Even if we assume the galaxy overall has been
enriched, finding a Pop III stellar population is not ruled out. Some models predict that pockets of
zero-metallicity gas (from which Pop III stars can form) may still exist at z ~ 6, particularly near

™ Observationally, Vanzella et al.”® report a strongly lensed star cluster

the outskirts of galaxies
consistent with being a complex of Pop III stars at z = 6.6. In this case, pockets of zero-metallicity
stars may exist in otherwise metal enriched galaxies. Spectroscopic follow-up will be required to
assess the possibility of Earendel being a Pop III star.

Although the probability of Earendel being a zero-metallicity Pop III star is low, if it turns out to be
such an object it would be the first such star observed. This would provide important confirmation
that such stars formed, and would offer an incredible opportunity to study one in detail. Furthermore,
such a star is a possible progenitor for the recently observed binary black hole merger GW190521,
which is too massive to be explained by standard stellar remnants™. Recent studies””"® have proposed
that extremely metal poor or zero metallicity stars are viable progenitors for this event. Finding such
a star would offer a chance to study it in detail and refine models of how these stars collapse into
black holes.

Another possibility is that this object is an accreting stellar mass black hole. If the black hole were
persistently fed by a lower mass star overfilling its Roche lobe, it could continue to shine up to
60 Myr®". Note we assume this would be a persistent source. A transient outburst, which would
shine for weeks to months™, would be ruled out by the lack of variation observed (see §2.3). A
stellar mass black hole accretion disk would have strong X-ray emission, whereas a star would not.
Following the multicolor accretion disk model in Windhorst et al.”, a 200M, black hole formed from
a ~ 300M, Pop III star would have an inner accretion disk with T},q, ~ 7.7 keV ~ 3 x 107 K. Most
of the X-ray emission would originate near the center of the disk, from radii around a few times
the Schwarzschild radius (2 900-1800 km). The maximum possible magnification of the tiny X-ray
emitting region could then be substantially (perhaps 100x) larger than that for the rest-frame UV
stellar light, or x> 10°. Most of the remainder of the accretion disk would shine in the rest-frame

UV at the Eddington limit with very similar size, luminosity, and surface brightness as a massive
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star. Hence, a stellar mass black hole accretion disk would appear very similar in the HST images
to a massive star. Analysis of archival X-ray data from XMM-Newton showed no clear signal near
this position, supporting the stellar interpretation. We note, however, that the 6” spatial resolution
of XMM-Newton would dilute the signal from such a black hole accretion disk. Deeper, higher-
resolution X-ray images with the Chandra X-ray Observatory (resolution ~ 0.5”) or the upcoming
Athena mission could conclusively determine if this source is a black hole.

We also consider the possibility that this object is not associated with the Sunrise Arc, and thus
not a lensed star at z ~ 6. The first possibility would be a local star which happens to align with
the background arc. While possible, this is unlikely given the exact alignment of the object with

2

the background arc. Holwerda et al.®’ found ~ 1.2 M-type dwarfs per arcmin? out to magnitude

24 in their analysis of multiple fields observed with HST. Rescaling to 27th magnitude, we estimate

2 in our observations. Given the small solid

we might observe of order ~ 100 such stars per arcmin
angle surrounding the critical curve crossings in the Sunrise Arc (constrained to within 0.1”), the
probability of one of these local dwarfs aligning with both the arc and critical curve by chance is of
order 0.01%. If Earendel were a local brown dwarf, we might see some evidence of proper motion over
the 3.5 year observation window. We see no evidence of motion, strengthening the interpretation that
this star is associated with the Sunrise Arc. We note that we cannot conclusively rule out a brown
dwarf based on existing HST photometry. We fit the SED of Earendel alone to brown dwarf spectra
from the SpeX Prism Library®!, and find that a 3000 K local star could reproduce our observations.
We expect upcoming JWST photometry and spectroscopy to rule out a brown dwarf conclusively.
For now, we rely on the unlikely chance alignment and lack of proper motion to disfavor a local brown
dwarf.

Other possibilities to consider for this object are distinct galaxies in the foreground, cluster, or lensed
background. But even analyzed independently, Earendel’s photometric redshift is the same as the
full galaxy: z = 6.2 £ 0.1 (95% CL) with negligible likelihood at lower redshifts according to BPZ

given the Lyman break, which is clear even in this faint object. Furthermore, any foreground / lensed

background galaxy would most likely appear larger and spatially resolved in the HST images. Note
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830 a z < 6 background galaxy, say at z ~ 2, would not be on the lensing critical curve for that redshift,
831 but it would still be magnified by a factor of a few to perhaps tens, requiring a small galaxy to not
832 appear spatially resolved when magnified. A quasar would still appear point-like when lensed, but
833 of course quasars are less numerous and we would expect a redder rest-frame ultraviolet continuum
834 slope®. Again, we expect upcoming to JWST observations to spectroscopically confirm Earendel is

835 a star at z ~ 6.2 within the Sunrise Arc galaxy.

836 3. DATA AVAILABILITY

837 All HST image data used in this analysis are publicly available on the Mikulski Archive for Space
ss  Telescopes (MAST), and can be found through the following DOI hyperlinks: RELICS, and follow-up

839 HST GO 15842.
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HST GO 14096 HST GO 15842  Depth 50 Sunrise Arc  Earendel

Camera  Filter Exposure Time (s) Exposure Time (s) (AB mag) Flux (nJy) Flux (nJy)

ACS F435W 2072 27.2 —69 £ 56 —8+12
ACS F475W 3988 27.9 16 £27 9£6
ACS F606W 2072 27.6 —51 £33 —2+£7
ACS F814W 2243 11083 28.0 312 £ 21 19+4
WFC3/IR F105W 1411 26.7 1321 £ 74 30+14
WFC3/IR F110W 5123 27.7 1187 £ 21 49+4
WFC3/IR F125W 711 26.0 1351 £ 137 3726
WFC3/IR F140W 711 26.2 1197 £ 109 21+21
WFC3/IR F160W 1961 26.5 1088 + 74 46 + 15

Extended Data Table 1. Hubble imaging of WHL0137-08 in nine filters and photometry measured for the
Sunrise Arc and Earendel. Imaging was obtained by RELICS (HST GO 14096) and follow-up imaging 3.5
years later (HST GO 15842). Final 50 depths for point sources are given in column 5. Fluxes used in SED
fitting and plotted in Figures 1 & 2 are given in column 6 (full arc) and column 7 (Earendel individually),

along with 68% confidence uncertainties.

Stellar Mass Density
IMF (Mg pc2)
Chabrier 8 [6%]
Salpeter 15 [3%]

Extended Data Table 2. Stellar surface mass densities from two possible IMFs. These values include
both ICL and the wings of cluster member galaxies. Most likely values are followed by 68% confidence

ranges in brackets.
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Extended Data Figure 1. Photometry of the Sunrise Arc and Earendel a, HST photometry with
1o error bars, SED fit, and redshift probability distribution for the Sunrise Arc using the photometric fitting
code BAGPIPES. The arc shows a clear Lyman break feature, and has a photometric redshift z = 6.24+0.10
(68% CL). b, HST photometry for the full arc (black), clumps 1.1a/b (green/blue), and Earendel (red),
with associated lo error bars. BPZ yields a photometric redshift of zphey = 6.20 & 0.05 (inset; 68% CL),
similar to the BAGPIPES result. Clumps 1.1a/b have similar photometry, strengthening the conclusion
that they are multiple images. Note both BPZ and BAGPIPES find significant likelihood only between
5.95 < z < 6.55 for the Sunrise Arc.
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Extended Data Figure 2. Lensed star variability across observations Earendel has remained
consistently bright across 3.5 years of HST imaging. Panels a-d show WFC3/IR images of the lensed star
(circled in green) across four epochs. Panels a and b show epochs 1 and 2 respectively, taken as part of
RELICS, and are a sum of the IR imaging in 4 filters F105W+F125W+F140W+F160W from each epoch
(one orbit each). Panels ¢ and d show follow-up F110W imaging taken in epochs 3 and 4 respectively
(one orbit each, in a more efficient filter). Panel e shows a plot of the original RELICS photometry (blue)
compared to the follow-up photometry (orange), each with 1o error bars. The blue band is the weighted
average of the original RELICS IR fluxes (35 £ 9 nJy, 68% CL), while the orange band is the new F110W
flux (49 £+ 4 nJy, 68% CL).



LENSED STAR 45

-8°27'00"

20"

Declination

40"

28'00"

1h37m27° 26° 258 24° 23s
Right ascension

Extended Data Figure 3. Strong lens modeling constraints for WHL0137—-08 a, HST composite
image of WHL0137—08, a massive galaxy cluster at z = 0.566 which lenses the Sunrise Arc. Multiple images
of the two lensed galaxies used in the lens modeling are marked in cyan and labeled in zoomed outsets.
Cluster member galaxies circled in magenta are those freely optimized in both the LTM and Lenstool lens
models. Critical curves are shown for the best-fit LTM model. The dashed orange curve is at z = 3.1,
the same photometric redshift as multiple image system 2 (shown in b), while the solid red curve is at
z = 6.2, the photometric redshift of the Sunrise Arc (system 1, shown in c). The lensed star Earendel lies
directly between 1.1a and 1.1b. Note that 1.1c appears fainter than its counter-images 1.1a/b due to its

lower magnification and all of these images being unresolved.
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separation
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Extended Data Figure 4. Size and separation upper limit measurements Earendel’s image is
spatially unresolved. We manipulate this image, separating it in two or stretching it in place to put upper
limits on its magnified radius R < 0.055” and distance 2§ < 0.11” between two unresolved images. These
constraints allow us to calculate constraints on the intrinsic radius r, distance D to the critical curve, and
magnification p for each lens model. Here we show a zoomed region of the arc around Earendel in a 10x
super-sampled reconstruction of our HST WFC3/IR F110W image based on 8 drizzled exposures. The

distances and radius labeled in the diagram are exaggerated for visibility.
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Extended Data Figure 5. Diffuse cluster light measurements Stellar surface mass density calcu-
lations are performed in the vicinity of the lensed star, within the green boxes shown. The arc and star
are masked to avoid contamination, but nearby cluster galaxies are included. This figure shows the HST

F110W band image, which is used to define the extent of the lensed arc.
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Extended Data Figure 6. Flux variations expected from microlensing simulations Microlensing
is only expected to vary the total magnification by a factor of 2 — 3 over time, consistent with the observed
steady flux over 3.5 years. Panel a shows the simulated microcaustic network arising from stars and stellar
remnants within the lensing cluster. The cluster caustic is the extreme magnification horizontal region near
the middle of the image, with individual cusps from microlenses still visible beyond the cluster caustic. We

1

estimate Earendel will move relative to the microlens network at ~ 1000 km s~ in some unknown direction.

Panel b shows predicted magnification fluctuations over time arising from this motion in the 1 My pc=2 case
(blue) and the 10 M, pc~2 case (purple), assuming that the relative motion is at an angle of 45°. Grey bands
highlight a factor of 2 (dark) and a factor of 4 (light) change in magnification. Panel ¢ shows the likelihood
of magnification variations between two observations separated by different times, again for both the 1 and

10 Mg, pc~2 cases. Note the more is less microlensing effect that reduces variability in the observed images

when the density of microlenses increases.
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Extended Data Figure 7. H-R diagrams with stellar tracks at multiple metallicities A star’s

metallicity will impact its evolution, so to probe this effect we show here our luminosity constraints compared

to stellar tracks from BoOST at metallicities of 1, 0.1, 0.02, and 0.004Z;, (panels a, b, ¢, d respectively).

The 0.1Z case is also shown in Figure 3, and these plots are similar, including the green region allowed

by our analysis. While the tracks do exhibit some notable differences, the resulting mass estimates do not

change significantly given the current large uncertainties.
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Extended Data Figure 8. Stellar evolution tracks versus time Here we show the total magnification
required to lens stars to Earendel’s apparent magnitude as a function of time on stellar evolution tracks
(BoOST 0.1Z5, as plotted in the HR diagram Figure 3). This required magnification changes over the
lifetime of each star as it varies in luminosity or temperature, changing the flux observed in the F110W
filter. We find that stars at ~ 100Ms and above spend the most time (~2 Myr) in the green region
reproducing Earendel’s observed flux, given our magnification estimates. But considering that lower mass
stars are more numerous, we conclude that masses of roughly ~ 50 — 100M, are most likely if Earendel is

a single star.
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