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Galaxy clusters magnify background objects through strong gravitational lensing.
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'. Individual stars can attain even
higher magnifications given fortuitous alignment with the lensing cluster. Recently,
several individual stars at redshifts between approximately 1and 1.5 have been
discovered, magnified by factors of thousands, temporarily boosted by microlensing>™®.
Here wereport observations of amore distant and persistent magnified star at aredshift
of 6.2 +0.1,900 million years after the Big Bang. This star is magnified by a factor of
thousands by the foreground galaxy cluster lens WHL0137-08 (redshift 0.566), as
estimated by four independent lens models. Unlike previous lensed stars, the
magnification and observed brightness (AB magnitude, 27.2) have remained roughly
constantover 3.5 years of imaging and follow-up. The delensed absolute UV magnitude,
-10 + 2, is consistent with a star of mass greater than 50 times the mass of the Sun.
Confirmation and spectral classification are forthcoming from approved observations
with the James Webb Space Telescope.

The Reionization Lensing Cluster Survey (RELICS)” Hubble Space
Telescope (HST) Treasury Program obtained HST Advanced Camerafor
Surveys(ACS)opticalimagingandWideField Camera3infrared (WFC3/IR)
imaging of a total of 41 lensing clusters. Included in these observa-
tions was a 15”-long lensed arc of a galaxy at photometric redshift
Zohor = 6.2 2 0.1 (ref. %), designated WHL0137-zD1 and nicknamed the
‘Sunrise Arc’ (see Extended Data Fig. 1 and Extended Data Table 1 for
photometry and redshift estimate details). Its length rivals the ‘Sun-
burst Arc’ at a redshift of 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 =01 h 37 min 23.232s,
dec.=-8°27"52.207(J2000). This object is designated WHLO137-LS,
and we nickname the star ‘Earendel’ from the Old English word meaning
‘morningstar’ 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 Fig. 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 Fig. 1).
We only see oneimage of Earendel, indicating thatits two lensed images
areunresolved. Thus, the critical curve must fall near theimage of the
star, indicating that it will have a high magnification.

Our detailed lens modelling supports thisinterpretation. We model
the cluster using four independent techniques: light-traces-mass
(LTM)™°"2, Lenstool™*, Glafic" and WSLAP+'*". To constrain these
models, weidentify two triply lensed clumps1.1a/b/c and 1.7a/b/c within
the Sunrise Arcand onetriply lensed clump within az = 3 galaxy to the
north (see Extended DataFig. 3). Given these modest constraints, our
lens models retain a large degree of freedom. Yet all our models put
Earendel within D, < 0.1” of the critical curve.

Eachlens model includes some uncertainty on the model param-
eters. Tounderstand the effect of these uncertainties, we sampled the
posterior distribution generated by the LTM lens model, and generated
critical curves from eachresultant parameter set. These critical curves

'Center for Astrophysical Sciences, Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, MD, USA. 2Space Telescope Science Institute (STScl), Baltimore, MD, USA.
3Association of Universities for Research in Astronomy (AURA) for the European Space Agency (ESA), STScl, Baltimore, MD, USA. “Instituto de Fisica de Cantabria (CSIC-UC), Santander, Spain.
SPhysics Department, Ben-Gurion University of the Negev, Be'er-Sheva, Israel. *Observational Astrophysics, Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden.
"Observatério Nacional, Ministério da Ciencia, Tecnologia, Inovagdoe Comunicagdes, Rio de Janeiro, Brazil. ®Instituto de Astrofisica de Andalucia, Granada, Spain. °School of Physics and
Astronomy, University of Minnesota, Minneapolis, MN, USA. °Department of Astronomy, University of Michigan, Ann Arbor, M, USA. "Institute for Computational Cosmology, Durham
University, Durham, UK. ?Centre for Extragalactic Astronomy, Durham University, Durham, UK. ®Research Center for the Early Universe, University of Tokyo, Tokyo, Japan. “Center for Frontier
Science, Chiba University, Chiba, Japan. ®Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU, WPI), University of Tokyo, Chiba, Japan. '®School of Earth and Space
Exploration, Arizona State University, Tempe, AZ, USA. VJoint Institute for Nuclear Astrophysics — Center for the Evolution of the Elements, Tempe, AZ, USA. ®Department of Astronomy,
Steward Observatory, University of Arizona, Tucson, AZ, USA. *Max-Planck-Institut fiir Astrophysik, Garching, Germany. °GRAPPA, Anton Pannekoek Institute for Astronomy, University of
Amsterdam, Amsterdam, The Netherlands. ?’Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA, USA. ?Department of Physics, University of California, Davis, Davis, CA, USA.
Z0bservational Cosmology Lab, NASA Goddard Space Flight Center, Greenbelt, MD, USA. 2*Cosmic Dawn Center (DAWN), Copenhagen, Denmark. 2Niels Bohr Institute, University of
Copenhagen, Copenhagen, Denmark. 2School of Physics, University of Melbourne, Parkville, Victoria, Australia. ’ARC Centre of Excellence for All-Sky Astrophysics in 3 Dimensions,
University of Melbourne, Parkville, Victoria, Australia. 2Clay Center Observatory, Dexter Southfield, Brookline, MA, USA. 2Department of Theoretical Physics, University of the Basque
Country UPV/EHU, Bilbao, Spain. *°Donostia International Physics Center (DIPC), Donostia, Spain. *'IKERBASQUE, Basque Foundation for Science, Bilbao, Spain. *e-mail: bwelch7@jhu.edu

Nature | Vol 603 | 31 March 2022 | 815


https://doi.org/10.1038/s41586-022-04449-y
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-022-04449-y&domain=pdf
mailto:bwelch7@jhu.edu

Article

-8° 27" 48"
4

2

51”7

®1.1a

1.1b ikLensed star
©)

54”

Declination

577

28’ 00”

01h37min24.0s 238s 23.6s 23.4s 23.0s

Right ascension

23.2s

Fig.1|Labelled colourimage of WHL0137-zD1. The Sunrise Arcatz=6.2isthe
longestlensed arc ofagalaxyatz> 6, with an angular size on the sky exceeding
15arcseconds. Thearcis triplyimaged and contains a total of seven star-forming
clumps; the two systems used inlens modelling are circled, with system1.1in
cyanandsystem 1.7 in magenta. The highly magnified star Earendelis labelled in
green. The best-fitlensing cluster critical curve from the LTM model is shownin
red, brokenwhereit crosses thearcfor clarity. The colour composite image
shows the F435W filterimage inblue, F6O6W + F814W in green, and the full
WFC3/IR stack (FIO5W +F110W + F125W + F140W +F160W) inred.

are shownin Fig. 2. We find the star to be within 0.1”in approximately
80% of models, and the maximum distance reaches 0.4”.

We then derived tighter constraints on the distance to the critical
curveonthebasis of our observation of only asingle unresolved object.
IfEarendel were farther from the critical curve, we would see two multi-
pleimages, aswithclumps1.laand1.1b. The singleimage meanseither
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 Methods section ‘Microlensing simulations’ 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 that the two lensed images are unresolved in
the current HST WFC3/IRimaging. 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
analyse 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 Fig. 4). Moving each image 0.055” along the
arcputs themlessthan 0.036” from the critical curve, given the angle
between thearcand critical curvein the variouslens models (see Meth-
odssection ‘Magnification and size constraints’ for details). Maximum
distances to the critical curve (D.,;,) 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 mini-
mum magnification of the lensed star. In the vicinity of the critical
curve, magnifications are inversely proportional to the distance to
the critical curve:

ﬂ:ﬂo/Dcrit @

where D, is expressed in arcseconds and y, is a constant that varies
between lens models'®. The value of u, depends on the slope of the
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Fig.2|Stronglensingcritical 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 tanlines)

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).

lens potential, with flatter potentials yielding higher values of u, and
thus higher magnifications for a given distance (asinthe LTM model),
whereas steeper potentials give lower magnifications (asin the Lenstool
model). Owing to the paucity of lensing constraints, we can only deter-
minethe slope of the potential to within afactor of six. However, using
multiple lens models, including two Glafic models with one flatter
(lower concentration ¢ =1) and one steeper (c = 7) potential, we are
able to cover the full range of possible outcomes.

Onthebasis of this analysis, we derive magnification estimates, sum-
marized in Table 1. We note that the magnification calculated from
equation (1) accounts for only one of the two unresolved images.
Wetherefore 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 =1,400 (Lenstool) to
21 = 8,400 (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 magnificationsis 2i =1,000-40,000. This factor-of-40 uncer-
tainty is much larger than that found for lensed galaxies with typical
maghnifications of u <10, owing to the rapid changes in magnification
thatoccurinthe vicinity of lensing critical curves. Future observations
will substantially shrink these error bars.

Lower magnifications (at larger D) are excluded because Earen-
del is unresolved. Higher magnifications are allowed as the star
approaches the caustic. However, on the basis of the cluster stellar
mass density in the vicinity of the arc (Extended Data Fig. 5, Extended
Data Table 2 and Methods section ‘Diffuse light calculation’) we find
that the network of microlensing caustics in the vicinity of the star
is optically thick (see Methods section ‘Magnification and size con-
straints’). Given this microlensing configuration, we estimate the
maximum magnification to be of the order of u < 10°, even for a tran-
sient caustic crossing'®?°>2, Microlensing also has the effect of causing
fluctuations in observed brightness as the lensed star traverses the
microcaustic network. However, owing to the optically thick micro-
lensing network, we find a 65% probability of the observed brightness
staying within a factor of two over the 3.5-year span of our observa-
tions (Extended Data Fig. 6). This is consistent with our observed
factor ~1.4 variation (see Methods section ‘Microlensing simulations’
for details).

Our strongest evidence that Earendel is anindividual star or binary
instead of 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, depend-
ing onthe lens model. We derive these limits by comparing sheared
Gaussian images of various widths to the super-sampled images



Table 1| Magnification, flux and radius constraints across multiple lens models

Lens model Ho D (") Magnification, 2y Flux (nJy) AB magnitude Myy Axis ratio Radius (pc)
LT™ 13 0.027 8, 400733500 62 37.0'Y, -9.8"7, 1500 <0.09
Glafic (c=1) 69 0.020 6, 80037(5188 73 36.8%, -10.0%7, 760 <014
Glafic (c=7) 23 0.020 2,200135%° 22%% 35.6'/, -n.2%7, 930 <0.21
WSLAP 28 0.036 1,50018,9° 328 35.1°%8 -n.77%8 580 <0.33
Lenstool 18 0.026 1,4007559° 3617 35.07%8 -1.875%, 560 <0.36

Earendel results from each lens model: magnification normalization v, nominal distance D from critical curve, resulting magnification 2u (sum of two lensed images), delensed flux in HST
F110W filter (0.9-1.4um), delensed F110W magnitude, absolute UV magnitude (1,600 A), model axis ratio of lensed image, and radius upper limit. 68% confidence limit uncertainties are shown

for all quantities.

to determine what sizes are consistent with our observations of a
spatially unresolved object (Methods section ‘Magnification and
size constraints’).

All of the lens models yield a radius limit that is smaller than any
known star cluster, indicating that this object is more probably an
individual star system. The smallest compact star clusters known
have typical radii of the order of approximately 1 pc, with the small-
est single example known having a virial radius of 0.7 pc (refs. 2%*).
Our largest radius constraint is a factor of two smaller than this star
cluster, whereas our tightest constraintis nearly an order of magnitude
smaller. Objects at high redshift may differ from those seenin the local
universe, so we also consider observations and simulations of other
high-redshift objects. Previous work® has measured radii as small as
tens of pc for very low luminosity galaxies at 6 <z <8, and another
earlier work® reports r <13 pc star clusters in a z = 6.143 galaxy that
is strongly lensed, although not on the lensing critical curve. Recent
simulations? resolve star-forming clumps on scales of tens of pcinz = 2
disks. Our constraints of r < 0.09-0.36 pc probe much smaller scales
than these state-of-the-art high-redshift studies. We expect future spec-
troscopic observations with the James Webb Space Telescope (JWST)
to conclusively determine that Earendeliis one or more individual stars
rather than a star cluster.

Most stars of mass M > 15M_ (M, mass of the Sun) are observed in
binary systems, witha companion ataseparation of less than 10 astro-
nomical units (AU; refs. %), This is well within our observational
radius constraint, suggesting that Earendel is probably composed
of multiple stars. However, the mass ratio of these binaries is gen-
erally small, approximately 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 asingle star. The binary
caseisdiscussed furtherin Methods section ‘Luminosity and stellar
constraints’.

Withamagnification between z=1,000-40,000, we find that Earen-
delhasadelensed flux1-50 pJy (AB mag38.7-34.6) in the F110W filter
(0.9-1.4 pm), corresponding to an absolute UV (1,600 A) magnitude
-8> M,z >-12. On this basis, we constrain Earendel’s luminosity as a
function of temperature in the Hertzsprung-Russell (H-R) diagram
(Fig.3), using acombination of blackbody stellar spectra at high tem-
peratures (T, > 40,000 K) and stellar atmosphere models at lower
temperatures (details can be found in Methods section ‘Luminosity
and stellar constraints’).

We comparethese constraintstostellarevolution models fromBonn
Optimized Stellar Tracks (BoOST)*. We find that the derived luminos-
ity of Earendel is consistent with a single massive star withinitial mass
of approximately (40-500)M, at zero-age main sequence (ZAMS).
We note that Fig. 3 shows a fiducial low metallicity (0.17,; Z,, metal-
licity of the Sun), as might be expected for a z = 6 galaxy®, but we
explore other metallicities in Methods section ‘Luminosity and stel-
lar constraints’ and Extended Data Fig. 7, finding that this does not
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Fig.3|Lensedstar constraints on the H-Rdiagram. Constraintson
Earendel’s bolometric luminosity (L,,) and effective temperature from HST
photometry and lensing magnification estimates, shown onan H-Rdiagram
alongside BoOST stellar evolution models (coloured tracks) for stars with low
metallicity (0.1Z,)*. The green shaded region covers the 68% confidence
interval of our models. All five lens models are shown, including both Glafic
modelswith concentrationc=1and c=7.The theoretical upper limit
magnification u ~10°is also shown; itis similar to the 95% limit for LTM. Each
stellar model evolution track shows pointsin time steps 0f10,000 years with
radii scaling with stellar radius. Our luminosity constraints favour a very
massive star. L, luminosity of the Sun.

considerably 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 of approximately
60,000 Kand mass greater than100M,, or an evolved O-, B- or A-type
star with mass greater than 40M, and temperature anywhere from
approximately 8,000 K to 60,000 K. Folding in the times spent at
Earendel’s derived luminosity for each track and the greater rela-
tive abundances of less massive stars, we find masses between (50~
100)M_ and temperatures above 20,000 K are most probable (see
Methods section ‘Luminosity and stellar constraints’ and Extended
DataFig. 8).

We estimate the probability of observing a star of mass Mz 100M,,
in a caustic-crossing galaxy such as the Sunrise Arc to be up to a few
per cent, making this a fortunate yet reasonable discovery, given that
tens of such galaxies have been observed (see Methods section ‘Prob-
ability of observing a massive star’ for details).

The spectral type, temperature and mass of the star remain uncer-
tain. Future spectroscopic observations with our approved JWST pro-
gramme (GO 2282; principal investigator (PI) D.C.) will determine these
properties for Earendel and place it on the H-R diagram.
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Methods

Data

The galaxy cluster WHL0137-08 at RA= 01h37 min 25s, dec. =
-8°27’25”(J2000) was originally discovered as an overdensity of red
luminous galaxies in SDSS images®, later confirmed at z= 0.566 (ref. **)
onthebasis of SDSS DR12 spectroscopy®. WHL0137-08 was also ranked
as the 31st most massive cluster (Msq, = 9 x 10™M,; Ms,, mass corre-
sponding to a density contrast of 500) identified in the Planck all-sky
survey PSZ2 catalogue®, which detected clusters via the Sunyaev-
Zel'dovich (SZ) effect on the cosmic microwave background®.

WHLO0137-08 was observed with HST as part of the RELICS Treasury
programme (HST GO 14096)’. RELICS obtained shallow imaging of
41lensing clusters, with single-orbit depth in the ACS F435W, F606W
and F814 W optical filters, and a total of two orbits divided between
four WFC3/IR filters (FIO5W, F125W, F140W and F160W). These obser-
vations were split over two epochs separated by 40 days for most
clusters, including WHL0137-08 observed on 2016 June 7 utc and
2016 July 17 utc.

An earlier work® performed a search for high-redshift galaxies
within the RELICS data, and among that sample found the 15”-long
arcat z,, = 6.2+ 0.1, here dubbed the Sunrise Arc. This impressive
arc warranted follow-up imaging with HST, which was obtained 2019
November 4 utc and 2019 November 27 utc (PI D.C.; HST GO-15842).
This follow-up included an additional five orbits of ACS F814W imaging,
along with two orbits each of ACS F475W 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
coadded to produce afull-depthimage, and single-epochimages were
also produced to enable study of the variability of the star. Images
were processed the same way as the original RELICS data’. Total expo-
sure times and limiting magnitudes ineach bandpass for our coadded
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 programme (P M.B.). An attempt was made to
extract infrared fluxes from these observations®; however, reliable
photometry could not be obtained, owing to blending with brighter
cluster member galaxies nearby.

Photometry, redshift and SED fitting

We measured photometry using Source Extractor v2.19.5% following
procedures detailed in previous work’. The Sunrise Arc was detected
as18 source segments. We summed the flux measured in all segments,
andsummed the flux uncertainties in quadrature. Extended Data Table 1
provides this total photometry for the Sunrise Arc, along with pho-
tometry for Earendel, which we identified as one of the 18 segments.

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

We measure the photometric redshift of the Sunrise Arc using two
methods: BPZ*°*' and BAGPIPES*. BPZ uses 11 spectral models (plus
interpolations yielding 101 templates) spanning ranges of metallici-
ties, 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
Zphot = 6.20 £ 0.05 (68% confidencelimit (CL); uncertainties throughout
are quoted at 68% CL unless otherwise stated) without any significant
likelihood below z < 5.9 (Extended Data Fig. 1).

BAGPIPES generates model spectra based on physical parameters,
then efficiently searches alarge multidimensional parameter space
to measure best-fitting parameters along with uncertainties. We ran
BAGPIPES fitting simultaneously to redshift and physical parameters
as detailed previously>®. Our choices do not significantly affect the

photometricredshift, 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(¢) =< te ™" (SFR, star-formation rate). We use the BPASS ini-
tial mass function (IMF) ‘imf135_300": Salpeter® slope a = —2.35 for
0.5<M/M, <300, and ashallower slope of a = -1.3 for lower-mass stars
0.1<M/M_ < 0.5.In our BAGPIPES modelling of the Sunrise Arc, we left
redshift as a free parameter (z <13), along with dust (extinction 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 asmuch dustaroundallH 11 regionsin their first 10 Myr.

The resulting best-fit and redshift likelihood distributions are
shown in Extended Data Fig. 4. BAGPIPES yields a redshift estimate
z=6.24 + 0.10, similar to the BPZ result without any significant likeli-
hood 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 redshift degeneracies for
some high-redshift galaxies. Butin our case, none of those red spectra
canreproducethe flat photometry observed for the Sunrise Arcinthe
near infrared (1.0-1.6 um).

BAGPIPES further yields estimates of the dust A, = 0.15 + 0.10 mag
and mass-weighted age 135 £ 60 Myr, but no strong constraints on
metallicity or ionization parameter. Any estimates of stellar mass
and SFRinclude 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 ~10™**2M_ and current SFR
~(0.3+0.1)M_ yr, not including magnification uncertainties.

Variability

Microlensing simulations suggest that the magnification, and thus
observed flux, of Earendel should remain somewhat 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 Methods section
‘Microlensing simulations’).

Toassess 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 Fig. 2, where Earendel is circled in green. Each
image shows one orbit of WFC3/IR imaging: for RELICS, thisisa WFC3/IR
stack FIO5W + F125W + F140W + F160W, and 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 (epochs1and 2) from a
weighted average of the fluxes measured in the four WFC3/IR filters.
Theresultsare shownas horizontal bandsin Extended Data Fig. 2, along
withthe fluxes measuredin each filter individually. Note summing only
the RELICS filters FIO5W + F125W (closest to F1I10W) yields 34 + 15 n)y,
similar to the result from the full stack with larger uncertainty.

Wefind that theinfrared flux may have varied by a factor of -1.4 across
the epochs. However, the large uncertainties on our measured flux
values mean that thisnumber is consistent with no variation. Thus, we
conclude that we see no significant variation across our observations.
Thislow level of variationis consistent with our microlensing simulation
results. Future observations with HST and JWST will further explore the
variability of this highly magnified object.

Lens modelling

The Sunrise Arcis a highly magnified system, and the lensed star Earen-
delwasidentified by the large magnification given by our best-fitlens
models. Strong lensing magnifications have steep gradients in the
vicinity of lensing critical curves, so to evaluate the validity of our



Article

interpretation of the arc and lensed star we have taken great care in
modelling the lensing cluster. We have constructed a total of five lens
models using four independent modelling programmes, LTM'*?, Len-
stool®*, Glafic® and WSLAP+*Y,

We used a total of three sets of multiple images in our lens model
optimization. The multiple image systems are highlighted in Extended
DataFig. 3, with each arc shown in detail. System 1is the Sunrise Arc
at z,p, = 6.2, and system 2 consists of three images of a bright blue
knot at z,,, = 3.1. Within the Sunrise Arc, we use two sets of multiple
images, labelled 1.1 and 1.7. Positions of multiple images 1.1and 1.7 are
defined using the F110W data, as this filter has the strongest detections
for each component of the arc (the signal-to-noise ratio ranges from
7 for the faintest feature to over 20 for the brightest). 1.1is acompact
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 differ-
encein 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, whereas 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 criti-
cal toinclude when our other constraints are used. The images of 1.7
consist of aclump near the opposite end of the arc. This clumpis closer
to the centre of the host galaxy, and so it is harder to pick out among
the flux of the host galaxy. However, our lens models support its posi-
tioning, and it allows us to include the full length of the arcin the lens
model optimization by including a positional constraint at each end.
Noadditional 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 colours, (F435W-F606W) and (F606W-F814W). We alsoincluded a
redshift selection, only including galaxiesin therange 0.35 < z,,,, < 0.8,
bracketing the cluster redshift of z.,... = 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 ques-
tionable cluster members. These small galaxies, marked as Cand Din
Extended Data Fig. 3, may be small cluster members or background
galaxies, and would normally have beentoo faint toincludeinour lens
models. They are only included here owing to their proximity to the
arc,and thustheirincreased potential to affect 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,
although galaxy C was excluded from the WSLAP+model. This galaxy is
givenlow massin other models (down-weighted relative toits observed
magnitude), soits exclusion from the WSLAP+model causes only minor
changesin the shape of the critical curve.

Light-traces-mass (LTM) lens model. The primary lens model used for
this analysis was created using the light-traces-mass (LTM) method'* 2,
As the name suggests, the LTM method assumes that light approxi-
mately traces mass within the lensing cluster. Each cluster member
is assigned a power-law mass density distribution, 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 widthtorepresent 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 as-
signed based on cluster member positions and fluxes. Multiple image
candidates canthen be checked against the initial lens models, which
inturnareiteratively refined.

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 disfavoured 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 multiplyimaged system at z = 3 was initially assumed to be tri-
plyimaged, with three clear knots showing similar photometry and mor-
phology. These knots were confirmed by the exploratory LTM models.

After theinitial explorations solidified our interpretation of the mul-
tipleimage constraints, we optimized the model using the standard LTM
minimization algorithm. Briefly, the distances between true multiple
image locations and model-predicted positions are minimized using a
x*function. The minimizationis done with aMonte Carlo Markov chain
(MCMC) using a Metropolis-Hastings algorithm®.

During optimization, we allowed the relative weights of six galaxies
(circled in Extended DataFig. 6) 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 withaflat prior. The brightest cluster galaxy (BCG) is left
free asstandard. Beyond that, we allow the two bright cluster members
near system1(labelled Aand Bin Extended DataFig.3) to vary, owingto
their proximity to our multipleimage constraint. Similarly, the relative
weights of the galaxies labelled C and D were left free, owing to their
proximity to the Sunrise Arc. Additionally, the membership status of
these galaxiesis uncertain, as described above. Allowing their weights
to vary efficiently 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 fol-
low 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 allimage systems. The flux constraint helps
to pinpoint the location of the critical curve crossing, which s of criti-
cal importance to our analysis of this object. The parity constraints
serve to counteract the proximity of our multipleimages. Because our
images are separated by as little as 17, the MCMC optimization often
found solutions with a single image appearing near the midpoint of
thearc. Although this does provide alow 2, itis 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.

Lenstool lens model. The accuracy of the cluster lens modelis of criti-
cal importance to our analysis of this object. Therefore, to confirm
thatour lensing interpretation is correct, we modelled the cluster lens
using additionalindependent software packages. The secondary pack-
age used in this analysis was the Lenstool lens modelling software®™,

Lenstoolis a parametric model that utilizesaMCMC method to sam-
plethe model parameter space. The model assigns pseudo-isothermal
elliptical mass distributions (PIEMD)® to both the cluster-scale dark
matter halo as well as toindividual cluster member galaxies. The total
mass distributionis a superposition of the cluster-scale mass distribu-
tionand the smaller galaxy-scale masses. Each PIEMD model has seven
free parameters: the position (x, y), ellipticity, position angle, core
radiusr,,,., truncationradiusr,,, and the effective velocity dispersion
0,. We note that o, is not precisely the observed velocity dispersion;
see a previous work® for details.

Six of the seven parameters of the PIEMD model are left free to be
optimized, with the exception of the cut radius, as this is not well con-
strained 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 o, LY*and truncation radius r.,, =< L¥? (L, luminos-
ity). The constants of proportionality are optimized freely, whereas
the positions, ellipticities and position angles are all fixed to what is
measured photometrically using Source Extractor®.

In our modelling, 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 Fig. 6. As mentioned above,
the spiral galaxy (E) does not follow the same mass-to-light 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. Ifthese are not part of the cluster, their effect on the
lensing of the arc willbe much less, so we account for that by allowing
their masses to vary. Finally, two galaxies are left free near thez=3
system (A, B). Each free parameter is assigned a Gaussian prior that is
centred on the parameter value given by the above scaling relations.
The velocity dispersion priors are given awidth of 15 km s™, and priors
onradius are given a width of 5 kpc. Best-fit values all fall within ~2.50
of the original value.

Glafic lens model. The Glafic model used here was made using the
publicly available Glafic lens modelling code®. Glafic adopts a para-
metric lens modelling 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 modelled with PIEMD mass models, whereas the larger cluster-scale
potential is modelled with two Navarro—-Frenk-White (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 g, = L¥*, and the truncation radius r,,, = L"
with nbeing fixed to1for simplicity. The normalizations of these scal-
ing 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 usingan MCMC.

WSLAP+ lens model. The final lens modelling package used in our
analysis is the hybrid parametric/non-parametric WSLAP+ code'®”.
This modelling programme divides the cluster mass distributioninto
acompact component associated with cluster member galaxies, and
adiffuse component representative of the cluster dark matter halo.
The compact component assigns mass to cluster galaxies based on
their luminosity via a mass-to-light scaling ratio. This scaling is fit-
ted to asingle value for the ensemble of cluster members during the
optimization process.

The diffuse mass componentis defined as the superposition of Gauss-
ians 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. Thisnon-parametric aspect of WSLAP+givesit 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,
oftenallowing 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
fromour 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

allmodels. Thissupports our interpretation of Earendel as an extremely
maghnified single star.

Magnification and size constraints

Using the various lens models, we constrain Earendel’s magnifica-
tion and delensed properties as summarized in the text. On the basis
of observing a single unresolved image, we place upper limits on
Earendel’s radius and distance from the critical curve as illustrated in
Extended Data Fig. 4.

First, we model the source as a Gaussian light profile with a width o
that we refer to as the radius r (for example, 0.1 pc). Then we stretch
this Gaussian along the arc for a given model magnification p=pu,
andaxisratiou,/u,, where the tangential magnificationy, =1/(1-x - y)
and perpendicular magnificationu, =1/(1-k +y) are definedforalens
model mass k and shear y ata given position. (We note that this is nor-
mally referred to as radial magnification as defined with respect to
the brightest cluster galaxy. However, that would be confusing in this
context, where Earendel’s radius is primarily magnified by the tangen-
tial magnification y, 1,000, and much less so by the perpendicular
or radial magnification u, =1.1-2.1). In practice, for each model we
measure i, near Earendel (it varies slowly) and y, from fitting i = /D
wherethedistance, D, isgiveninarcseconds. Thenthe observedlensed
radius along the arc would be R =y r = ior/Dpt, . We convert the mag-
nified radius to image pixels vial”=5.6 kpc (at z= 6.2). We note that
the resulting lensed image is approximately a one-dimensional (1D)
Gaussian line (stretched almost entirely tangentially along the arc)
convolved with the HST WFC3/IR F110W point spread function (PSF).

Thenby analysing the HST images, we determine that a1D Gaussian
withawidth of 20.055” 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
onalOxsuper-sampledimage (drizzled to 0.013” per pixel) combining
the 8 F110W exposures. Given a model of the HST F110W PSF, we first
confirm that the image of Earendelis unresolved: consistent with and
not measurably wider than the PSF. Then we stretch the PSF diagonally
alongthearc, finding thatit appears unresolved when convolved with
a 1D Gaussian with a width of 0.055”. Combining this upper limit on
R with the lens model estimates of u,and i, and upper limits on D
derived below, we determine that Earendel’s intrinsic delensed radius
isr<0.09-0.36 pc, depending on the lens model.

Additionally, the radius upper limit assumes that a hypothetical star
cluster would sit centred on the lensing caustic. This configuration
would imply that our unresolved object is amerged pair ofimages, each
showing the same half of the source cluster. This specific geometry
would require precise alignment of the star cluster with thelens, making
itless probable. Amore probable geometry would be ahypothetical star
cluster appearingentirely on the visible side of the caustic, now creating
amerging pair of images of the full cluster. This set-up would decrease
our radius limits by a factor of two (to r < 0.045 pc for LTM through to
r<0.18 pcfor Lenstool), further straining the possibility that this is a
star cluster. There is a possibility that we are seeing a small fraction of
alarger 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.

Given that this radius is smaller than known star clusters, we deter-
mine that Earendel is more likely an individual star or star system.
Such systems are considerably smaller and would certainly appear as
unresolved. Thus, going forward, we assume Earendel’s light can be
modelled as a point source.

Next we model Earendel as two lensed point sources separated by a
distance 2€. By analysing the HST images, we find a similar result: the
two images (convolved with the PSF) can be spatially resolved when
separated by adistance 2= 0.117, with = 0.055”. These lensed images
would appear separated along the arc. The lensing critical curveinter-
sects the arc at an angle @ that varies between 22° and 41°, depending
onthelens model. The distance from each lensed image to the critical
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curve is D = £sinf. Thus the maximum distance to the critical curve is
D <0.055” x sinf, which varies from D < 0.02”to D < 0.036”, depending
onthelens model.

Given D, we determine the magnification estimate u from each model
and constraints onradiusrdescribed above, all summarizedin Table 1.
We note that given the strong lens model constraints (observed mul-
tiple 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) < 1/u. We confirm this likelihood
distribution in the LTM MCMC posterior range of models. We note
that microlensing introduces additional scatter and uncertainty, but
this is subdominant.

Our upper limits on D (68% confidence) translate to lower limits
ony, given u =< 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 u =< 1/D and lower
limits u > p;, the corresponding central confidence range is 0.7, <
1 <5.0u,.Forexample, at 68% confidence LTMyields either 2u > 8,400,
or 6,000 <21 <42,000. This statistical uncertainty (a factor of seven)
iscomparable to the large systematic uncertainty spanned by the vari-
ouslensmodels (afactor of six). LTMyields the highest magnification
estimates, whereas Lenstool yields the lowest:1,000 < 21 < 6,900 (see
Table1). Thus, rounding slightly, we quote the full uncertainty range
as 1,000 <2u <40,000 for Earendel’s magnification.

We note we also attempted to measure constraints on radius and
separation using aforward-modelling technique asina previous work®.
However, thismethod s limited to the few allowed lens models thateach
put Earendel at a discrete distance D from the critical curve. In order
todeterminelimitsonD, rand u, we needed to vary D and R smoothly.
Forward-model results for each model fell within the allowed ranges
derived above.

Microlensing effects

Previous lensed star discoveries were identified when the magnifica-
tion, and thus observed brightness, temporarily increased®°. These
transients have relied on microlensing, wherein stars bound to the lens-
ing cluster temporarily align with the lensed image(s) of the star, creat-
ingabriefboost to the magnification. Therelative transverse motions
oflensing stars with respect to the lensed star affect 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 situa-
tions where the magnification is extreme, microcaustics overlap in
the source plane, resulting in small fluctuationsin the flux every time
amicrocaustic crossing happens. The more microcaustics overlap, the
less effect they have on the observed flux. This ‘moreisless’ microlens-
ing effectis observed whenthe effective optical depth of microlensing
is greater than 1 (that is, microcaustics are overlapping each other)*.
Inthissituation, the observed flux is the sum of the fluxes from all micro-
images. Because the number of microimages scales with the number
of overlapping microcaustics, crossing one microcaustic resultsin a
smaller relative change in the total flux for alarger number of overlap-
ping microcaustics®.

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 intracluster light (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 IMF.

The full cluster light and ICL modelling analysis of WHL0137-08 is
performed in another work®. Here we primarily focus on the stellar

mass density in the regionaround the arc, and more specifically around
the lensed star. Thus we focus our measurement on two rectangular
regions parallelto the arc, one on eachside, extending between the two
images of the brightest knot, asshownin Extended DataFig. 5. Thearc,
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
ofthese galaxies as well as the ICL contribution to stellar density in this
region. The extent of the arcis defined inthe F1I10W band, because that
isthe band in which the arc appears brightest.

The fluxes within these apertures are used to fit astellar energy dis-
tribution (SED). The SED fitting is done using the Fitting and Assess-
ment of Synthetic Templates (FAST) code’®. We used stellar population
models from Bruzual and Charlot¥, along with IMFs from Chabrier®
and Salpeter® to explore the full range of possible solutions. With this
technique, we find a stellar surface mass density of X« = 10M, pc % how-
ever, the uncertainties allow for values as low as 1M, pc ™ (see Extended
Data Table 2). Because low stellar surface mass densities introduce
more variability in the flux, we explore two regimes with X« = 1M, pc ™
and X« =10M, pc 2. Outside this regime, smaller values of 2« are unlikely,
given the observational constraints, and larger values of 2« would result
in even smaller fluctuations (over time) in the observed flux.

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.
Onesimulation assumed a value of X« = 10M, pc 2, and the other assumed
avalue of X« =1M_ pc 2 With these two values, we can explore both the
high-end density estimate, whichwould produce a denser microlensing
causticnetwork and thusincrease the probability that the star would ap-
pear 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 two previous works'®?', We are assuming
that the two counter-images form asingle unresolved image, and so to
compute the total flux we perform two simulations, one with negative
parity and one with positive parity. Inboth cases, the magnification (in
absolute value |u|) is the same and equal to half the total magnifica-
tion of the pair of counter-images of the star (2u). We force the two
magnifications to be the same (but opposite sign) by slightly changing
the values of k and/or y. 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 functions of an earlier work®® The mass
functionis normalized to match our stellar surface mass density meas-
urements around the star. These microlenses are then distributed ran-
domly acrossacircular region of radius 10 milliarcseconds (mas), ina
lens plane that has a resolution of 20 nanoarcseconds (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
21 =9,000, 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 = uu,, where 1, and p, are the tangential
and perpendicular magnifications, respectively. Thisresultsin atotal
average magnification (whenintegrating over long periods of time) of
211 =8,960, close to the desired fiducial value 2u = 9,000.

The magnificationin the source planeis then built through astand-
ard ray-tracing method. The resulting pattern is shown in Extended
DataFig. 6.



To measure the fluctuations over time, we assume that the star is
movingatavelocityv=1,000 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 rela-
tive transverse velocities between the cluster lens, lensed galaxy and
Earthwith respect to the Hubble flow. An earlier work® tested whether
1,000 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, finding that velocities of
~1,000 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 affect only the duration and frequency of micro-
lensing events, with little to no effect on their amplitude. The direction
the star movesrelative to the caustic network also affects 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
of45°relative to the cluster caustic. This will produce moderate fluctua-
tionsintime, with the star typically staying withina factor of two of our
measured brightness. As with the velocity, the direction will only effect
the duration and frequency of magnification fluctuations. Because we
areinamicrolensing regime with alarger 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 probably stay withina factor of
two of its current magnification, matching our observations.

Extended Data Fig. 6 shows simulated light curves and likeli-
hoods for both microlensing stellar densities X« = 1M, and 10M, pc™.
Thehigher stellar density reduces the variability in flux as the microlens-
ing caustic network saturates, yielding a consistently high magnifica-
tion 211 =9,000. 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 (1M, pc™), this likelihood
decreases to -40%, which is still fairly probable. Therefore, both of
these predictions are consistent with our observations.

We also tested a third ‘critical’ scenario with maximal time varia-
tions and found these very similar to the results for X« =1M_ pc™=
Thedegree of variability depends on the product uXx. Our simulations
had p2«=44,800, 4,480, and finally 1,600 for the critical case. Tighter
constraints on both parameters g and X« are required to improve vari-
ability predictions. Future observations will better constrain these
parameters while providing better data on variability or lack thereof.
An approved upcoming HST programme (GO 16668; PI D.C.) will add
time-monitoring observationsto test these predictions and more pre-
cisely constrain the baseline flux.

Luminosity and stellar constraints

From our magnification measurements of u =1,000-40,000 derived
above, and Earendel’s observed flux 49 + 4 nJy in the HST F110W filter
(0.9-1.4 um), we calculate adelensed flux of 1-50 pJy, corresponding to
an ABmagnitude of 38.7-34.7. This then gives an absolute UV (1,600 A)
magnitude of -8 < M,; < -12, given the distance modulus48.9 atz= 6.2
and flux per unit frequency dimming by 1+ z (2.1 mag). We can then
calculate the intrinsic stellar luminosity, assuming blackbody spectra
for hot stars with effective temperatures T < 40,000 K. For cooler
stars, we used the lowest surface gravity models available from the
grid of empirically corrected [M/H] = —1stellar atmosphere spectra,
where metallicity [M/H] is the ratio of the total metal abundance M to
hydrogen H, compiled previously®?. This yields the black tracks in Fig.3
for a given magnification and delensed flux. Green shaded regions
show magpnification uncertainties (factor of 7 for each individual lens
model); the photometric uncertainties are 10% (insignificant and thus
notincluded). We also explored the effects of different metallicity stel-
lar atmosphere models (from [M/H] = 0 to -5 using ref. ©*), and found

AloglL < 0.1for T>10,000 K, and AlogL = 0.2 for T_<10,000 K, which
is insignificant compared to our other uncertainties. The redshifted
spectrum of a B-type star with temperature ~20,000-30,000 K maxi-
mizes the flux in the F110W filter, whereas spectra of hotter/cooler
starsrequire a higher total bolometric luminosity to produce the same
F110W flux.

For our calculations of the stellar luminosity, we assume zero extinc-
tion due to interstellar dust. With current data, we cannot robustly
estimate the extinction around the star. Although BAGPIPES yields
an estimate of A, = 0.15 + 0.1 mag (mean = s.d.) for the full galaxy, we
would expectless dustin theinterstellar medium 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 £(B— V) =0.1 mag
in the region surrounding the star (reasonable for a star clusterina
low-metallicity galaxy)®®, and aSmall Magellanic Cloud-like extinction
law with R, =2.93. With these assumptions, we would expect a factor
~2 reduction in flux. This would lead to an equivalent increase in the
inferred luminosity. Although this is significant, it is still far less than
the large magnification uncertainty.

In Fig. 3, we show low-metallicity (0.17,) dwarf galaxy predictions
from BoOST, as may roughly be expected at z= 6 based on simulations®.
Thereis 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 arange 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 agreen shaded band showing our full
luminosity uncertainty across alllens models, isshown in Extended Data
Fig.7.The differences between various low-metallicity tracks are small
relative toour current uncertainties, so the exact choice of metallicity
does not affect our conclusions; we still find that massive stars best
match our constraints. A more important uncertainty is in the stellar
modelling of massive stars, which radiate near the Eddington limit.
Insuchstars, the expansion of their outer layersis poorly understood,
leading to increased uncertainty on predictions of stellar radii and
effective temperatures®. The luminosity of the star is not affected by
this uncertainty, so these models still provide a useful estimate of the
mass of the star.

In Extended Data Fig. 8, we show the BoOST 0.1Z_ stellar evolution
tracks versus time. We see that very massive stars of 100M, or more
spend the greatest time (-2 Myr) with aluminosity matching Earendel
withinthe uncertainties. The next less massive track -55M, would only
match our luminosity constraint for ~0.5 Myr. This shorter time would
decrease the probability of observing such astar by ~1/4. On the other
hand, lower-mass 55M,, stars may be roughly four times as numerous
as 100M, stars, depending on the IMF. From this simple analysis, we
estimate that Earendel’s light may be most probably generated by a
star with ~(50-100)M_. More massive stars are less probable because
they areless numerous, whereas aless massive star would not be bright
enough. Giventhelarge uncertainties on our observational constraints,
we leave more detailed analysis of lifetimes, formation rates and mag-
nification probabilities for future work.

Such massive stars are rarely single?®?°, Multiple less-massive stars
could also combine to produce the observed luminosity. Although
itis most probable that a single star will dominate the lightinsucha
system, there is a possibility of finding tightly bound multiple systems
of similar masses, and thus similar brightnesses. An earlier work® found
asharp excess of ‘twin’ systems, with amass ratio 20.95 indicating that
the starsareroughly equal masses. This analysis was restricted to lower
mass stars, but another work® found a similar (although more modest)
excess for more massive systems. Additionally, that work®* found that
the fraction of stars in triple and quadruple systems increases as the
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mass of the primary star 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, in effect, reduce the inferred mass of the primary star, poten-
tially 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 micro-
caustic 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 multiband imaging, but only the FI10W band has
areliable (>50significance) detection. Other WFC3-IR bands do detect
the star, but at muchlower significance, the highest being F1I60W with
a-~3odetection. Additionally, these other infrared bands were taken
in the original RELICS imaging. The 3.5-year gap between observa-
tions provides ample time for the magnification to vary considerably.
Our microlensing analysis suggests that the magnification will stay
high (1 >1,000) for many years, but fluctuations of a factor of two 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 confi-
dence. Additionally, this bandpass spans the Lyman a break atz= 6,
so the F814W flux is primarily a function of redshift: more flux drops
outasredshiftincreases up toz= 7. Any SED constraint from HST pho-
tometry would be weak. Future spectroscopic observations with our
approved JWST programme (GO 2282; PID.C.) will determine the type
and temperature of this star, placing it on the H-R diagram.

Probability of observing amassive star

In the following, we assess the probability of observing a lensed star
with M« 2 100M,, at sufficiently high magnification to be detected in
ourdata. Todo so, we use our model of the Sunrise Arc to estimate the
total star-formation rate (SFR) of the host galaxy within aregion close to
the lensing caustic, and use assumptions on the stellar IMF to convert
thisinto 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 asource plane area of
~500 pc? (0.5 pc perpendicular to the caustic times -1,000 pcalong the
caustic) thatintersects the host galaxy at a magnification of 2u = 4,200
(set by the minimum magnification to detect a M« = 100M_ star in our
data). We next estimate the surface brightness of the arc close to the
location of the star, finding /= 6 x 10~® nJy pc ™ By assuming that the
surface brightness of the host galaxy remains approximately constant
alongthe caustic, we may then convert surface brightness to total SFR
withinthe2u > 4,200 region thatintersects the host galaxy. Using Star-
burst99v.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=0.001at age 100 Myr, we find a total SFR = (2 x 10)M_ yrin the
host galaxy region magnified by 2u > 4,200.

We next calculate the probability of observing astar of mass >100M,,
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 dN,qer/dMuster = MEister
between (20-107)M,, then randomly sampled from the IMF with the
limit M« < M., using the SLUG v2.0 code®®®°. This tends to result in
fewer high-mass stars. The other possibility is unclustered star forma-
tion, 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(>100M,) = 2% in the clustered scenario, and ~4% in the unclustered
scenario.

From this calculation, we conclude that one might expect to find
such amassive, lensed star in about 1in 25-50 such caustic-crossing
galaxies. Tens of galaxies like this have been observed in HST images

from various programmes. Therefore, the probability of such a dis-
covery isreasonable.

We note that a different choice of IMF over the stated mass range
could affect the calculated SFR, up to afactor -1.5if we were to use the
Salpeter® IMF”°. However, this change will be largely cancelled out by
thelower probability per unitstellar mass of forming >100M,, stars using
the Salpeter IMF. The difference if we were to use a Chabrier* IMF would
be evensmaller, as that ismore similar to the Kroupa® IMF over our mass
range. Ultimately, any uncertainty introduced by the choice of IMF will
be subdominant compared to other assumptions, such as the assumed
metallicity. However, if the stellar IMF would be more top-heavy than
the Kroupa IMF (that is, 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>100M_ star could
besignificantly higher. The probability would also increase in scenarios
where the host galaxy, despite being metal-enriched, contains a frac-
tion of population Ill stars, as in previous simulations’>”, From the
MESA mass-luminosity relation of such stars, another work® showed
that most of their light comes from (20-200)M,, stars, so that finding
asingle ~100M, star during a major caustic magnification is possible.

Alternative possibilities

There are a few alternative possibilities we consider for this object.
One such possibility is that Earendel is a population Ill star with zero
metallicity. Calculations of observable properties of population Il stars
from MESA stellar evolution models show that astar of mass >50M,,in
ahydrogen-depleted phase would match our delensed flux constraint,
aswould a ZAMS star of >300M_°".

The lifetime of a massive population Il star would be short relative
toits 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 Mx = (3 x 10’)M,,, from which we might expect a
metallicity of the order of 0.01Z, or 0.1Z,*. This non-zero metallic-
ity would indicate that some enrichment has taken place. Even if we
assume the galaxy overall has been enriched, finding a population III
stellar populationis not ruled out. Some models predict that pockets of
zero-metallicity gas (from which population Il stars can form) may still
existatz = 6, particularly near the outskirts of galaxies™. Observation-
ally, aprevious study” reported astrongly lensed star cluster consist-
ent with being a complex of population Ill 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 pos-
sibility of Earendel being a population Il star.

Althoughthe probability of Earendel being a zero-metallicity popula-
tion Il staris low, if it turns out to be such an object it would be, to our
knowledge, 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 pos-
sible progenitor for the recently observed binary black hole merger
GW190521, whichistoo massive to be explained by standard stellar rem-
nants”. Recent studies””® have proposed that extremely metal-poor
or zero-metallicity stars are viable progenitors for this event. Finding
such astar would offer achance 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 alower-mass star
overfilling its Roche lobe, it could continue to shine up to 60 Myr (ref. ¢).
Note that we assume this would be a persistent source. A transient
outburst, whichwould shine for weeks to months’, would be ruled out
by the lack of variation observed (see Methods section ‘Variability’).
Astellar-mass black hole accretion disk would have strong X-ray emis-
sion, whereas a star would not. Following the multicolour accretion
disk model in a previous work®, a200M_ black hole formed from a



~300M, population Il star would have an inner accretion disk with
Trmax = 7.7 keV =3 x 107 K. Most of the X-ray emission would originate near
the centre of the disk, from radii around a few times the Schwarzschild
radius (2900-1,800 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 u 2 10°. Most of the
remainder of the accretion disk would shinein the rest-frame UV at the
Eddington limit with very similar size, luminosity and surface bright-
ness as amassive 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
fromsuchablack holeaccretiondisk. 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
isablack hole.

We also consider the possibility that this objectisnot associated with
the Sunrise Arc, and thus not alensed star at z = 6. The first possibility
would be alocal star that happens to align with the background arc.
Although possible, this is unlikely given the exact alignment of the
object with the background arc. A previous study®° 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
we might observe of the order of -100 such stars per arcmin squared in
our observations. Given the small solid angle surrounding the critical
curve crossingsin the Sunrise Arc (constrained to within 0.1”), the prob-
ability of one of these local dwarfs aligning with both the arc and critical
curveby chanceisofthe order of 0.01%. If Earendel were alocal 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 abrown dwarf based on existing
HST photometry. We fitted the SED of Earendel alone to brown dwarf
spectra from the SpeX Prism Library®, and find that a 3,000-K local
star could reproduce our observations. We expect upcoming JWST
photometry and spectroscopy to rule out abrown dwarf conclusively.
For now, we rely on the unlikely chance alignment and lack of proper
motion to disfavour alocal brown dwarf.

Other possibilities to consider for this object are distinct galaxies
in the foreground, cluster or lensed background. But even analysed
independently, Earendel’s photometric redshiftis 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, whichis clear evenin this faint
object. Furthermore, any foreground or lensed background galaxy
would most probably appear larger and spatially resolved in the HST
images. Note that az < 6 background galaxy, say at z=2, would not be
onthelensing critical curve for that redshift, but it would still be magni-
fied by afactor of afew to perhaps tens, requiring asmall galaxy to not
appear spatially resolved when magnified. A quasar would stillappear
point-like whenlensed, but of course quasars are lessnumerous and we
would expect aredder rest-frame ultraviolet continuum slope®?. Again,
we expect upcomingJWST observations to spectroscopically confirm
Earendelis astar at z= 6.2 within the Sunrise Arc galaxy.

Data availability

AIlHST image data used in this analysis are publicly available on the
Mikulski Archive for Space Telescopes (MAST), and can be found
through https://doi.org/10.17909/T9SP45 (RELICS) and https://doi.
org/10.17909/t9-ztav-b843 (HST GO 15842).
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Extended DataFig.1|Photometry of the Sunrise Arcand Earendel.a, HST and Earendel (red), with associated 1o error bars. BPZ yields a photometric
photometry with1loerrorbars, SED fit, and redshift probability distributionfor  redshift of z,,,, =6.20 £ 0.05 (inset; 68% CL), similar to the BAGPIPES result.
the Sunrise Arc using the photometric fitting code BAGPIPES. The arc shows a Clumps1.1a/b have similar photometry, strengthening the conclusion that they
clear Lymanbreak feature, and hasa photometric redshiftz=6.24 + 0.10 aremultipleimages. Note both BPZ and BAGPIPES find significant likelihood

(68% CL). b, HST photometry for the full arc (black), clumps1.1a/b (green/blue),  only between5.95<z<6.55forthe Sunrise Arc.
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Extended DataFig.2|Lensed star variability across observations. Earendel
has remained consistently bright across 3.5 years of HST imaging. The figure
shows WFC3/IRimages of the lensed star (circled ingreen) across four epochs.
a,b,Epoch1(a)andepoch2(b), taken as part of RELICS; they areasumofthe
infrared imagingin four filters FIO5W +F125W + F140W + F160W from each
epoch (oneorbit each). c,d, Follow-up F110W imaging takeninepoch 3 (c) and
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epoch 4 (d). One orbitis shownineach,inamoreefficient filter than those used
for the previous epochs. e, Plot of the original RELICS photometry (blue)
compared to the follow-up photometry (orange), eachwithloerror bars.
Theblueband is the weighted average of the original RELICS infrared fluxes
(35+9nJy, 68% CL), and the orange band is the new F110W flux (49 + 4 n)y,
68%CL).
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Extended DataFig. 3 |Stronglens modelling constraints for WHL0137-08. image system 2 (showninb), and the solidred curveisatz=6.2, the

a, HST composite image of WHL0137-08, amassive galaxy clusteratz=0.566 photometric redshift of the Sunrise Arc (system1, showninc). Thelensed star
thatlenses the Sunrise Arc. Multiple images of the two lensed galaxies used in Earendellies directly between1.1aand 1.1b. Note that1.1c appears fainter than
thelens modelling are markedin cyan and labelled in zoomed outsets. Cluster itscounter-images1.1a/b, owing toits lower magnification and that all of these
member galaxies circled inmagentaare those freely optimizedinboththe LTM  imagesare unresolved. The galaxieslabelled A-E are described in Methods
and Lenstool lens models. Critical curves are shown for the best-fit LTM model. section ‘Lens modelling’. BCG, brightest cluster galaxy.

Thedashed orange curveis atz=3.1, the same photometric redshift as multiple
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Extended DataFig. 4 |Size and separationupper limit measurements. tothecritical curve, and magnification u for each lens model. Here we
Earendel’simageis spatially unresolved. We manipulate thisimage, separating showazoomedregionofthearcaround Earendel inalOx super-sampled
itintwo or stretchingitin placeto put upper limits onits magnified radius reconstruction of our HST WFC3/IR F110W image based on eight drizzled
R<0.055”and distance 2§ < 0.11”between two unresolved images. These exposures. The distances and radius labelled in the diagram are exaggerated
constraints allow us to calculate constraints on theintrinsicradiusr,distance D for visibility.




Extended DataFig. 5| Diffuse cluster light measurements. Stellar surface contamination, but nearby cluster galaxies are included. This figure shows the
mass density calculations are performedin the vicinity of the lensed star, HSTF110W band image, whichisused to define the extent of the lensed arc.
withinthe green boxes shown. Thearcand star are masked to avoid
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Extended DataFig. 6 | Flux variations expected from microlensing
simulations. Microlensingis only expected to vary the total magnificationbya
factor of 2-3 over time, consistent with the observed steady flux over 3.5 years.
a, Thesimulated microcaustic network arising from stars and stellar remnants
withinthe lensing cluster. The cluster caustic is the extreme magnification
horizontal region near the middle of theimage, with individual cusps from
microlensesstill visible beyond the cluster caustic. We estimate Earendel will
move relative to the microlens network at~1,000 km s in some unknown
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direction. b, Predicted magnification fluctuations over time arising from this
motioninthe 1M, pccase (blue) and the 10M, pccase (purple), assuming
that the relative motionis atan angle of 45°. Grey bands highlight a factor of

2 (dark) and a factor of 4 (light) change in magnification. ¢, The likelihood of
magnification variations between two observations separated by different
times, again for both the 1M, and 10M, pc cases. Note the ‘moreisless’
microlensing effect thatreduces variability in the observed images when the

density of microlensesincreases.
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Extended DataFig.7|H-Rdiagrams with stellar tracks at multiple caseisalsoshowninFig.3,and these plots aresimilar, including the green
metallicities. a-d, A star’s metallicity will affect its evolution, so to probe this regionallowed by our analysis. Although the tracks do exhibit some notable

effect we show here our luminosity constraints compared tostellar tracks from  differences, the resulting mass estimates do not change significantly given the
BoOST at metallicities of 17, (a), 0.1Z, (b),0.02Z, (c) and 0.004Z,(d). The 0.1Z,  currentlarge uncertainties.
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Extended DataFig. 8| Stellar evolution tracks versus time. Here weshowthe  inthe F110W filter. We find that stars at-100M_ and above spend the most time
total magnificationrequired to lens stars to Earendel’s apparent magnitude as (-2Myr)inthegreenregionthatreproduces Earendel’s observed flux, given
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Extended Data Table 1| Hubble imaging of WHLO137-08 in nine filters and photometry measured for the Sunrise Arc and
Earendel

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 F606 W 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 37 + 26
WFC3/IR F140W 711 26.2 1197 £ 109 21 +£21
WFC3/IR F160W 1961 26.5 1088 £ 74 46 £15

Imaging was obtained by RELICS (HST GO 14096) and follow-up imaging 3.5 years later (HST GO15842). Final 50 depths for point sources are given in column 5. Fluxes used in SED fitting and
plotted in Extended Data Figs. 1, 2 are given in column 6 (full arc) and column 7 (Earendel individually), along with 68% confidence uncertainties.
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Extended Data Table 2 | Stellar surface mass densities from two possible IMFs
Stellar Mass Density
IMF (M, pc™2)

Chabrier 8 [})77]

Salpeter 15 [39]

These values include both ICL and the wings of cluster member galaxies. Most likely values are followed by 68% confidence ranges in brackets. The Chabrier model is from ref.*® and the
Salpeter model is from ref.®.
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