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Abstract

This thesis explores a broad range of spatial scales across a broad range of
times throughout the history of the universe, with the goal of improving our
understanding of star formation and the origin of ionizing radiation across
these broad scales. In the nearby universe, we can examine star formation
on galactic scales and at the level of individual stars. However, in the distant
universe, we are often limited to only the larger galactic scales due to finite
telescope resolution. However, with gravitational lensing, we can reveal
similarly small scales in distant galaxies. In my work, I examined lensed
galaxy substructure at redshifts z > 6 down to parsec scales, and in one case I
determined that an individual star is observed at z = 6. These observations
allow for detailed study of the structures of these distant galaxies, as well as the
composition of a star within the first billion years of the universe. On the larger
scales, galaxy clusters typically contain little active star formation. However, I
examined diffuse ultraviolet radiation around massive clusters and found an
excess, which could be explained by ongoing star formation in the intracluster
medium. Together, these studies contribute to our understanding of star
formation on multiple scales. Additionally, young, UV-bright stars are key

contributors to the ionizing radiation that drove the transition from neutral

il



to ionized hydrogen in the early universe, and contributes to continuing
that ionized state today. The studies presented herein again offer a multi-
scale perspective on the sources of ionizing UV light. The small scale star
formation in distant galaxies can help determine how ionizing photons are
created and escape from these galaxies into the intergalactic medium, where
they contribute to reionization. Meanwhile, studying the UV emission from
galaxy clusters provides an additional source to help make sense of the UV
background light, which, at higher energies, contributes to maintaining the

ionized state of the intergalactic medium.
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Chapter 1

Introduction

"An astrophysicist is a collection of cosmic dust that woke up and starting

thinking about itself" — Anonymous

1.1 The Beginning

The commonly accepted theory for the formation of our Universe is the Big
Bang, in which Things As We Know Them went from being packed into
an incomprehensibly small space to a incomprehensibly large one all in an
incomprehensibly small amount of time. The exact mechanism for this sudden
expansion (known generally as inflation) is somewhat debated, but luckily it
does not make too much of a difference in our case. What matters here is that
the Universe began. This nascent universe was a hot place, so hot that matter
was dissolved into its most fundamental particles, including quarks, electrons,
and neutrinos. As the universe continued expanding after the inflationary
epoch, it cooled, and these fundamental particles began to coalesce, first into

protons and neutrons, and eventually into light elements. These elements



were mostly hydrogen and helium, though some lithium formed as well. At
the time hydrogen first formed, the Universe was still quite hot and dense.
The newly formed hydrogen therefore kept running into high energy photons,
which knocked electrons away from the proton of the hydrogen nucleus and
kept it as ionized hydrogen (HII). As the universe kept expanding, eventually
the matter was able to spread out enough to allow the remnant photons from
the Big Bang to move freely, without continually bumping into the hydrogen
and ionizing it. The light would become the Cosmic Microwave Background
(CMB). The result of the CMB freezing out was that ionized HII was able to
finally hang on to its long-lost electron buddies and recombine to form neutral
hydrogen (HI).

On the largest scales, this neutral hydrogen universe is pretty boring. It is
homogeneous and isotropic, so each large patch is almost identical to every
other large patch. At smaller scales however, there are more fluctuations. At
first, they are relatively small differences, slight increases in matter density
at some points, and slight decreases in density at others. Over time, gravity
pulls more and more hydrogen gas towards these overdensities, making them
even more dense and even more gravitationally attractive. Eventually, these
increasingly dense clouds of hydrogen begin to collapse - the force of gravity
overwhelms the increasing pressure that comes with increased density, and
crushes more and more hydrogen into a smaller and smaller space. This leads
to massive amounts of heat being generated. Once the collapsing ball of gas
gets hot enough, it ignites, setting off an explosive chain reaction of hydrogen

atoms fusing together into helium. While this atomic fusion reaction tries to



blow the ball of hydrogen apart, the force of gravity remains strong enough to
squeeze the ball together, sustaining even more hydrogen fusion. This giant
ball of burning gas is one of the first stars, lighting up the universe with its

glow.

From here, the universe begins to evolve into its familiar form, full of
beautiful spiral galaxies, each filled with nigh uncountable stars, and planets
like the one we are clinging to currently. As this evolution occurs, the universe
continues to expand, constantly increasing the separations between distant
galaxies. This continual expansion provides a convenient way of measuring
distances today, as the light from more distant galaxies is stretched along
its journey to our telescopes. As light travels through expanding space, its
wavelength is stretched, resulting in redder, longer-wavelength light. This
process, known as cosmological redshift, is directly related to the distance
light from an object has traveled, providing an easily measurable proxy for

vast distances. The higher the redshift, the more distant the object in question.

In the remainder of this introduction chapter, I will discuss our current
understanding of the formation of galaxies, and what properties they tend to
have within the first billion years of the evolution of the Universe. I will then
examine the contribution of young, UV bright stars in these galaxies to the
reionization of the universe. I next discuss the growth of clusters of galaxies,
and the effects the dense cluster environment has on galaxies and their ability
to form stars. Finally, I conclude with a brief discussion of gravitational
lensing and the power it has to reveal distant objects that would otherwise

remain out of reach of our most powerful telescopes.



1.2 And then there was light: formation of the first
stars and galaxies

As mentioned above, the first stars formed when clouds of hydrogen gas
collapse under their own gravitational pull (see Bromm and Larson, 2004,
for a comprehensive review). This process mirrors the way stars form in the
local universe, however there is one critical difference: the existence (or lack
thereof) of metals. Astronomers refer to anything heavier than Hydrogen
and Helium as metals, and of these astro-metals, only small amounts of
lithium were produced in the Big Bang. The first generation of stars, known
as Population III stars, therefore formed out of pristine hydrogen gas. The
largest side effect of this composition is that hydrogen is not particularly
efficient at cooling. As a cloud of gas collapses, it tends to heat up. In local star
formation, the presence of metals and dust can efficiently draw this heat away
from the center of the cloud, which has the effect of fragmenting the cloud.
This results in the formation of smaller stars, with typical masses similar to
that of our Sun. In the early universe, the lack of these metals and dust have
the effect of producing much larger stars. Typical masses for Population III
stars are estimated to be anywhere from a few x10M;, to as high as 1000M,
(Hosokawa et al., 2016). Meanwhile, some models suggest supermassive Pop
III stars can form via accretion from their surrounding gas cloud, resulting in
stars as massive as ~ 10*M, (Haemmerlé et al., 2018). The high masses of
these stars result in their having short lifetimes, as more massive stars tend
to extinguish themselves sooner than smaller stars. The exact fate of the Pop

III stars depends on their initial mass. Stars with masses below ~ 140Mg,



will eventually explode as core-collapse supernovae, spreading some of their
newly formed metals across the universe while capturing others in a remnant
black hole. However, for more massive stars in the range 140 < M /M. < 230,
a pair-instability supernova will occur, completely disrupting the original
star and spreading all of its newly formed metals out across space. These
explosions are predicted to trigger the second generation of star formation,
with slightly enriched stars known as Population II stars forming out of the
ashes of these primordial explosions (Chiaki, Susa, and Hirano, 2018). Most
stars above ~ 230M;, are expected to collapse directly into black holes (Heger
et al., 2003), however recent simulations predict that supermassive stars may

again be able to explode in supernovae (Nagele et al., 2020).

Thus far, no conclusive observational evidence of Population III stars
has been presented. Several studies have reported candidate Pop III stellar
populations in distant galaxies (e.g., Vanzella et al., 2020; Pelliccia et al., 2021).
However, these candidates have yet to be confirmed. The James Webb Space
Telescope (JWST) is expected to shed additional light on the first generation of
stars. Besides searching for evidence of Pop IlI stellar populations in galaxies,
it has been suggested that JWST may be able to discover individual Pop III
stars with the help of gravitational lensing, in which massive foreground
objects (lenses) magnify distant background objects (sources). If the lens and
source are properly aligned, extreme magnifications can be reached that could

reveal individual Pop III stars in the early universe (Windhorst et al., 2018).

In our modern universe, stars are not the only structures we see. Most stars

reside within larger galaxies, such as our home galaxy the Milky Way. How



exactly the first galaxies formed is an active area of research. Models of Pop
III stars suggest that they tend to form as individual stars within their halos
(Bromm and Larson, 2004). Taking the definition of a galaxy as a collection of
stars and gas held together by a dark matter potential well, these first stars
do not simultaneously qualify as the first galaxies. However, simulations
of second-generation, slightly enriched Population II stars have suggested
that this enrichment leads to fragmentation of larger gas clouds, and thus the
formation of clusters of stars within early dark matter halos (Chiaki, Susa, and
Hirano, 2018). These then become the first objects to meet our definition of

the first galaxies.

The exact formation mechanism is still debated in part due to the lack of
observations of these first galaxies. Thus far, we have observed out to redshift
z ~ 11 (Coe et al., 2013; Oesch et al., 2016), with two additional candidates
recently discovered at z ~ 12 — 13 (Harikane et al., 2021). While these are
quite distant, it is expected that these records will be eclipsed with JWST, as
deeper observations in the infrared are expected to discover galaxies out to
higher redshifts. While the highest observable redshift may be a moving target,
the observations of galaxies at z > 6, within the first billion years following
the Big Bang, can give us some insight into the structures of these earliest
galaxies. Simulations have shown that the dark matter halos of high redshift
galaxies tend to be less massive than galaxies at lower redshift (e.g., Pillepich
et al., 2018). Additionally, analysis of luminosity functions, which measure
the number of galaxies at a given luminosity, have shown that characteristic

luminosities (L*) tend to decrease with increasing redshift, and the faint-end



slope « tends to decrease as well (Finkelstein, 2016). These trends indicate that
the typical galaxy at high redshift is smaller than the galaxies seen in the local
universe, and there is a greater abundance of dwarf galaxies in the early stages
of galaxy formation. Additionally, observations at z ~ 2 revealed that these
galaxies have clumpy structures (Elmegreen and Elmegreen, 2005; ElImegreen
et al., 2007; Elmegreen et al., 2009), and observations of gravitationally lensed
galaxies found that these clumps reach down to the scale of local star clusters
(Livermore et al., 2015; Johnson et al., 2017; Zick et al., 2020). Other studies
have found small clump structures in galaxies as far back as z ~ 6 (Vanzella
et al., 2019). Besides exhibiting clumpier morphologies, high redshift galaxies
tend to have greater star formation rates (SFR) per unit stellar mass (specific
star formation rate, sSFR) (Salmon et al., 2015). This implies that these galaxies
are more efficient at forming stars than local galaxies. However, the overall
star formation activity in galaxies peaks later, at z ~ 2 (Behroozi, Wechsler,

and Conroy, 2013).

1.3 The End of Neutrality

As these early galaxies form and grow, they continue forming stars as more
gas falls on to the galaxy from the surrounding medium. These stars then
flood the surrounding space with their light. More massive stars, which tend
to be short lived and thus only visible in galaxies that have recently undergone
periods of star formation, shine brightest in the ultraviolet (UV). As a result
of the large population of UV-bright stars in galaxies, the previously neutral

hydrogen is once again bombarded by photons with enough energy to kick



Neutral IGM

Figure 1.1: Depiction of the evolution of the Universe, from the Big Bang to the
modern day. As the universe expanded and cooled after the Big Bang, ionized
hydrogen recombined with electrons to form neutral hydrogen gas, which persisted
until the first stars began to form. Light from these stars began to photoionize the
hydrogen gas. As galaxies began to form and stars continued shining, their light once
again separated electrons from hydrogen nuclei, a process that lasted until about one
billion years after the Big Bang in a time known as the Epoch of Reionization. Figure
reprinted from Robertson, 2021.

out the single electron, re-ionizing the hydrogen gas. The time period where

this occurs is know by the descriptive (albeit unimaginative) moniker of the

Epoch of Reionization (EoR).

The exact beginning of the EoR is not precisely known. While the formation
of the first stars at z ~ 30 leads to the first ionizing radiation to be seen
since recombination, it is generally thought that the reionization era did not
begin in earnest until later (z ~ 12 — 15). Measurements of the CMB can
provide an estimate of the midpoint of the reionization process, which is
currently measured at z = 7.7 £ 0.7 (Planck Collaboration et al., 2020). While
establishing the beginning of the EoR has proven difficult, the end of the
era has been well established at z ~ 6. At lower redshift, observations of
galaxies show minimal intergalactic hydrogen absorption, indicating that the
hydrogen gas is ionized (Ouchi et al., 2010).

The reionization process is not homogeneous and isotropic, but rather pro-

ceeds in a clumpy manner. Early on, UV-bright starlight tends to encounter
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optically thick clouds of neutral hydrogen quickly. As more starlight illu-
minates these hydrogen clouds, more and more of the gas becomes ionized.
Bubbles of ionized gas begin to form around individual stars, and as these
bubbles grow they merge with neighboring bubbles. Eventually, the starlight
creates ionized bubbles large enough to allow photons to escape from the
galaxy and into the neutral intergalactic medium (IGM). As enough light
escapes from the largest, brightest galaxies, it carves out larger ionized bub-
bles in the IGM, through which ionizing photons can travel freely. As time
passes, these bubbles grow larger until they eventually encounter the bubbles
of neighboring galaxies. Eventually, as enough bubbles begin to overlap,
the Epoch of Reionization comes to a close as most of the hydrogen in the

intergalactic medium is once again ionized.

The reionization scenario presented above assumes that the UV light from
stars is the dominant contributor to the ionizing radiation. This assumption
has been largely supported in recent studies, which find that the number of
galaxies at high redshifts are capable of largely reionizing the universe on
their own (see recent reviews by Finkelstein, 2016; Robertson, 2021). However,
there are other potential sources of ionizing radiation that could play an
important role in this process. For example, active galactic nuclei (AGN)
powered by accreting supermassive black holes at the centers of galaxies have
been proposed as alternative sources of ionizing radiation. However, studies
of the number of AGN at high-z have found that they are subdominant, likely
contributing < 10% of the ionizing photons at z ~ 6 (Kulkarni, Worseck, and

Hennawi, 2019).



1.4 On to bigger and bigger things

The first galaxies continue to grow over time, accumulating matter via accre-
tion as nearby gas falls into the gravitational potential well and via mergers
with neighboring structures. In the early stages, the galaxies remain clumpy
and irregular as their turbulent growth continues. Eventually, these galaxies
will settle into the familiar disks that we see in nearby galaxies, as well as
in our own Milky Way. In some cases, galaxies reside in even larger scale
overdensities, and they begin to drift toward each other. As more and more
galaxies, gas, and dark matter come together in these overdensities, they form
structures known (again unimaginatively) as galaxy clusters. These galaxy
clusters make up the largest, most massive gravitationally bound objects in

the known universe (e.g. review by Kravtsov and Borgani, 2012).

The dense environments of galaxy clusters have significant impacts on
their resident galaxies. The increased frequency of interactions disrupts the
spiral structures of newly infalling galaxies, giving them an elliptical shape,
while also disrupting the galaxies gas reserves and quenching star formation
(Ellis et al., 1997; Stanford, Eisenhardt, and Dickinson, 1998). Additionally, as
galaxies move through the dense intracluster medium, ram-pressure tends to
siphon star-forming gas out of the galaxy (Gunn and Gott, 1972). These effects
shut down further star formation, leading to galaxies that are full of old, red
stars. In particular, this can be seen in older, nearer clusters, which tend to
have older, redder stellar populations than younger, distant clusters (Butcher

and Oemler, 1978; Butcher and Oemler, 1984).

Despite generally being "red and dead", clusters can sometimes still house
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ongoing star formation. This is most evident in so-called cool-core clusters,
which have relaxed enough to allow gas at their center to cool, fueling new
star formation. This is generally observed most prominently in the brightest
cluster galaxy (BCG), which resides in the center of the cluster (e.g., Hicks,
Mushotzky, and Donahue, 2010). Finally, infalling galaxies can continue
forming new stars for a time, and even begin periods of intense star formation
as they first enter a cluster. These jellyfish galaxies, so named for the bright
tendrils of stars that trail out behind them, have their gas reservoirs disrupted
by Ram-pressure as they fall into the cluster, leading to short but intense

starburst phases (Ebeling, Stephenson, and Edge, 2014).

1.5 Finding Wonderland through the looking glass

Astronomers see the universe through telescopes. Generally, the push to
observe the universe in greater detail is facilitated by the building of ever larger
and more technically impressive telescopes (often with terribly unimaginative
names, such as the Very Large Telescope and its successor the Extremely Large
Telescope). In some cases, these powerful telescopes can be supplemented
with naturally occurring gravitational telescopes, giving us a more detailed

look into the hearts of certain galaxies.

In General Relativity, the generally accepted theory of gravity (Einstein,
1916), massive objects warp the fabric of spacetime that surrounds them.
Light then moves through this warped space on straight paths. However, a
straight path through a curved space appears to an outside observer like a

curved path. Thus, massive objects appear to bend light that passes within
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their gravitational field. This process is referred to as gravitational lensing.
Similar to light passing through a glass lens in a magnifying glass or refracting
telescope, gravitational lensing has the effect of magnifying the lensed objects.
However, unlike smooth glass lenses, gravitational lenses also distort and

shear the lensed images.

There are three important ways in which this effect is observed. The first is
weak gravitational lensing, in which the light from background objects passes
through the lensing gravitational field where said field is weak. In this case,
the lensed object is only slightly magnified and sheared. Weak lensing is not

discussed further in this thesis.

The second case, which will be dealt with extensively herein, is strong
gravitational lensing. In this case, light from the background object passes
through the strong gravitational field of the lensing object. This requires
proper alignment of the lensing object and lensed object, and the more precise
the alignment the greater the amplitude of the lensing effect. In the limit of
perfect alignment, where a background source is directly behind a spherically
symmetric lens object, the background source can be stretched into a ring
that appears to encircle the lens. This is known as an Einstein Ring, and its
radius, known as the Einstein radius, is proportional to the mass of the lensing
object. When background galaxies are less perfectly aligned, or when the
lens is elliptical, they tend to form multiple images. As the name implies, the
background object can be seen in multiple places on the sky. If you imagine
moving a lensed source relative to the lens, as the source moves behind the

lens, it first moves from being weakly lensed to appearing as multiple images.
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Figure 1.2: [llustration of the geometry of a strong lensing system. The angle by which
light is deflected as it moves through the gravitational potential of the foreground
lensing object can allow determinations of the lens object’s mass. The lens also
magnifies the background objects, which allows us to study distant objects in greater
detail than would otherwise be possible. Figure reproduced from Coe et al., 2008.

As the source further aligns with the lens, the multiple images become more
highly magnified, and thus more highly sheared. These begin to form arcs,
where the image of the lensed object is stretched into a crescent shape. As the

alignment further improves, these arcs get longer and more highly sheared,
eventually merging in places.

Strong lensing allows astronomers to model the mass of the lensing object,
typically either a single galaxy or a cluster of galaxies. The amount that a
gravitational lens deflects light from background sources can be described by

the lens equation, where the deflection angle is given by

i(6)=6—p (1.1)



where 6 is the observed position, and f is the true position on the sky. From
the deflection angle, the surface mass density x and the shear -y (the amount
by which background objects appear elongated) can be calculated via the

Jacobian of the lens equation. The magnification y is then given as
1/u=(1-x)%—% (1.2)

In modern lensing analysis, we utilize computer codes to solve the lens equa-
tion given the observed positions of multiply-imaged lensed objects. In gen-
eral, the more multiple image constraints that can be found, and the better

their redshifts are known, the more accurate the lens model can be.

The third subcategory of gravitational lensing is known as microlensing.
Microlensing occurs when two (astronomically) small objects align, and the
observed brightness of the background object (typically a star) is temporarily
boosted by the foreground object. This technique has many applications,
including the the discovery of dark, massive objects such as black holes. When
combined with strong lensing, microlensing can also assist in the detection
of individual stars in distant lensed galaxies. For example, in Kelly et al,,
2018 the authors observed a transient event in a strongly lensed galaxy which
formed multiple merging images. This event turned out to be a single star
in the background galaxy, which was temporarily boosted to an extreme
magnification by microlensing when a star in the lensing cluster passed in
front of the lensed image of the background star. This technique has also
been used to discover lensed stars in Rodney et al., 2018; Chen et al., 2019;

Kaurov et al., 2019. These discoveries have led some researchers to propose

14



that similar techniques can be used to observed much more distant stars,
including potentially directly observing Pop III stars with JWST (Windhorst
etal., 2018).
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Chapter 2

Galaxy Cluster Contribution to the
Diffuse Extragalactic Ultraviolet
Background

2.1 Introduction

Diffuse background radiation can be observed across the entire electromag-
netic spectrum, from the Cosmic Microwave Background (CMB) radiation
(Penzias and Wilson, 1965) to the highest energy gamma rays (Inoue, 2014). In
the ultraviolet (UV), the largest contributor to the background is of Galactic
origin. Previous studies have seen clear correlations between diffuse UV
excesses and tracers of interstellar gas and dust, indicating that the primary
contributor is scattered starlight (Bowyer, 1991; Murthy, Henry, and Sujatha,
2010). However, there is a notable non-scattered component to this back-
ground, observable as a ~ 300 photon cm =2 s—1sr~! A~! (continuum units,
CU) background observed in low column density regions near the Galactic
poles (Henry, 1991; Hamden, Schiminovich, and Seibert, 2013; Murthy, 2016).

While there is some debate as to the origin of this portion of the background,
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some component is likely extragalactic. Murthy, 2016 calculated that of the
~ 300 CU background observed at the Galactic poles, around 100 CU is un-
explained by galactic processes, and is therefore likely extragalactic in origin.
Recently, Chiang, Ménard, and Schiminovich, 2019 used a combination of
GALEX and SDSS data to calculate that the total extragalactic background of
891%2 CU, while Akshaya et al., 2018 used GALEX data at the Galactic poles

to calculate a total extragalactic background of 114 £ 18 CU.

The sources of extragalactic ultraviolet background radiation are gener-
ally assumed to be active galactic nuclei and star-forming galaxies (Upton
Sanderbeck et al., 2018; Becker and Bolton, 2013). These appear to be the
dominant sources of metagalactic ultraviolet radiation, and they are believed
to be the primary sources of ionizing ultraviolet radiation in the Epoch of
Reionization. However, precise measurements of the UV background are
difficult, and recent measurements of the relative contribution of star-forming
galaxies and AGN indicate there may be other extragalactic sources. Using
number counts of galaxies detected in the FUV band of the GALEX survey,
Xu et al., 2005 calculated a total contribution from galaxies (in units of AF))
of 1.03 +£0.15nW m 2 sr !, or 51.5 + 7.5 CU. Voyer et al., 2011 performed a
similar calculation with HST data. They used number counts of field galaxies
from the GOODS fields, the Deep Field North, and the Ultra-Deep Field with
FUV magnitudes between 21 and 29 AB in the ACS Solar Blind Channel, and
calculated a contribution to the UV background of 65.9 to 82.6 CU. More
recently, Chiang, Ménard, and Schiminovich, 2019 used a broadband intensity

tomography method with a combination of GALEX and SDSS data to calculate
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the combined contribution from galaxies and AGN to be 73 & 8 CU. While it
is clear from these measurements that star-forming galaxies and AGN are the
dominant contributors to the extragalactic background, they each leave room
for additional sources. Additionally, Akshaya et al., 2018; Akshaya et al., 2019
used GALEX data to tabulate the contributions to the UV background from
dust-scattered starlight and known extragalactic sources near the Galactic
poles. They found an unexplained offset of ~ 200 CU at zero dust column
density (E(B — V) = 0) in the FUV band. While they do not identify the source
of this offset, they speculate that hitherto unknown extragalactic sources could

be contributing to this offset.

In this paper, we explore another possible source contributing to the diffuse
ultraviolet background: massive clusters of galaxies. While not traditionally
associated with high ultraviolet luminosities, the high density of galaxies
and hot gas in massive galaxy clusters suggests them as candidate sources of
excess diffuse light. Utilizing UV background data from the GALEX survey
(Murthy, 2014) and massive galaxy clusters from the Planck survey (Planck
Collaboration et al., 2016), we measure the correlation between galaxy clusters

and diffuse UV background light.

This paper is organized as follows. Section 2 describes the data from
the GALEX and Planck surveys. Section 3 details the analysis methods used
to investigate the correlation between clusters of galaxies and diffuse UV
background light. Section 4 presents and discusses the results of our analysis,

and Section 5 presents our summary and conclusions.
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2.2 Data
2.2.1 Galex FUV Background Catalogs

GALEX was an orbiting ultraviolet observatory that made use of a 50 cm
Ritchey-Chretien telescope to image a 1.2° circular field of view onto two de-
tectors (Martin et al., 2005). The detectors operate in two different bandpasses,
one in the far-UV from 1350 - 1750 A, and the other in the near-UV from 1750 -
2750 A.

Our analysis focuses on the FUV bandpass data from the GR6/GR7 data
release, which was further processed by Murthy, 2014 into a map of diffuse
background FUV flux. Briefly, this map was made by masking all point sources
found in the standard GALEX data reduction pipeline (Morrissey et al., 2007)
in the raw images, then binning the image data into 2’ pixels. Masked pixels
were ignored in the binning, thus replacing them with an average from the
full 2’ binned pixel.

We restrict our analysis to Galactic latitudes |b| > 60°. This allows us to
avoid the most significant Galactic contributions to the diffuse UV background
light, and focus on the extragalactic component. Restricting our sample this
way ensures that our results are not significantly biased by Galactic scattered

stellar light.

2.2.2 Planck SZ Cluster Sample

For this work, we analyze a subsample of clusters from the second Planck cat-

alog of Sunyaev-Zeldovich sources (Planck Collaboration et al., 2016). These
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clusters are detected via their thermal Sunyaev-Zeldovich effect signal (Sun-
yaev and Zeldovich, 1970), wherein hot gas in the intracluster medium inverse
Compton scatters photons from the CMB to higher energies. This effect causes
a decreased intensity at lower frequencies and an increased intensity at higher

frequencies.

For our investigations, we select only clusters which have a measured
redshift and SZ mass. We further select only clusters which lie in the Galactic
cap region, with latitudes |b| > 60°. We then visually inspected the sample
and discarded any clusters with incomplete or irregular GALEX background
data, for example those near large holes in the background map or with
partial data near the edges of our window. This left a sample of 185 clusters. A
final cut was applied after matching the cluster positions to the GALEX data.
Clusters with no UV background data present within the central region, as
described in Section 2.3, were excluded from our analysis. This left a final
sample of 142 clusters. The masses and redshifts of these clusters are shown

in Figure 2.1.

2.3 Methods

To analyze the level of UV background light around our sample of galaxy
clusters, we created radial UV brightness profiles. These were made by match-
ing all GALEX data within 10 Mpc of the cluster centers, binned into annuli
sized to accommodate the 2’ background map resolution. Any clusters with
no GALEX data matched within the central region are removed from the final

sample to ensure all fully analyzed clusters have complete data. To overcome
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Figure 2.2: Northern (left) and southern (right) Galactic cap GALEX FUV background
map, down to |b| = 60°. Locations of the Planck clusters used in this study are marked
with white circles.
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Redshift Bin Number of Clusters Annulus Size (Mpc)

002<z<01 37 0.25
01<z<02 27 0.4
02<z<03 35 0.5

z>0.3 43 1.0

Table 2.1: Summary of our cluster sample binned by redshift.

the high variability between individual clusters, we stacked our sample to
create a median cluster radial brightness profile. Uncertainties on this profile
were estimated by randomly resampling UV background fluxes with replace-
ment at each radius. Murthy, 2014 calculates a photon count uncertainty of
18 CU per 2 pixel. To account for this uncertainty, we add Gaussian noise
with standard deviation ¢ = 18CU/ \/m to each sample drawn, where N;,
is the number of 2’ pixels included in the given annular bin. We used the
standard deviation of the mean of 1000 random resampling iterations as the

flux uncertainty at a given radius.

We divided our cluster sample into four redshift bins to maximize the
resolution of our radial profile measurements at lower redshifts while still
being able to analyze the full redshift range. The redshift bins and associated
annular sizes are summarized in Table 2.1. The annulus sizes were chosen to
match the 2" pixel scale at the high end of each redshift bin, thus ensuring that

at least one pixel will be included within the central region.

We found evidence of a central excess in each of our redshift bins below
z = 0.3, discussed further in Section 2.4. This led us to stack our full sample
of z < 0.3 clusters in an attempt to maximize our signal-to-noise, giving us a

sample of 99 clusters. We stacked these clusters with annular bin sizes of 0.5
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Mpc, corresponding to the maximum spatial resolution possible at z = 0.3.

The shape of the stacked cluster profile is informative on its own; How-
ever comparison with a blank field profile provides a useful context for this
measurement. The blank field profile is constructed by randomly selecting
185 locations on the sky, subject to the same |b| > 60° restriction as our cluster
sample. These locations are matched to the GALEX data in the same way as
the cluster sample. The same cut on points with no central data are applied,
leaving a final random field sample of ~ 120 — 150 points per iteration, sim-
ilar in number to our final cut cluster sample of 142 clusters. Blank fields
obviously do not have an associated redshift, so we randomly select a redshift
for each field within the range [0.01,0.3], encompassing the redshift range
of our primary stacked sample. A stacked radial profile is then computed
for this set of random blank fields, with the same stacking procedure as in
the cluster sample. To account for cosmic variance and variations in the UV
background radiation field, we repeat this random field measurement 1000
times. The uncertainty values for the blank field radial profile measurements
are calculated as the standard deviation of the mean of the 1000 iterations,
mimicking the randomly resampled uncertainty calculation of the cluster

sample.

2.4 Results and Discussion

Our stacked radial profile of all clusters with z < 0.3 (Figure 2.3) shows a
clear excess of UV background radiation at the locations of Planck SZ-selected

clusters. The peak excess of 12 +2.3 CU (a 5.0¢ detection) is coincident with
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the cluster center.

The cluster signal decays rapidly further from the cluster center. The UV
background brightness in the cluster fields drops back to be consistent with
the random fields within 1 Mpc, roughly consistent with the virial radii of
massive clusters. The coarse binning of the UV background map prevents
more detailed analysis of the shape of the brightness profile for the full z < 0.3

sample.

Dividing the sample into smaller redshift bins allows us to look in more
detail at the central region of nearer clusters (Figure 2.4). In our lowest redshift
subsample (z < 0.1) our 0.25 Mpc annuli give us the greatest chance to probe
the centers of our clusters. In this sample we see that the two innermost
points (r < 0.25 Mpc and 0.25 < r < 0.5 Mpc) are both elevated above the
background level, indicating that the background emission source extends
over the full central 0.5 Mpc. Beyond z = 0.1, our annulus sizes become too
large (0.4 Mpc for 0.1 < z < 0.2) to see this innermost detail. We continue
to see a clear central excess in the 0.1 < z < 0.2 bin, while the 0.2 < z < 0.3
redshift bin shows mild evidence of a central excess. The highest redshift
bin (z > 0.3) shows no evidence of central excess. We attribute this lack of
signal in the highest redshift bin to the larger annuli required to match the
background map resolution. Our lower redshift samples show that the excess
has decayed to the background level within 1 Mpc, so annuli of 1 Mpc cannot
detect the central peak. Additionally, Murthy, 2014 explains that the 2’ pixels
display the average of all original GALEX pixel background values within the

region. Thus any signal of central excess will be further washed out in these
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Figure 2.3: FUV background fluxes measured around z < 0.3 Planck SZ galaxy
clusters (red points with errorbars) and around randomly selected points on the sky
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text. The excess flux around galaxy clusters is clearly visible at r = 0.5 Mpc, and
rapidly falls off to the background level beyond that point.

higher redshift clusters.

Below we estimate contributions to the cluster excess from various sources.

24.1 BCG or Infalling Jellyfish Galaxies

It is possible that this central excess is originating from the brightest cluster
galaxy (BCG). Previous studies have found that cluster BCGs can be UV bright,
particularly in cases of cool-core clusters where the BCG is actively forming
stars (Hicks, Mushotzky, and Donahue, 2010). These galaxies, with star-

formation rates 0.01 < SFR < 10, would be bright enough to provide the full
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excess we measure within the central 0.5 Mpc of the cluster. However, these
galaxies would be detectable in the GALEX survey, with an all-sky survey lim-
iting magnitude of 19.9 in the FUV. Therefore these galaxies would most likely
be masked in the background maps. It is possible that incomplete masking
could allow UV flux from the BCG to leak into the maps and contribute to
our observed signal. It is impossible to determine the exact contribution of

incomplete masking on our result without remaking the background maps.

Additionally, BCG star formation studies have focused on much smaller
scales (~ 10 kpc as opposed to Mpc). Finally, our sample includes many
clusters that are not known to have active star formation in their central
galaxies, indicating alternative sources of UV background light production.
Therefore it is unlikely that BCG star formation is the primary contributor to

the excess UV flux observed.

Similarly, it is possible that star formation in infalling field galaxies or
jellyfish galaxies being pressure stripped as they fall into the cluster could
contribute to our signal. While these galaxies would likely have elevated star
formation rates, and thus greater emission in the UV, they would likely be
bright enough to be detected by GALEX. They would therefore be masked out

of our background sample, and unlikely to contribute to the observed excess.
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2.4.2 Cluster Gas Emission Estimates:
Thermal Brehmsstrahlung and Inverse Compton Scatter-
ing
Clusters are full of hot gas, which is known to radiate brightly in X-rays
through the combined effects of thermal brehmsstrahlung and inverse Comp-
ton scattering of CMB photons off hot electrons. We considered these as
possible contributors to our measured signal in the FUV, as these spectra for a

typical cluster continue to longer wavelengths.

In our FUV bandpass, the brehmsstrahlung luminosity is L, ~ 10% erg
sec”! Hz! (Sarazin, 1999; Sarazin, 2005). We assume a cluster redshift of
z = 0.3, because most of our clusters are within this range and changes in
assumed redshift do not drastically impact our results. This gives a calculated
FUV surface brightness of ~ 0.2 CU over an area of 2/, matching the resolution
of the background map. The fact that this calculated surface brightness is much
smaller than our measured excess indicates that brehmsstrahlung radiation

from cluster gas is likely not a dominant contributor to our observed signal.

Another possibility is that shocks generated by cluster mergers accelerate
relativistic electrons within the cluster, which emit ultraviolet light through the
inverse Compton effect. Sarazin, 2005 calculated that these electrons would
have lifetimes of order a Hubble time, so the cluster would not have to have
been through a recent merger for this effect to be visible. They also calculated
a spectrum for the emission, giving a luminosity in the FUV bandpass of
L, ~ 10%%° erg sec! Hz~!. Again assuming a cluster redshift z = 0.3, we

calculate the FUV surface brightness of this emission to be 8 CU, again over
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an area of 2’. This indicates that emission from shock-accelerated electrons
in the intracluster medium is likely a significant contributor to the signal we

observe.

2.4.3 Cluster Emission from Stripped Stars

While cluster galaxies generally contain old stellar populations, these galaxies
will still emit a small amount of ultraviolet light. Each galaxy would be too
faint to be detected individually by GALEX, thus all of their light would
be incorporated into the UV background. There may be a small additional
contribution from the stars that make up the intracluster light. These stars are
mostly stripped from cluster member galaxies (DeMaio et al., 2018), thus they
would primarily be old, red stars. However, there is some evidence of in-situ
star formation in the intracluster medium (Puchwein et al., 2010; Tonnesen
and Bryan, 2012), which could enhance the UV contribution of intracluster
stars. The sum of the unresolvable UV emission from these stars and the
cluster galaxies could account for our measured excess. To test this hypothesis
accounting for both cluster member galaxies and intracluster light, we used
optical estimates of the cluster mass-to-light ratio, then calculated an UV

surface brightness.

We estimated the optical mass-to-light ratio using the best-fit relation in
Popesso et al., 2007. This relation gives the luminosity in the SDSS r-band
given a cluster mass. We then used 5 early-type SEDs (see Figure 4 of Coe
et al., 2019) exhibiting a range of UV upturn strengths (flux below 1600 A

rest-frame) to calculate the luminosity in the GALEX FUV bandpass. This
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Mass (10"*M) S.B. High (CU) S.B. Low (CU)

2.0 3.65 1.24
4.0 4.82 1.64
6.0 5.67 1.92
8.0 6.36 2.16
10.0 6.95 2.36

Table 2.2: Surface brightnesses calculated from a range of cluster masses, as described
in 2.4.3. Two surface brightnesses are quoted for each mass, one for the highest
strength UV upturn and one for the lowest strength UV upturn.

FUV luminosity then allowed us to calculate the expected surface brightness
of the unresolved cluster light. For reference, Table 2.2 shows a selection
of surface brightness results for a range of cluster masses. We show both
the high end surface brightness numbers, calculated assuming an SED with
the strongest UV upturn and thus highest UV flux, and the low end surface
brightness numbers calculated assuming the weakest UV upturn and lowest

UV flux. Our final numbers quoted below are calculated from the median

surface brightness of our entire cluster sample.

It is important to note that there is a sizeable uncertainty associated with
the conversion between optical and ultraviolet luminosities. However, as a

diagnostic tool to inform future studies, this uncertain calculation is useful.

We applied our mass-to-light calculations to our full sample of Planck
clusters. To compare with our stacked analysis, we took the median of the
calculated cluster UV brightnesses. This resulted in median UV brightness
measurements of 1.6 CU to 4.7 CU, depending on the SED used for the luminos-
ity conversion. While this is somewhat lower than our measured background

excess, we believe it is likely a significant contributor.
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2.5 Conclusions

Using GALEX data, we measured a 12 £ 2.3 CU excess (5.00) of ultraviolet
background light associated with z < 0.3 Planck clusters at high Galactic
latitudes (|b| > 60). We conclude that the excess we measure is extragalactic in
nature and directly related to the galaxy clusters. Based on our approximate
calculations, we find the two most probable contributors to our measured
UV excess are unresolved emission from quiescient cluster members, as well
as emission from relativistic electrons in the intracluster medium. With the
available data, we cannot accurately measure the relative contributions of

each emission mechanism.

Future work could improve upon this analysis by utilizing a more detailed
background map. The improved resolution would create a more detailed
radial profile which could be compared to cluster mass-to-light profiles and
x-ray gas profiles to further test the relative contributions of each proposed
emission mechanism. Enhanced resolution would also allow for the inclusion
of higher redshift clusters. Including a larger cluster sample, for example
an optically-selected sample with a greater mass and redshift range, could

further improve constraints on the source of the UV excess.
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Chapter 3

A Highly Magnified Star at Redshift
6.2

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
(Rivera-Thorsen et al., 2017; Johnson et al., 2017a). Individual 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 (Kelly
et al.,, 2018; Rodney et al., 2018; Chen et al., 2019; Kaurov et al., 2019). Here
we report observations of a more distant and persistent magnified star at
redshift zppot = 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 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 M;y = —10 £ 2 is consistent with a star of
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mass M > 50M;,. Confirmation and spectral classification are forthcoming

from approved observations with the James Webb Space Telescope.

3.1 A Single Star in the First Billion Years

The Reionization Lensing Cluster Survey (RELICS, Coe et al., 2019) Hubble
Space Telescope (HST) Treasury Program 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 zpho = 6.2 £ 0.1 (Salmon et al., 2020),
designated WHL0137-zD1 and nicknamed the “Sunrise Arc" (see Extended
Data Table 3.2 and Extended Data Figure 3.4 for photometry and redshift
estimate details). Its length rivals the “Sunburst Arc” at z = 2.4, the brightest
strongly lensed galaxy known (Rivera-Thorsen et al., 2017; Rivera-Thorsen
et al., 2019). 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 3.5).

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
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images of a star cluster (1.1a/1.1b in Figure 3.1). 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, Zitrin et
al., 2015; Zitrin et al., 2009; Broadhurst et al., 2005), Lenstool (Jullo and Kneib,
2009; Jullo et al., 2007), Glafic (Oguri, 2010), and WSLAP+ (Diego et al., 2007;
Diego et al., 2005). To constrain 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 3.6).
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
3.2. 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
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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 §3.2.6.2 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 3.7). 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 §3.2.5 for details). Maximum distances to the
critical curve (D) for each lens model are tabulated in Table 3.1. 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, magnifica-

tions are inversely proportional to the distance to the critical curve:

U= ,MO/Dcrit (3.1)

where Dt is expressed in arcseconds, and j is a constant that varies between
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lens models (Diego, 2019). The value of py depends on the slope of the
lens potential, with flatter potentials yielding higher values of yg 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 (c = 7) potential, we

are able to cover the full range of possible outcomes.

Based on this analysis, we derive magnification estimates summarized
in Table 3.1. Note the magnification calculated from Equation 3.1 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.i;, 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
tull range of likely magnifications is 2u = 1000 — 40000. This factor of 40
uncertainty is much larger than found for lensed galaxies with typical mag-
nifications of a few(Meneghetti et al., 2017), 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 magnifications 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 3.5, Extended Data Table 3.3, §3.2.6.1) we find
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that the network of microlensing caustics in the star’s vicinity is optically thick
(see §3.2.5). Given this microlensing configuration we estimate the maximum
magnification to be of order u < 10°, even for a transient caustic crossing
(Venumadhav, Dai, and Miralda-Escudé, 2017; Diego et al., 2018; Diego, 2019;
Dai, 2021). Microlensing also has the effect of causing fluctuations in observed
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 2 over the 3.5 year span
of our observations (Extended Data Figure 3.9). This is consistent with our

observed factor ~ 1.4 variation (see §3.2.6.2 for details).

Our strongest evidence that Earendel is an individual star or binary rather
than a star cluster comes from our derived 1¢ 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 (§3.2.5).

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
(Portegies Zwart, McMillan, and Gieles, 2010; Figer, McLean, and Morris,
1999). 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
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we also consider observations and simulations of other high-redshift objects.
Bouwens et al., 2017 have measured radii as small as tens of pc for very low
luminosity galaxies at 6 < z < 8, and Vanzella et al., 2019 report r < 13 pc
star clusters in a a z = 6.143 galaxy that is strongly lensed though not on the
lensing critical curve. Recent simulations(Behrendt, Schartmann, and Burkert,
2019) resolve star-forming clumps on scales of tens of pc in z ~ 2 disks.
Our constraints of r < 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 (Sana et al., 2012; Sana et al., 2014). 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 (Moe and Di Stefano, 2017). 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 §3.2.7.

With a magnification between y = 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
pm), 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 3.3), using a combination of blackbody stellar
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spectra at high temperatures (T > 40000 K) and stellar atmosphere models

at lower temperatures (details can be found in §3.2.7).

We compare these constraints to stellar evolution models from Bonn Opti-
mized Stellar Tracks BoOST, Szécsi et al., 2020. 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 3.3 shows a fiducial
low metallicity (0.1Z), as might be expected for a z ~ 6 galaxy (Shimizu et al.,
2016), but we explore other metallicities in §3.2.7 and Extended Data Figure
3.10, 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 tempera-
ture 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 §3.2.7, Extended Data Figure 3.11).

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 §3.2.8 for details).

The spectral type, temperature, and mass of the star remain uncertain.
Future spectroscopic observations 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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Table 3.1: Earendel results from each lens model: magnification normalization p,
images), delensed flux in HST F110W filter (0.9 — 1.4 ym), delensed F110W magnitude,

o

absolute UV magnitude (1600A), model axis ratio of lensed image, radius upper limit.

68% confidence limit uncertainties are shown for all quantities.
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Figure 3.1: 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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Figure 3.2: 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 3.3: 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¢)
(Szécsi et al., 2020). 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 u ~ 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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3.2 Methods
3.2.1 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 (Wen, Han, and Liu, 2012), later confirmed at z = 0.566 (Wen and Han,
2015) based on SDSS DR12 spectroscopy (Alam et al., 2015). WHL0137—08 was
also ranked as the 31st most massive cluster (Msgy ~ 9 x 10 M) identified
in the Planck all-sky survey PSZ2 catalog (Planck Collaboration et al., 2016)
that detected clusters via the Sunyaev-Zel'dovich (5Z) effect on the CMB, or

Cosmic Microwave Background (Sunyaev and Zeldovich, 1970).

WHL0137—-08 was observed with HST as part of the RELICS Treasury
program (HST GO 14096)(Coe et al., 2019). 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., 2020 performed a search for high-redshift galaxies within the
RELICS data, and among that sample found the 15" long arc at zppot = 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 F475W and WFC3/IR F110W. These
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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 (Coe et al., 2019). Total exposure times and
limiting magnitudes in each bandpass for our co-added images are listed in

Extended Data Table 3.2.

We note that this cluster has also been observed with Spitzer as part of
the Spitzer-RELICS program (PI Bradac). An attempt was made to extract IR
fluxes from these observations (Strait et al., 2021), however reliable photometry
could not be obtained due to blending with brighter cluster member galaxies

nearby.

3.2.2 Photometry, Redshift, and SED Fitting

We measured photometry using Source Extractor v2.19.5 (Bertin and Arnouts,
1996) following procedures detailed in Coe et al., 2019. 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 3.2
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 3.1 from our anal-
ysis, 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.
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We measure the Sunrise Arc’s photometric redshift using two methods:
BPZ (Benitez, 2000; Coe et al., 2006) and BAGPIPES (Carnall et al., 2018). BPZ
uses 11 spectral models (plus interpolations yielding 101 templates) spanning
ranges of metallicities, dust extinctions, and star formation histories observed
for the vast majority of real galaxies (Coe et al., 2019). 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 z,por = 6.20 = 0.05 (68% CL) without any significant likelihood
below z < 5.9 (Extended Data Figure 3.4).

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.,
2021. Our choices do not significantly affect the photometric redshift, but we
summarize them here. We used synthetic stellar populations from BPASS
v2.2.1 (Eldridge et al., 2017) with nebular reprocessing and emission lines
added by the photoionization code CLOUDY (Ferland et al., 2017). We used a
delayed star formation history that initially rises then falls via SFR(t) o t e /T,
We use the BPASS IMF “imf135_300": Salpeter, 1955 slope a = —2.35 for
0.5 < M/Mg < 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
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exponential decay time T (100 Myr — 10 Gyr). Dust extinction is implemented
with the Calzetti et al., 2000 law, and we assume twice as much dust around

all HII regions in their first 10 Myr.

The resulting best fit and redshift likelihood distribution are shown in Ex-
tended Data Figure 3.4. BAGPIPES yields a redshift estimate z = 6.24 £ 0.10,
similar to the BPZ result without any significant 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 photo-
metric redshift 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 ym).

BAGPIPES further yields estimates of the dust Ay = 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 SFR include un-
certainties due to the lensing magnification. But simply adopting a fiducial
magnification of 300 for the full arc from the LTM model, we estimate a stel-
lar mass ~ 107°*02M, and current SFR ~ 0.3 £ 0.1 M, yr~!, not including

magnification uncertainties.

3.2.3 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
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simulations (see §3.2.6.2).

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 3.5, where Earendel is circled in green. Each im-
age shows 1 orbit of WFC3/IR imaging: for RELICS, this is a WFC3/IR
stack F106W+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 n]y 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 3.5, along with the fluxes measured in each filter indi-
vidually. Note summing only the RELICS filters F105W+F125W (closest to
F110W) yields 34 4= 15 n]y, similar to the result from the full stack with larger

uncertainty.

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.
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3.24 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, LM (Zitrin et al., 2009; Zitrin et al., 2015; Broadhurst et al., 2005),
Lenstool (Jullo et al., 2007; Jullo and Kneib, 2009), Glafic (Oguri, 2010), and
WSLAP+ (Diego et al., 2005; Diego et al., 2007).

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 3.6, with each arc shown in detail within that figure. System 1 is
the Sunrise Arc at zppot = 6.2, and system 2 consists of three images of a
bright blue knot at zppot = 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,
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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 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 (Ellis
et al., 1997; Stanford, Eisenhardt, and Dickinson, 1998). 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 < zppor < 0.8, bracketing the cluster redshift of zg,r = 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 3.6, 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
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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.
3.2.4.1 Light-Traces-Mass Lens Model

The primary lens model used for this analysis was created using the Light-
Traces-Mass (LTM) method (Zitrin et al., 2009; Zitrin et al., 2015; Broadhurst
et al., 2005). As the name suggests, the LTM method assumes that light
approximately 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 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.

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 atz ~ 3

was initially assumed to be triply imaged, with three clear knots showing
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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 optimized the model using the standard LTM mini-
mization algorithm. Briefly, the distances between true multiple image loca-
tions and model-predicted positions are minimized using a x? function. The
minimization is done with a Monte-Carlo Markov Chain (MCMC) using a

Metropolis-Hastings algorithm (Hastings, 1970).

During optimization, we allowed the relative weights of six galaxies (cir-
cled in Extended Data Figure 3.6) 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
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 3.6) to vary due to their proximity to our mul-
tiple 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. Al-
lowing 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.
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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 constraint 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 images. Since our images are separated by as little as 1”, the
MCMC optimization often found solutions with a single image appearing near
the midpoint of the arc. While this does provide a low x?, 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.
3.2.4.2 Lenstool Lens Model

The accuracy of the cluster lens model is of critical importance to our analysis
of this object. Therefore, 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 (Jullo et al., 2007; Jullo and Kneib, 2009).

Lenstool is a parametric model that utilizes a MCMC method to sample

the model parameter space. The model assigns pseudo-isothermal elliptical
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mass distributions (PIEMD) (Limousin, Kneib, and Natarajan, 2005) 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 (x, y), ellipticity, position angle, core
radius 7¢ore, truncation radius r.,¢, and the effective velocity dispersion 0.
Note oy is not precisely the observed velocity dispersion; see Eliasdéttir et al.,

2007 for details.

Six of the seven parameters of the PIEMD model are left free to be opti-
mized, 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 trunca-
tion radius ¢+ 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 (Bertin and Arnouts, 1996).

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 3.6. 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,
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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.
3.2.4.3 Glafic Lens Model

The Glafic model used here was made using the publicly available Glafic
lens modeling code (Oguri, 2010). 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 (Navarro, Frenk, and White, 1996) 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 ¢ « L!/4, and the truncation
radius 7, o< L' with # 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 (Bertin and Arnouts, 1996). The parameters of the lens

model are optimized using a MCMC.
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3.2.4.4 WSLAP+ Lens Model

The final lens modeling package used in our analysis is the hybrid parametric/non-
parametric WSLAP+ code (Diego et al., 2005; Diego et al., 2007). This modeling
program divides the cluster mass distribution into a compact component asso-
ciated with cluster member galaxies, and a diffuse 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 (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 (Meneghetti et al., 2017).
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
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all models. This supports our interpretation of Earendel as an extremely

magnified single star.

3.2.5 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 3.7.

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 = ) and axis ratio p /p |
where the tangential magnification y| = 1/(1 — x — 7) and perpendicular
magnification y; = 1/(1 — x + 7) for a lens model mass x and shear 7 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 j| ~ 1000, and much less so by the perpendicular or
radial magnification | ~ 1.1 —2.1). In practice, for each model we measure
y, near Earendel (it varies slowly) and g from fitting = po/D("”). Then
the observed lensed radius along the arc would be R = pr = por/ D("Mp,.
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).
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Then by analyzing the HST images, we determine that a 1D Gaussian with
a width of 2 0.055” would begin to appear spatially resolved. This width is
roughly 0.4 native WFC3/1IR pixels (each 0.13”), or ~ 1 drizzled pixel (0.06”) in
our standard data products. We perform this analysis on a 10 x 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 PSE. 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 yp and y |, and upper limits on
D(") derived below, we determine that Earendel’s intrinsic delensed radius is

r < 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 » < 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 dis-
tance 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 2¢ ~ 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 = ¢ sin 6. Thus, the
maximum distance to the critical curve is D < 0.055” sin 8, which varies from

D < 0.02"” to D < 0.036”, depending on the lens model.

Given D, we determine the magnification estimate y from each model
and constraints on radius r described above, all summarized in Table 3.1. 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/u. 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 p,
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
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a Gaussian likelihood. Given p « 1/D and lower limits ¢ > yj, the corre-
sponding central confidence range is 0.7y < pu < 5.0u1. For example, at 68%
confidence LTM yields either 2 > 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 3.1). 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., 2017b. However, this
method is limited to the few allowed lens models that each put Earendel at
a discrete distance D from the critical curve. In order to determine limits on
D, r, and y, we needed to vary D and R smoothly. Forward model results for

each model fell within the allowed ranges derived above.

3.2.6 Microlensing Effects

Previous lensed star discoveries were identified when the magnification, and
thus observed brightness, temporarily increased (Kelly et al., 2018; Rodney
et al., 2018; Chen et al., 2019; Kaurov et al., 2019). 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
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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 happens. The more microcaustics overlap, the less
effect they have on the observed flux. This “more is less" microlensing effect
is observed when the effective optical depth of microlensing is greater than 1
(that is, microcaustics are overlapping each other (Dai, 2021)). 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 (Dai and Pascale, 2021).
3.2.6.1 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.

The full cluster light and ICL modeling analysis of WHL0137—08 is per-
formed by Jiménez-Teja et al., 2021. Here we mostly care about the stellar mass

density in the region around the arc, and more specifically around the lensed
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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 3.8. 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 distri-
bution (SED). The SED fitting is done using the Fitting and Assessment of
Synthetic Templates (FAST) code (Kriek et al., 2009). We used stellar popula-
tion models from Bruzual and Charlot, 2003, along with initial mass functions
from both Chabrier, 2003 and Salpeter, 1955 to explore the full range of pos-
sible solutions. With this technique, we find a stellar surface mass density
of &, ~ 10 Mupc 2, however the uncertainties allow for values as low as
~ 1 M@pc_2 (see Extended Data Table 3.3). Since low stellar surface mass
densities introduce more variability in the flux, we explore two regimes with
Y. ~ 1 Mgpc 2 and X, ~ 10 Mgpc~2. Outside this regime, smaller values of
X, are unlikely given the observational constraints, and larger values of X,

would result in even smaller fluctuations (over time) in the observed flux.
3.2.6.2 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 mi-

crolensing on our observed magnification. One simulation assumed a value
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of X, =10 M@pc’z, while the other assumed a value of X, = 1 M@pc’z.
With these two values, we can explore both the high end density estimate,
which would produce a denser microlensing caustic network and thus in-
crease the probability that the star would appear at extreme magnification,
and the low end estimate which would produce greater variability in the mag-
nification, and a non-negligible probability that one of the two counter-images

is unobserved.

Our simulations follow Diego et al., 2018; Diego, 2019 Since we are as-
suming the two counter-images form a single unresolved image, in order to
compute the total flux, we perform two simulations, one with negative parity
and one with positive parity. In both cases, the magnification (in absolute
value |p|) is the same and equal to half the total magnification of the pair of
counter-images of the star (2y1). We force the two magnifications to be the same
(but opposite sign) by changing slightly the values of x and/or 7. 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 Spera, Mapelli, and Bressan, 2015 The mass
function is normalized to match our stellar surface mass density 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
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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 2y ~ 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 = i, where p and p |
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 2 = 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 3.9.

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(Kelly
et al., 2018; Oguri et al., 2018). 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., 2018 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, finding velocities of ~ 1000 kms~! 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
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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 3.9 shows simulated light curves and likelihoods for
both microlensing stellar densities &, = 1 and 10 M pc~2. The higher stellar
density reduces the variability in flux as the microlensing caustic network
saturates, yielding a consistently high magnification 2y ~ 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 Mopc—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 £, = 1Mgpc 2. The degree
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of variability depends on the product yX,. Our simulations had puX, =
44800, 4480, and finally 1600 for the critical case. Tighter constraints on both
parameters y 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 upcoming HST program (GO
16668; PI Coe) will add time monitoring observations to test these predictions

and more precisely constrain the baseline flux.

3.2.7 Luminosity and Stellar Constraints

From our magnification measurements of y = 1000 — 40000 derived above,
and Earendel’s observed flux 49 + 4 nJy in the HST F110W filter (0.9 - 1.4
pum), we calculate a delensed flux of 1 — 50 pJy, corresponding to an AB
magnitude of 38.7 — 34.7. This then gives an absolute UV (1600A) magnitude
of —8 < Myp < —12, given the distance modulus 48.9 at z = 6.2 and flux
per unit frequency dimming by 1 4 z (2.1 mag). We can then calculate the
intrinsic stellar luminosity, assuming blackbody spectra for hot stars with
effective temperatures T > 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, Cuisinier, and Buser,
1997. This yields the black tracks in Figure 3.3 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,
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Cuisinier, and Buser, 1997), and found Alog L < 0.1 for Teg > 10000 K, and
Alog L ~ 0.2 for Toge < 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 £ 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(Calzetti et al., 2015)), and an SMC-like extinction law with Ry ~ 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. While this is
significant, it is still far less than the large magnification uncertainty.

In Figure 3.3, we show low-metallicity (0.1Z:) dwarf galaxy predictions
from BoOST, as may roughly be expected at z ~ 6 based on simulations
(Shimizu et al., 2016). There is considerable scatter in galaxy metallicities in

both observations and simulations. Additionally, the star is not necessarily
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at the same metallicity as the galaxy overall. To probe the effects of metal-
licity 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 3.10.
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 (Sanyal et al., 2015). 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 3.11, we show the BoOST 0.1Z, stellar evolution
tracks vs. time. We see that very massive stars of 100M 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
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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.

Such massive stars are rarely single (Sana et al., 2012; Sana et al., 2014).
Multiple less massive stars could also combine to produce the observed lu-
minosity. 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., 2019 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 and Di Stefano, 2017 find a similar (although more modest)
excess for more massive systems. Additionally, Moe and Di Stefano, 2017
tind 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 be-

tween different stellar types and effective temperatures, and thus stellar mass.
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We have multi-band imaging, but only the F110W band has a reliable (> 5¢
significance) detection. Other WFC3-IR bands do detect the star, but at much
lower significance, the highest being F160W with a ~ 3¢ detection. Addition-
ally, 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 (¢ > 1000) for many years, but fluctuations of a factor of 2 are

expected.

ACS/F814W imaging was obtained in every epoch of observations, how-
ever the stacked detection in this band is still only at 4.40 confidence. Addi-
tionally, 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 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.

3.2.8 Probability of Observing a Massive Star

In the following, we assess the probability of observing a lensed star with

M, 2

~Y

100Mg, 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
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by Diego, 2019, 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 2y 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 107¢ nJy pc‘z. 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 2 > 4200 region that intersects the host galaxy. Using Starburst99
v.7.0.1 (Leitherer et al., 1999) under the assumption of a Kroupa, 2001 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* My, yr~!in

the host galaxy region magnified by 2 > 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 d Ngjyster/ dMciuster Mc_list or Petween 20 — 107 Mo,
then randomly sampled from the IMF with the limit M, < M_jyster using the
SLUG v2.0 code (da Silva, Fumagalli, and Krumholz, 2012; Krumholz et al.,
2015). 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(> 100M) ~ 2% in the clustered scenario, and ~ 4% in the unclustered
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scenario.

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 im-
pact the calculated SFR, up to a factor ~ 1.5 if we were to use the Salpeter, 1955
IMF (Madau and Dickinson, 2014). However, this change will be largely can-
celed 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, 2003
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 (Kehrig et al.,
2018), then the probability for detecting a > 100 M, star could be signifi-
cantly 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, Scannapieco, and Cohen, 2018; Sarmento,
Scannapieco, and Coté, 2019. From the MESA mass-luminosity relation of
such stars, Windhorst et al., 2018 showed that most of their light comes from
20 — 200 Mg, stars, so that finding a single ~ 100 M, star during a significant

caustic magnification is possible.
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3.2.9 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. Cal-
culations of observable properties of Pop III 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, (Windhorst et al.,
2018).

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 10’ Mg, from which we might expect a metallicity on the order of 0.01Z,
or 0.1Z (Shimizu et al., 2016). This non-zero metallicity would 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 the outskirts of galaxies
(Trenti, Stiavelli, and Shull, 2009). Observationally, Vanzella et al., 2020 report
a strongly lensed star cluster 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
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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 (Abbott et al., 2020). Recent studies (Farrell et al., 2020; Kinugawa,
Nakamura, and Nakano, 2020) 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 (Windhorst et al., 2018). Note
we assume this would be a persistent source. A transient outburst, which
would shine for weeks to months (Zdziarski and Gierliniski, 2004), would
be ruled out by the lack of variation observed (see §3.2.3). 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.,
2018, a 200M black hole formed from a ~ 300M, Pop III star would have
an inner accretion disk with Ty ~ 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 100 x) larger than that for the rest-frame UV stellar light, or u > 10°.
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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 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 the background
arc. Holwerda et al., 2014 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 order ~ 100 such stars

per arcmin?

in our observations. Given the small solid 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
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conclusively rule out a brown dwarf based on existing HST photometry. We
tit the SED of Earendel alone to brown dwarf spectra from the SpeX Prism
Library (Burgasser and Splat Development Team, 2017), 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 a z < 6 background galaxy, say at
z ~ 2, would not be on the lensing critical curve for that redshift, but it would
still be magnified by a factor of a few to perhaps tens, requiring a small galaxy
to not appear spatially resolved when magnified. A quasar would still appear
point-like when lensed, but of course quasars are less numerous and we
would expect a redder rest-frame ultraviolet continuum slope (Hainline et al.,
2011). Again, we expect upcoming to JWST observations to spectroscopically

confirm Earendel is a star at z ~ 6.2 within the Sunrise Arc galaxy.
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HST-1 HST-2 Depth 50 Sunrise Arc Earendel
Camera  Filter (s) (s) (ABmag) Flux(nJy) Flux (n]y)

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 —2x7
ACS F814W 2243 11083 28.0 312 +£21 19+4
WEFC3/IR F106W 1411 26.7 1321 +74 30+ 14
WEFC3/IR  F110W 5123 27.7 1187 £ 21 49+ 4
WEC3/IR F125W 711 26.0 1351 £137 3726
WEFC3/IR F140W 711 26.2 1197 £109 21 +£21
WEC3/IR F160W 1961 26.5 1088 + 74 46 +15

Table 3.2: Hubble imaging of WHL0137-08 in nine filters and photometry measured
for the Sunrise Arc and Earendel. Imaging was obtained by RELICS (HST-1: GO
14096) and follow-up imaging 3.5 years later (HST-2: GO 15842). Final 5¢ depths for
point sources are given in column 5. Fluxes used in SED fitting and plotted in Figures
3.4 & 3.5 are given in column 6 (full arc) and column 7 (Earendel individually), along
with 68% confidence uncertainties.

Stellar Mass Density
IMF (Mg pc?)
Chabrier 8[37]
Salpeter 15 [39]

Table 3.3: 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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Figure 3.4: a, HST photometry with 1¢ 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 1¢ error bars. BPZ yields a photometric redshift
of zphot = 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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Figure 3.5: 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 F1I06W+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 1c error bars. The blue band is the weighted average
of the original RELICS IR fluxes (35 &+ 9 n]y, 68% CL), while the orange band is the
new F110W flux (49 £ 4 nJy, 68% CL).
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Figure 3.6: 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 ¢). 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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Figure 3.7: 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 y for each lens model. Here we show a zoomed
region of the arc around Earendel in a 10x super-sampled reconstruction of our HST
WEFC3/IR F110W image based on 8 drizzled exposures. The distances and radius
labeled in the diagram are exaggerated for visibility.
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Figure 3.8: Stellar surface mass density calculations 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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Figure 3.9: 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 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 M, pc~2 case
(blue) and the 10 M, pc~? 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 M, pcf2
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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Figure 3.10: 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 3.3, 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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Figure 3.11: 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 0.1Z,
as plotted in the HR diagram Figure 3.3). 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 ~ 100M., 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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Chapter 4

RELICS: Small-scale Star Formation
in Lensed Galaxies at Redshift 6 — 10

4.1 Introduction

Deep field observations with the Hubble Space Telescope (HST) have revealed
that galaxies at high redshift tend to be smaller (Shibuya, Ouchi, and Harikane,
2015; Shibuya et al., 2019; Mowla et al., 2019; Neufeld et al., 2021) exhibit
clumpier structures (Shibuya et al., 2016) than local galaxies. In field galaxies,
these clump structures were found to have typical radii of ~ 1 kpc (e.g.,
Elmegreen and Elmegreen, 2005; Elmegreen et al., 2007; Elmegreen et al.,
2009; Guo et al., 2011; Genzel et al., 2011; Forster Schreiber et al., 2011; Guo
et al.,, 2015; Guo et al., 2018). These observations were largely limited by
the resolution of HST, which can not observe smaller scales at high redshift
without assistance. The magnifying effect of gravitational lensing has opened
a new window into small scale star formation in distant galaxies. Using HST
and strong lensing, many studies have been able to push to scales of ~ 100 pc

across a broad range of redshifts (e.g., Jones et al., 2010; Livermore et al., 2012;
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Wauyts et al., 2014; Livermore et al., 2015). In certain cases, smaller structures
can be observed when galaxies reach particularly high magnifications, leading
to detections of clumps measuring tens of pc in radius (Vanzella et al., 2017a;

Vanzella et al., 2017b; Johnson et al., 2017a; Zick et al., 2020).

These observations of smaller structures has put pressure on the dominant
explanation of clump formation in the high-redshift universe. Recent studies
have found evidence of bias towards larger clump radii and masses at low
spatial resolution (Dessauges-Zavadsky et al., 2017; Cava et al., 2018). Fur-
thermore, while lower-resolution simulations tended to favor larger, more
massive (~ 10°Mg) clumps (Mandelker et al., 2014), more recent higher-
resolution simulations have found broader mass ranges, and tend to favor
smaller (~ 10" M) clumps (Tamburello et al., 2015; Mandelker et al., 2017;
Oklopci¢ et al., 2017). Thus continued study of strongly magnified galaxies at

high redshifts are critical to our understanding of early galaxy structures.

Recently, the study of highly magnified clumps has been pushed to even
higher redshift, with Vanzella et al., 2019 reporting a clump measuring 13 pc
at z ~ 6. These highly magnified clumps allow exploration of spatial scales
otherwise unreachable with current telescopes. In particular, they enable
studies of clumps on the same scale as local young massive star clusters
(YMCs, Portegies Zwart, McMillan, and Gieles, 2010). Recent studies of YMCs
in local galaxies have found peaks in the distribution of radii around 2-3 pc,
with some examples reaching 10 pc in radius (Bastian et al., 2012; Ryon et al.,
2017). Local observations of globular clusters have found similar distributions

of radii (Puzia et al., 2014). Thus YMCs have been proposed as candidate
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proto-globular clusters, although this remains uncertain (e.g., Bastian and
Lardo, 2018; Kim et al., 2018; Terlevich et al., 2018). Highly magnified objects
in the distant universe present an opportunity to directly study these possible

globular cluster progenitors.

In this paper, we present HST observations of three highly magnified
lensed galaxies at 6 < z < 10. These galaxies all exhibit clumpy morphologies,

and the high magnifications allow us to study them in detail.

In Section 4.2 we present the HST data used in this study. Section 4.3
presents the lens models used, while Section 4.4 discusses our measurements
of clump radii. SED fitting is presented in Section 4.5. We present our results
in Section 4.6, and we contextualize these results in the subsequent Section
4.7. Finally, we summarize our conclusions in Section 4.8. We assume a flat

cosmology with (), = 0.3, Q4 = 0.7, and Hy = 70 km s ! Mpc~! throughout.

4.2 Data

The high-redshift galaxies considered here were discovered in the Reionization
Lensing Cluster Survey (RELICS; Coe et al. 2019). RELICS observed a total
of 41 galaxy clusters with HST, obtaining single-orbit depth in each of the
ACS F435W, F606W, and F814W bands along with a total of two orbits split
between the WFC3/IR filters F105W, F125W, F140W, and F160W. The RELICS
clusters were also observed with the Spitzer Space Telescope through the

Spitzer-RELICS program (S-RELICS, PI Bradac).

Salmon et al., 2018 discovered a ~ 2.5” lensed arc of a galaxy with a pho-

tometric redshift of z,,,; = 9.910% magnified by the galaxy cluster SPT-CL
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Figure 4.1: The 15" long Sunrise Arc at Zphot = 6.2 £ 0.1 is the longest lensed arc
at z > 6. The left panel shows a color composite of the arc, with the HST F435W
band represented in the blue channel, a combination of F606W and F814W in the
green channel, and the full WFC3/IR stack (F105W + F110W + F125W + F140W
+ F160W) shown in the red channel. The right panel shows a hybrid F110W /color
image, with the F110W image shown in pixels with flux below 0.05 e~ sec™! ~ 3.4
nJy, while pixels above that threshold show the same color image as in the left panel.
The arc contains seven total clump features labeled in blue in the right panel, with
multiple images identified by the letters a/b/c. The lensing critical curve is shown in
red, broken where it crosses the arc for clarity. One lower-redshift interloper appears
along the arc, and is circled in green. This arc also contains an extremely magnified
star, highlighted with a red star, which is discussed in detail in Welch er al. 2022. Each
of the seven lensed clumps have measured radii less than 10 parsecs, providing a
detailed look into the substructure of this galaxy.
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J0615-5746 (hearafter SPT0615-57). The lensed arc is dubbed SPT0615-]D1,
and it consists of a total of 5 clumps labeled in Figure 4.3. The cluster was dis-
covered independently by the South Pole Telescope survey (SPT; Williamson
et al. 2011) and the Planck Collaboration et al., 2011, and it was determined
to have a high mass (Msg9 = 7 x 10'*Mg) and high redshift (z = 0.972).
SPT0615-57 was followed up with additional HST imaging (GO 15920, P.I.
Salmon), which obtained an additional one orbit each in F105W and F125W,
and two orbits each in F140W and F160W. Because of the promising z ~ 10 arc
in this field, this cluster received additional Spitzer observations, for a total of

30 hours of exposure time in each of the IRAC bands (3.6um and 4.5um).

The galaxy cluster MACS J0308+2645 (henceforth MACS0308) was pre-
sented as part of the Massive Cluster Survey (MACS; Ebeling, Edge, and Henry
2001). It is at redshift z = 0.356 and has an SZ mass of Msqy = 10.8 x 10"*M),
making it the 12th most massive cluster in the Planck PSZ2 cluster catalog
(Planck Collaboration et al., 2016). This cluster lenses an exceptionally bright
galaxy dubbed MACS0308-904, which is the brightest lensed arc in the RELICS
sample with an AB magnitude of 23.4 in the F160W filter (Salmon et al., 2020).
This arc is shown in Figure 4.2, which identifies the brightest clump (1.1)
as well as an additional faint clump further along the arc (1.2). The cluster

MACS0308 was observed for a total of 5 hours in each Spitzer IRAC band.

WHL0137-08 was discovered in SDSS imaging as an overdensity of red
galaxies by Wen, Han, and Liu, 2012, and its redshift was subsequently
confirmed at z = 0.566 by Wen and Han, 2015. This cluster was ranked

as the 31st most massive cluster in the Planck PSZ2 catalog with a mass
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Figure 4.2: The lensed arc MACS0308-zD1 at z,o; = 6.3 + 0.1 is the brightest known
lensed galaxy at z > 6. As in Figure 4.1, the left panel shows an HST color composite,
where the blue channel shows F435W, green is F606W + F814W, and red is the
WEFC3/IR stack of F105W + F125W + F140W + F160W. The right panel shows the
hybrid F105W/color image, with a transition threshold of 0.05 e~ sec™! ~ 7.6 n]y,
similar to Figure 4.1. The clump structures input into our forward model are labeled
in blue in the right panel. The brightest clump at the head of the arc (labeled 1.1) has
an observed AB magnitude of ~ 23. The arc contains at least one other clump (1.2)
located near the center of the arc. Additional substructures may appear with deeper
follow-up imaging.
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of Mspp = 9 x 10"M. Salmon et al., 2020 discovered at 15" long arc at
Zphot = 6.2 lensed by this cluster and dubbed it the Sunrise Arc, prompting
follow-up observations with HST (GO 15842, P.I. Coe). These follow-up im-
ages included 5 additional orbits of ACS F814W imaging, and two orbits each
of ACS F475W and WFC3/IR F110W imaging. These follow up images are
presented in detail in Welch et al. 2022. The Sunrise Arc is shown in Figure
4.1, and each of its 7 small clump structures are identified. Additionally, this
arc contains an extremely magnified lensed star presented in Welch et al. 2022.
WHL0137-08 received a total of 7 hours of observations in the IRAC 3.6 ym
band, and 5 hours in the 4.5ym band.

HST photometry for all sources was measured using Source Extractor
v2.19.5 (Bertin and Arnouts, 1996) following the method detailed in Coe
et al.,, 2019. Initial redshifts were measured for all RELICS objects using
BPZ (Benitez, 2000; Coe et al., 2006). Further SED modeling was done for
SPT0615-JD1 in Salmon et al., 2018 and again in Strait et al., 2020 to further
explore its photometric redshift, along with other physical properties. Each
method yields a z ~ 10 solution (zu; = 9.970% for Salmon et al. 2018, and
Zphot = 10.2:1):% for Strait et al. 2020). We assume a redshift of z = 9.9 for
relevant calculations in this analysis. Spitzer flux measurements are detailed
in Strait et al., 2020; Strait et al., 2021. While Strait et al., 2021 performed many
SED fits to high-redshift RELICS galaxies, that paper did not fit the Sunrise

Arc or MACS0308-zD1 due to poor constraints on IR fluxes from Spitzer data.
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Figure 4.3: The ~ 2.5” long arc SPT0615-JD is the most distant resolved arc observed
so far, with multiple photometric redshift estimates putting it solidly at z ~ 10. The
left panel shows a color composite from HST data, as in previous figures. The right
panel shows the F160W band, with each substructure circled and labeled in blue. We
identify a total of five clump features within this arc, labeled 1.1 thru 1.5. Clumps
1.1 and 1.5, as well as clumps 1.2 and 1.4, appear blended in our HST images, due to
their proximity and resolution limits. Future observations with the higher-resolution
JWST will better resolve these structures.

4.3 Lens Models

Proper interpretation of gravitationally lensed galaxies relies on accurate
models of the lensing clusters. For our present analysis, we utilize published
lens models for each lensing cluster, made using the Lenstool (Jullo et al., 2007;
Jullo and Kneib, 2009) and Light-Traces-Mass (LTM; Broadhurst et al. 2005;

Zitrin et al. 2009; Zitrin et al. 2015) lens modeling softwares.

4.3.1 WHLO0137

WHLO0137 has a total of five published lens models made using four different
lens modeling tools: Lenstool, LTM, Glafic (Oguri, 2010) and WSLAP+ (Diego
et al., 2005; Diego et al., 2007), the details of which can be found in Welch
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et al. 2022. For the present analysis, we focus on the LTM model which
produces the most accurate reproduction of the full length of the Sunrise
Arc. While all models produce a reasonably faithful reproduction of the arc,
only LTM simultaneously matches the positions and relative brightnesses
of all components. Notably, the Lenstool and Glafic models produce much
higher magnifications for clump 1.1b than for clump 1.1a, inconsistent with
the observed relative fluxes which are consistent within 1o uncertainties in
each WFC3/1IR band. The lens models for WHL0137 are constrained by two
photometrically identified multiple image systems: the Sunrise arc at z ~ 6.2

as well as a triply-imaged z ~ 3 galaxy.

The LTM model predicts magnifications of u ~ 60 — 250 for individual
clumps along the arc. The rapidly changing magnification in the vicinity
of lensing critical curves is the cause of this wide range of magnification
predictions, and makes setting a fiducial value of magnification for the full arc
difficult. Where necessary, we adopt a total magnification of u = 300 for the
full arc (inclusive of all three multiple images) and a magnification of y = 150

for the most highly stretched central image.

4.3.2 MACS0308

MACS0308 was modeled by Acebron et al., 2018 using the LTM software.
The lens model is constrained by three multiple image systems, each photo-
metrically measured at z ~ 2 — 3. The bright lensed arc MACS0308-904 is
not included as a constraint in the lens modeling due to uncertainties in the

validity of its predicted counterimages. Future spectroscopic observations are
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needed to confirm these counterimages.

This lens model predicts a lensing magnification of y ~ 20 for the bright
z ~ 6 arc. We adopt u = 20 as our fiducial magnification for analysis of
this arc, however given its extended morphology that magnification will
change across the length of the arc. Particularly, magnification decreases to the
southeast of the brightest clump, meaning the fainter tail of the arc is at lower
magnification than the bright clump. While the brightest clump is magnified
by a factor 22, the furthest tail of the arc is only magnified by a factor 15. Its

potential counterimage has a model predicted magnification of u ~ 2.

4.3.3 SPTO0615

The lens model for SPT0615 was presented in Paterno-Mahler et al., 2018 and
utilizes the Lenstool modeling software. This model is constrained by three
multiple image families, two of which include spectroscopic redshifts. This
lens model predicts a magnification for SPT0615-JD1 of u ~ 4 — 7, varying
along the length of the arc. We adopt a conservative fiducial magnification for
the full arc of 4 = 5 where necessary. The lens model of Paterno-Mahler et al.,
2018 predicts that two additional multiple images of SPT0615-JD1 should be

visible. These multiple images have yet to be identified in the HST imaging.

4.4 Clump Modelling

Gravitational lensing can provide a significant boost in resolution, allowing us
to probe much smaller physical scales than would be possible in field galaxies.

In order to derive the greatest benefit from this increase in resolution, we use a
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Figure 4.4: Forward model fitting allows detailed study of the substructure of lensed
galaxies. Here we show HST images of our lensed arcs (left) along with forward
model image plane reconstructions of each arc (left middle). The weighted residuals,
calculated by subtracting the model from the data and dividing by pixel-level uncer-
tainty, are shown in the middle right column. The residuals are consistent with noise
in each fit, indicating that our forward model is successfully capturing the full arc
in each case. The source plane models for each galaxy are shown in the right-hand
column. In the top row, the caustic curves are shown in red.

forward modeling technique similar to that described in Johnson et al., 2017b.

In this section, we describe the forward modeling code, as well as the
star formation rate estimate we make using its outputs. We then detail the

modeling decisions made for each arc individually.

44.1 Forward Model

The forward model begins with the creation of a source plane model. This
model includes a number of predefined clump structures, along with a larger
background structure to represent the diffuse light of the host galaxy. For this

analysis, we model each structure with a two-dimensional Gaussian profile,
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following Johnson et al., 2017b. Many of the substructures examined here are
unresolved or barely resolved, so the simpler Gaussian profile proves sufficient
for their characterization. One additional parameter that does noticeably
improve the fitting result is the inclusion of ellipticity in the Gaussian profile.
In particular for the larger galaxy structure, the elliptical Gaussian is used to

best match the shape of the source plane galaxy.

Once a source plane model has been defined, we can create an image plane
reconstruction using the lens model deflection maps. This image plane model
can then be convolved with an estimated instrument PSF to match the actual
HST data. We estimate the PSF using stars observed within our observations.
We create a PSF convolution kernel by averaging several stars to account for
variations in subpixel position variations. We intentionally avoid particularly
bright stars when generating the PSF kernel, as the diffraction spikes around
bright stars would overwhelm the instrument PSF and introduce unnecessary

noise in our model.

To determine the best model parameters, we perform an initial parameter
optimization using a downhill simplex algorithm (using Scipy minimize). This
optimization provides an estimate of the parameter values, but no estimate of
the variance of each parameter. We therefore next use an MCMC to probe the
range of possible solutions and estimate the variance on each model parameter.
The MCMC is done using the python package emcee (Foreman-Mackey et al.,
2013).

Before fitting, we set flat priors on the amplitude, width, and ellipticity

(where necessary) of each Gaussian. The primary function of the priors is
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to prevent unphysical solutions. For example, in the case of unresolved
structures, the code can produce arbitrarily small point sources that still
reproduce the unresolved image. To prevent this behavior, we set a lower
limit on the Gaussian width based on the magnification and resolution of the
HST images. This cutoff improves our estimates of the upper limits on the

radii of unresolved objects.

4.4.2 Star Formation Rate Calculation

The forward model provides a pathway to measure star formation rates for
clumps via their UV luminosity. This is particularly useful for faint clumps
for which SED fitting does not produce well-constrained results.

We first use the output of the forward model to calculate the delensed flux

density from each clump by integrating over the clump profile. In the case of

a Gaussian profile, the flux can be calculated as
F =2mAoyoy 4.1)

where A is the Gaussian amplitude, and Oy, are the width in either direction.
For symmetric Gaussian profiles, 0y = 0,. We then divide this integrated
flux by a factor (1 + z) to correct for bandwidth compression. From here, we
calculate SFRs for each clump using the far-UV luminosity — SFR conversion

from Madau and Dickinson, 2014a, namely

SFR = 1.15 x 10~ %L, (4.2)
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where SFR is in units of M, yr~! and L, is in units of ergs s~ Hz!. This rela-
tion assumes a Salpeter IMF, however Madau and Dickinson, 2014a calculate
a conversion to Chabrier or Kroupa IMFs can be made by multiplying by a

factor ~ 2/3.

Calculating SFR from UV light can be significantly impacted by any
amount of dust absorption. For these calculations, we assume no dust absorp-
tion. SED fitting of each galaxy yields fairly low dust attenuation Ay < 0.1
mag, indicating that this assumption is reasonable. Future observations with
JWST can improve these estimates by accurately measuring and correcting for

the effects of dust absorption.

4.4.3 Individual Arc Modeling

4.4.3.1 Swunrise Arc

The Sunrise Arc consists of three multiple images crossing the lensing critical
curve in two places. The central image has the highest overall magnification
as it runs roughly parallel to the critical curve. Thus, we use this central
image for our forward modeling. This arc is best detected in the deep F110W

imaging, so we use this band in our forward model fitting.

We identify a total of seven clump structures within this arc segment,
labeled 1.1 through 1.7 (see Figure 4.1). Each clump appears unresolved in the
WEFC3/IR imaging, showing no deviation from a PSF-like point source when
examined independent of the background arc. Thus our radius constraints are
upper limits only. The arc contains a measurable diffuse component, which we

model as a symmetric Gaussian. The high lensing shear in this region means
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that any asymmetry is lost, so the symmetric Gaussian profile is sufficient and

reduces the total number of parameters needed for the model.

The length of the arc, coupled with the crowded field in which it is located,
lead us to cut out a rectangular region around the arc for fitting purposes.
This region removes contamination from nearby cluster galaxies, which can
overwhelm the fitting code and produce poor results. We also choose to
cut out the lower-redshift interloper that appears at the southeast end of the
central image of the arc (see Fig. 4.1). This interloper would bias the size and
brightness measurements for clump 7, causing it to favor a larger and brighter

model.

The resulting best fit for this arc produces a residual that is consistent with

background noise (Figure 4.4).
4.4.3.2 MACS0308-zD1

We identify two clump features in MACS0308-zD1, the bright clump at the
head of the arc as well as a small clump in the middle of the diffuse tail. We
note that the tail exhibits hints of additional clump structures, however the rel-
atively shallow HST imaging prevents reliable detections and reconstructions
of these features. Attempts to fit these structures with our modeling code
resulted in null fits, wherein the best fit was a clump too faint to appear in the
image. Future deeper imaging with HST or JWST will likely reveal additional

structure in the tail of this arc.

We model the diffuse tail as an asymmetric Gaussian. Due to the faintness

of the tail, the diffuse component has high uncertainties compared to the
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better-constrained clumps.

We note that the bright clump at the head of the arc appears to have
additional structure beyond the Gaussian we use for fitting, particularly a
protrusion off the north edge of the clump. We did attempt to model this
protrusion, however we found it to be highly degenerate with the main clump,
leading to increased uncertainties on both clump parameters without a no-
ticeable decrease in residuals. We thus choose to only include one component
to describe the bright clump, however future work may include additional

detail in this object.
4.4.3.3 SPT0615-JD1

We identify a total of five clump structures within the SPT0615-JD1 arc using
the WFC3/IR F160W image. The arc includes three clear features, however
the brightest two of these three features appear asymmetrically bright in the
HST images. We thus determine that these asymmetric clumps are likely
blended images of multiple smaller structures. Previous studies of highly
lensed galaxies have found that many small clumps will appear as such
asymmetric larger structures when simulated at lower lensing magnification,
supporting our determination to model the arc as multiple smaller clumps
(Rigby et al., 2017). Including the two additional clumps to describe this arc
does introduce some degeneracy between clumps, increasing uncertainties
in clump properties. However, the inclusion of these additional structures
leads to noticeable improvement in the residuals, indicating that the added

complexity and degeneracy does improve the final fit.
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Filter Sunrise Arc  MACS0308-zD1 MACS-1.1 SPT0615-]D1
Flux (n]y) Flux (n]y) Flux (nJy)  Flux (n]y)

F435W —69 + 56 184 + 64 88 + 50 —27+£20

F475W 16 +27

F606W —514+33 —19+34 —44 + 27 32+12

F814W 312+ 21 426 + 50 325+ 39 —13+10

F105W 1321 +£74 2250 + 61 1740 £ 49 21+16

F110W 1187 £21

F125W 1351 137 2483 + 104 1901 £+ 81 70+ 15

F140W 1197 + 109 2116 + 83 1625 + 65 233 £ 10

F160W 1088 + 74 2102 + 56 1646 + 45 352 +13
IRAC Ch.1 29+9
IRAC Ch.2 50+ 15

Table 4.1: Photometry from HST and Spitzer for each arc and the bright clump of
MACS0308-zD1 used for SED fitting.

There is a diffuse component to this arc, however it is very faint. We in-
cluded this in our model, however it is poorly constrained due to its faintness.
Deeper imaging of this galaxy with either HST of JWST will better measure

the full extent of the arc and allow for an improved model of its structure.

4.5 SED Fitting

To better understand the properties of the arcs presented here, we perform
SED fitting based on available HST and Spitzer photometry. We use the
SED fitting code BAGPIPES (Carnall et al., 2018) to fit our photometric data,
leaving redshift as a free parameter. Because each of these objects has a solid
photometric redshift estimate in place, we set redshift range in our fitting of
4 < z < 15. Previous works (Welch et al. 2022; Strait et al. 2020; Salmon et al.
2018) have investigated and ruled out lower redshift solutions, justifying our

restricted redshift range.
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Figure 4.5: SED fits for each galaxy considered are shown. We additionally show the
SED fit to the bright clump of MACS0308-zD1 independently in the lower right panel.
With current data, the SER for each full galaxy can be fairly well constrained. Parame-
ters such as age require additional wavelength coverage to yield strong constraints.
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We use the BAGPIPES default stellar population models from Bruzual
and Charlot, 2003, coupled with nebular reprocessing implemented by the
photoionization code CLOUDY (Ferland et al., 2017). We model each galaxy

with an exponential star formation history of the form SFR o e~#/7

,allowing T
to vary from 100 Myr to 10 Gyr. Metallicity is allowed to vary from 0 to 2.5Z,
while stellar mass is left with a wide parameter space of 1 < log(M../Mg) <
15. Age is varied from 1 Myr to the age of the universe, and ionization
parameter is varied over the range —4 < log(U) < —2. Dust extinction is
implemented using the Calzetti et al., 2000 law with Ay < 3, and we assume

that dust extinction is twice as high around HII regions in the first 10 Myr of

their lifetimes.

Each of these lensed arcs was detected as a series of multiple source seg-
ments in Source Extractor, so to perform SED fitting of the full arcs we sum the
flux from these segments, as well as summing the uncertainties in quadrature.
To estimate the intrinsic (delensed) properties of each galaxy, we divide by a
fiducial magnification for each arc. The fiducial magnifications are discussed
in Section 4.3. The actual magnifications will vary across the length of each
arc. For MACS0308-zD1 and SPT0615-]D1, the changes are moderate from one
end of the arc to the other, varying from y = 15 — 22 for MACS0308-zD1, and
from p = 5 — 6 for SPT0615-JD1. For the Sunrise Arc, the proximity of the arc
to the critical curve creates significant differences in magnification from one
end to the other. Particularly, for the central image used in forward modeling,
the magnification varies from over 200 near the ends of the image to around

60 in the center. Adopting a total magnification for this central image based on
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the average magnification of clumps within the arc (giving our fiducial mag-
nification of 150) attempts to correct for this effect. However the magnitude of
the differential magnification in this arc leads to some discrepancies between
the forward model results and the full arc results, explaining the difference

seen in Table 4.2.

To get physical parameter estimates for each clump, we scale SED fitting
results from the full arc down based on flux ratios. For example, if a clump pro-
vides 10% of the flux of a given arc, the resulting clump SFR and stellar mass
will be 10% of the total. We did attempt to fit clumps individually, however we
were only able to get a reliable fit for the bright clump of MACS0308-zD. The
clumps of the Sunrise Arc, as well as the fainter clump of MACS0308-zD, were
too faint to effectively constrain physical parameter values. While the code
produced output values for each, fractional uncertainties reached near 100%.
Additionally, the z ~ 10 arc SPT0615-JD cannot effectively constrain physical
parameters (besides redshift) with HST data alone, and Spitzer fluxes could
not be reliably extracted for each individual clump. Future, deeper observa-
tions with HST of JWST will enable more detailed study of each individual

substructure in these galaxies.

4.6 Results
4.6.1 Forward Model Radii and SFRs

Our forward modeling analysis produces direct constraints on clump radii in
the source plane, which are presented in Table 4.2. For the Sunrise Arc, each

clump appears unresolved in the image plane (PSF-like), so we can only set
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Figure 4.6: Star formation rates and radii of galaxy substructures from this work
(plotted as squares with error bars) and Vanzella et al., 2021 (plotted as hexagons).
Additionally, full galaxies from GOODS-S are shown as (plotted as circles, Vanzella
et al., 2009; Giavalisco et al., 2004). The clumps presented here probe the smallest
physical scales yet examined at z > 6 and z ~ 10. Additionally, many of the clumps
have particularly high star formation rates given their sizes. These properties are
similar to what is seen in local young massive star clusters.
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upper limits on their sizes. The upper limits indicate that these are some of
the most compact structures thus far observed at z ~ 6, as most have 68%
confidence radius limits less than 5 pc, and 95% confidence limits less than 10
pc. Previously, Vanzella et al., 2019 reported a cluster with upper limit r < 13
pc, meanwhile smaller clumps at scales of a few parsecs have been found in
low-redshift galaxies (Portegies Zwart, McMillan, and Gieles, 2010). Radii
for clumps in the other arcs are not so compact, they are at scales of a few
tens of parsecs each. These galaxies are not as highly magnified, meaning
they may host smaller star clusters but those structures cannot be resolved
with HST imaging. In particular, the z ~ 10 arc SPT0615-JD1 may include
more, smaller clump structures which are blended together to form the larger
clumps measured. Future higher resolution imaging, for example with JWST,

would better resolve these clumps and improve constraints on their radii.

Our forward model provides a useful estimate of star formation rates for
each clump based on best-fit intrinsic UV brightness. The SFRs for each clump
are listed in Table 4.2, along with their intrinsic UV absolute magnitudes.
The SFR is shown plotted against clump radius in Figure 4.6, along with a
selection of clumps and full galaxies from previous literature, representing
typical high-redshift galaxies in both lensed and blank fields (Vanzella et al.,
2020; Vanzella et al., 2009; Giavalisco et al., 2004). The clumps presented here
stand out as some of the smallest clumps known at high redshift, as well as
having the highest star formation rates for their size. From the combination of
SFR and clump radius, we can calculate the surface density of star formation

for each clump as Zspr = (0.68 * SFR) / (77%), where the factor 0.68 accounts
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for the fact that the radius is given by the ¢ of a Gaussian profile, yet the full
profile integrated to infinity is used to calculate the SFR. From this calculation,
we see that the Xgrg is highest in the bright clump of MACS0308-zD1.1,
followed by the brightest clump of the Sunrise Arc (1.1). Each of these show
SFR densities greater than 1000 M, yr~! kpc ™2, notably higher than other
clumps analyzed here, indicating that these are particularly dense star forming
systems. The remainder of the clumps have SFR densities of order a few
hundred M yr_1 kpcfz. It is worth noting that the values of Xgrg for the
Sunrise Arc clumps are best interpreted as lower limits, as the clumps are
unresolved in HST imaging. If the true radii of these clumps turn out to be
smaller than the constraints presented here, they will in turn show higher SFR

surface densities.

4.6.2 BAGPIPES Results

We can further assess physical parameters of these galaxies using SED fits. We
tit the combined flux of each arc using BAGPIPES, and the resulting parame-
ters are presented in Table 4.3. We attempted to fit each clump individually,
however this only worked for MACS0308-zD 1.1, as it is a very bright object.
The rest of the clumps proved too faint to yield reliable results from SED
titting.

The SED fitting provides estimates of stellar mass, which the forward
modeling cannot. The mass measurement for MACS0308-zD1.1 suggests this
clump is particularly dense, with a high stellar mass packed into a small

region. Using the combination of stellar mass and radius, we can calculate

129



a crossing time for each clump following Equation 1 of Gieles and Portegies
Zwart, 2011. These results are also shown in Table 4.3. The crossing time for
MACS0308-zD1.1 is less than 1 Myr, potentially indicating that they could
be gravitationally bound as its age is likely greater than 1 Myr at z ~ 6.
However, this is speculation until proper ages can be measured with JWST.
Stellar population ages are poorly constrained with only the rest-frame UV
available to constrain our SED fits. We do report best-fit ages for each galaxy,
however we note that the uncertainties on these values are large given the

limited wavelength coverage of our current observations.

4.7 Discussion
4.71 Compact Star Formation at High-z

The star forming clumps presented in this paper are notably compact, partic-
ularly within the Sunrise Arc. These clumps each have upper limit radii of
below 12 pc, which makes them the smallest limits on clump sizes thus far
observed at z > 6, smaller than the previous record of r < 13 pc presented
in Vanzella et al., 2019. These small radii put the clumps of the Sunrise Arc
squarely in the regime of Young Massive Clusters (YMCs), which have been
measured with radii as small as ~ 1 pc (Portegies Zwart, McMillan, and
Gieles, 2010; Ryon et al., 2017). YMCs in turn are thought to be precursors to
globular clusters (e.g., Terlevich et al., 2018), however there is some debate
on this topic as local YMCs have not been found to contain multiple stellar
populations indicative of globular clusters (Bastian and Lardo, 2018). Either

way, the presence of seven highly magnified YMCs in a galaxy at z > 6 present
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Clump  Magnif. Radius Muyvy SFR 2'SFR
2 pc Mo yr™' Mg yr! kpe

WHL* —16.95+0.03 0.287 £ 0.007

11 2154+40 <3.0(31) -145+0.1 0.029 +0.003 753 +13

1.2 97+9  <43(53) —141+03 0.021+0.005 280 = 30

1.3 636  <55(84) —141404 0.0210.008 200 = 50

14 79+8  <5.6(96) —145+03  0.03£0.008 240 + 80

15  160+£30 <1.8(24) —124404 0.005 =+ 0.002 380 + 50

1.6 180£50 <55(11.6) —129+05 0.007 = 0.003 80 & 30

17  250+£160 <3.1(3.8) —13.140.3 0.008 - 0.002 210 + 40
Diffuse 204+26  —173£0.1  0.41+£0.04 20404
MACS —2055+£003 79+£02

1.1 22 26+2  —19514£0.05 3.05+0.13 1000" 139

1.2 16 20+£9 ~16.7 £ 0.6 02+0.1 110720
Diffuse 900"370° —19.3193

SPT —20.73+£0.03 9.35+0.34

1.1 5.1 6546 ~19.0£0.2 19403 10212,

1.2 5.4 40 +7 ~183+0.3 1.04+03 13111

1.3 5.5 2346 ~17.7 £0.6 0.640.3 23278

14 5.3 73423 —18.6+03 13403 5877,

1.5 5.0 30 +6 ~18.0+0.4 0.8+03 19870
Diffuse 4501790 —18.04+04

Table 4.2: Forward model results are presented for each clump, as well as the diffuse
background arc where applicable. Arc names are abbreviated: WHL is WHL0137-zD1,
MACS is MACS0308-zD1, and SPT is SPT0615-]D1. For the Sunrise Arc, radius upper
limits are quoted at the 68% (95%) confidence interval. All other uncertainties are
quoted at the 10 level. SFR presented in this table is calculated from the delensed UV
luminosity, as discussed in the text. Quantities presented here were derived assuming

a fixed lens model magnification.

* Quantities for the Sunrise Arc are shown for the central lensed image only, for
consistency with forward modeling results.
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Clump Flux Fraction SFR log(M.) Age

nJy Mg yr~!  Myr
Sunrise Arc* 626 £+ 15 027011 79702 400739
MACS0308-zD 2250 + 60 63755 92752 370755
1.1 1740 + 50 49132 91192 350730
SPT0615-JD1 352+ 13 4977 86=+03 701

Table 4.3: SED fitting results for each arc are shown, along with quantities inferred
for each clump. SFR and stellar mass are scaled based on relative fluxes, which are
shown for the bandpass used in forward model fitting (F110W, F105W, and F160W
respectively for the Sunrise Arc, MACS0308-zD, and SPT0615-]D). As in Table 4.2,
values for the Sunrise Arc are shown for the central image only for ease of comparison
with forward model results.

* Quantities for the Sunrise Arc are shown for the central lensed image only, for
consistency with forward modeling results.

a great opportunity to study high redshift star clusters in detail with future

JWST observations.

The star clusters measured in MACS0308-zD and SPT0615-]JD1 are some-
what larger than those in the Sunrise Arc, with radii measuring tens of parsecs.
This puts these clumps on the larger end of the YMC scale based solely on
radius (Portegies Zwart, McMillan, and Gieles, 2010). It is worth noting that
the clumps in SPT0615-JD1 may intrinsically be smaller than what is measured
here. This arc is at a lower magnification (¢ ~ 5) than the other two, and its
morphology shows fewer clearly distinguished features. This is indicative of
multiple smaller clumps blending together to form the structures we observe
(asine.g., Rigby et al., 2017). We attempt to model this blending using multi-
ple smaller structures to model the clumps in this arc, but ultimately higher

resolution imaging will be needed to better constrain the clump sizes.

Our forward modeling provides a measure of intrinsic luminosity, which
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can be used to calculate SFR via the scaling relation in Madau and Dickin-
son, 2014b. The resulting SFRs are rather high for each clump given their
radii, indicating that these clumps host intense star formation. To quantify
this, we calculate the SFR surface density (SFRSD) using the measured ra-
dius and SFR, finding generally high SFRSDs in each clump. In particular,
clump 1.1 of MACS0308-zD has Xsrr = 103 M, yr‘1 kpc_z, nearing the upper
edge of the Kennicutt-Schmidt relation (Kennicutt, 1998), and the regime of
maximal Eddington-limited star formation rate calculated by Crocker et al.,
2018. The clumps of the Sunrise Arc generally have SFRSDs of a few hundred
Mg yr_1 kpc_z, which is still quite high. Clump 1.1 in the Sunrise Arc in
particular has Xgrg = 750, similar to that measured for the clump D1(core)
discussed in Vanzella et al., 2019. These SFRSDs are also consistent with dense
star clusters observed locally (e.g., Adamo et al., 2017; Ryon et al., 2017). We
note however that the L;;y —SFR relation of Madau and Dickinson, 2014b may
break down for the clumps of the Sunrise Arc. These clumps show particularly
low SFRs, which means that stochastic star formation effects become a greater
source of uncertainty, resulting in larger scatter in the Li;y —SFR relation (da
Silva, Fumagalli, and Krumholz, 2012; da Silva, Fumagalli, and Krumholz,
2014; Vikaeus, Zackrisson, and Binggeli, 2020).

One particularly interesting question for these YMCs in the early universe
is whether they remain bound, going on to form globular clusters, or if they
disperse either through tidal disruption or stellar feedback. Simulations
of larger (100-1000 pc) clumps in galaxies at z ~ 2 have found that these

structures tend to be disrupted either by stellar feedback or gravitational
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interactions within a few hundred Myr at most (Oklop¢i¢ et al., 2017; Meng
and Gnedin, 2020). However, other simulations have found that more massive
gravitationally bound clumps can survive long-term, forming bound globular
clusters (Mandelker et al., 2017). The best way to determine if a cluster is
bound is to compare its crossing time f.s to its age. The ratio of these
quantities can provide a useful metric for the boundedness of star clusters, as
if a cluster has survived for many crossing times, it is likely gravitationally
bound. (Gieles and Portegies Zwart, 2011; Bastian et al., 2012). Our current
data can only provide an estimate of the crossing time for the brightest clump
in MACS0308-zD1, which has a crossing time of 0.6J_r8:g Myr. Other clumps
are too faint to get individual SED fits, meaning that we cannot estimate
their stellar masses and ages. We also note that our SED fits are constrained
by the limited IR wavelength coverage of HST, which leaves considerable
uncertainty on the galaxy and clump ages. Despite this limitation, we find that
MACS0308-zD1 has a crossing time less than 1 Myr, potentially suggesting it
may turn out to be gravitationally bound. This short crossing time is due to

both the small radius and the fairly high inferred stellar mass of this clump.

4.8 Conclusions

We present observations of three superlative arcs from the RELICS survey.
These include the longest z ~ 6 arc (Sunrise), the brightest z ~ 6 arc (MACS0308-
zD1), and the most distant resolved arc at z ~ 10 (SPT0615-]D1). Each of these
arcs shows clear substructure on scales ranging from tens of parsecs down to a

few parsecs. Most of the clumps are likely YMCs, and they all exhibit high star
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formation rates compared to their small sizes. Future observations with JWST
will provide greater detail on the inner workings of these superlative lensed
galaxies, including determinations of clump ages which in turn determine
whether or not a clump is gravitationally bound. In particular, an accepted
JWST Cycle 1 program (GO-2282) will obtain spectra of many star clusters
within the Sunrise Arc, allowing more accurate measures of star formation
rates and ages. Beyond that, these observations will measure metallicities,
and could constrain ionization parameters for each star cluster. Together,
these observations will better constrain the formation and environment within
this z ~ 6 galaxy. Similar spectroscopic observations of the other galaxies
mentioned herein will be similarly beneficial, providing better constraints on
all parameters presented here as well as new measurements of other physical
parameters. These galaxies will be excellent targets for future observations

with JWST as well as other observatories.
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Chapter 5

Conclusions and Future Prospects

The work presented herein represents a collection of studies over a broad
range of physical scales and times through the evolution of the universe.
However, they all seek to answer related questions on the evolution of star
formation and the production of ultraviolet photons across cosmic time. I
will thus conclude with a summary of the key points of each chapter, and
place each into its broader context related to the evolution of star formation
and the contribution of various sources to the production of ultraviolet and
ionizing photons. Finally, I will discuss ways that future research can continue

to examine these topics.

5.1 Star Formation

In the nearby universe, we can examine galaxies on many scales, from the
kiloparsec scales of the full galaxy down to individual stars within the Milky
Way and our nearest neighbors. In order to establish a complete understanding

of the structure of distant galaxies, we need a way to study them across
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similarly diverse scales. My research has sought to do just that, examining
the smallest visible objects in a collection of distant galaxies. In reaching such
small scales, we can more directly compare the ways in which stars are formed

in local and distant galaxies.

Generally, distant galaxies appear too small to resolve their smallest sub-
structures. However, massive foreground gravitational lenses can magnify
some distant galaxies, enabling detection of these small scale features that
would otherwise be missed. I studied three gravitationally lensed galaxies
in the distant universe, at redshifts of 6 < z < 10. I found that these highly
magnified galaxies contain substructures ranging from a few tens of parsecs
down to less than three parsecs. These sizes are similar to the smallest star
clusters in the local universe (Portegies Zwart, McMillan, and Gieles, 2010),
which allows direct comparison between these objects at high redshift and in
nearby galaxies. In particular, we evaluated the star formation rates (SFRs) of
the clumps in these lensed galaxies and compared to what we find in nearby
and low-redshift galaxies. We found that star formation rates may be slightly
elevated in our distant galaxy sample compared to similar sized star clusters
in low-redshift and local galaxies. However, additional data will be needed
to conclusively determine whether the SFRs in these distant star clusters is
significantly above that of similarly sized local star clusters. Additionally, we
find that the surface density of star formation in our distant star clusters is
generally consistent with the densest local star clusters, potentially indicating
that these objects are on par with the high-SFR end of local star clusters. Ele-

vated SFRs for a given size of star cluster would imply that star formation is
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more efficient and intense in the distant universe.

On even smaller scales, within the Milky Way and its nearest neighbors we
can study individual stars. Generally in distant galaxies, this is not possible,
as the light from many stars blends together. However, in certain cases,
gravitational lensing can reveal individual stars in distant galaxies. Previously,
this included galaxies at z ~ 1 — 1.5 (Kelly et al., 2018; Rodney et al., 2018;
Chen et al., 2019; Kaurov et al., 2019). Within one of the lensed galaxies in
my high redshift sample, I found a lensed star at z ~ 6. This object allows
for detailed study of the composition of a star in a time when the universe
looked very different. As previously mentioned, distant galaxies appear to be
forming stars more efficiently than nearby galaxies. It is also suggested that
these distant galaxies may include a greater number of massive stars than local
galaxies, possibly due to a lack of metal enrichment during the early stages of
star formation in the universe. The lensed star presented here is likely massive
(M > 50M), which would be more likely to be found if high-z galaxies form
a larger number of massive stars. However, it is still possible that this massive
star could be observed with a stellar population similar to that of the Milky
Way. Additional lensed stars will be needed at high-redshift to better constrain
this question. The discovery of a lensed star within the first billion years of the
universe presents a unique opportunity to directly compare the composition
of early generations of stars with that of stars formed later in the history of
the universe. Future observations will better constrain the properties of this
star, and compare those with the properties of similarly massive stars in the

local universe. This comparison will inform our understanding of how stars

151



form and evolve in the early universe.

Finally, at much larger scales, we have found that galaxy clusters play an
important role in quenching star formation in galaxies. However, in some
cases, stars can still form within these clusters. Generally, this is observed as
star formation in infalling galaxies, or in cool-core clusters where a reservoir
of cool gas can power star formation in the BCG. In some cases, stars can
still form within the intracluster medium, though this can be hard to detect.
In studying the diffuse UV background around galaxy clusters, I found an
excess of UV emission. This excess could partially be attributed to ongoing
star formation within the intracluster medium. While the study presented
could not conclusively determine if star formation is the primary contributor
to the UV background excess in clusters, it presents a new detection that can

be further explored in future works.

5.2 Ultraviolet Photon Budget

After a period of time where the universe was made up primarily of neutral
hydrogen, that gas was ionized by light from the first stars and galaxies. This
time, known as the Epoch of Reionization, is thought to have begun with
the formation of the first stars (z ~ 30) and reached a peak at z ~ 8 (Planck
Collaboration et al., 2020). Then by z ~ 6, around a billion years after the Big
Bang, the universe is thought to have become mostly ionized. It is generally
thought that starlight from nascent galaxies is the primary contributor to the
ionizing radiation that drove the process of reionization, with other sources

such as active galactic nuclei (AGN) playing a minor role. However, the
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exact mechanism for ionizing photon escape from galaxies remains uncertain.
Studies of small star clusters in gravitationally lensed galaxies at z > 6 can
inform our understanding of how photons travel from the young, massive
stars that create them into the intergalactic medium (IGM), where they drive

the reionization process.

My work studying these distant lensed galaxies at small scales can help to
study the production and escape of ionizing UV photons. While the existing
HST data presented here cannot well constrain these questions, future planned
observations with JWST will be able to provide answers. The work presented
here lays the groundwork for these future observations. With spectra from
JWST, we will be able to estimate the amount of ionizing energy that is escap-
ing from the small star clusters present in these galaxies. These future studies

can improve our understanding of the reionization process.

Additionally, we know that the universe, once ionized, has yet to recom-
bine into a neutral IGM. Similar to the reionization process, the IGM is kept
in an ionized state by UV photons from star forming regions in galaxies and
AGN. However, analysis of the metagalactic UV background light has found
that these sources alone may not account for all of the diffuse UV light visible
in the universe (e.g., Chiang, Ménard, and Schiminovich, 2019). To better un-
derstand the sources responsible for the UV background, I investigated galaxy
clusters as a possible source. I found a notable excess of diffuse UV radiation
in massive galaxy clusters. This excess UV light is likely from low levels of
star formation in the cluster galaxies and intracluster light, or from relativistic

electrons in the intracluster gas which have been accelerated by shocks from
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past merger events. The excess found points to galaxy clusters as a small but

notable contributor to UV background radiation in the low-redshift universe.

5.3 Future Prospects

Perhaps the most exciting direction that this research can go in the future is
utilization of the newly-launched James Webb Space Telescope. JWST will
be able to observe in the infrared, which will open up additional wavelength
coverage in the distant universe. This additional range will allow improved
constraints on star formation rates and ionizing photon production and escape
in these distant galaxies, which will improve our understanding of both
how the earliest galaxies formed and how they contributed to reionization.
Additionally, JWST will be able to spectroscopically study the lensed star at
z ~ 6, better constraining its mass and measuring its temperature. Future
observations could also begin to constrain the composition of the star, enabling
more detailed comparisons with nearby massive stars. Finally, JWST will be
able to detect galaxies out to greater redshifts than previous observatories,
enabling studies of the first galaxies and potentially detections of the first

generation of stars.

I plan to use the wealth of JWST data that will soon be collected to examine
galaxies at small scales across cosmic time. Using gravitational lensing, I
will continue to study the parsec-scale structures in these distant objects,
improving our understanding of the physics governing galaxy formation
and evolution. At the highest redshifts, these studies will also improve our

understanding of the process of reionization. I will also continue to study
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the z ~ 6 lensed star with JWST, obtaining a spectrum and confirming its
properties. I hope to continue searching for distant lensed stars with both HST
and JWST, studying distant stars and comparing them to local stars to better
understand the evolution of stars and star formation across the history of our

universe.

The future with JWST looks bright, and I am excited to take advantage of

this unique observatory in the coming decade.
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