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The chemical diversity of our galaxy is owed to multiple generations of stars that converted
the primordial mixture of hydrogen and helium into ~ 100 elements that make up the periodic
table. The first stars to form after the Big Bang (Population III) were nearly metal-free and are
believed to have been far more massive, luminous and short-lived than their later descendants. It
is therefore expected that none of the Population III stars in the Milky Way survived to present
day and their properties are highly debated. By contrast, the oldest metal-poor (Population IT)
stars that formed during or shortly after the era of Population III dominance may still be found
in the galactic halo. Large numbers of those ancient stars are contained within the Milky Way

globular clusters that are of particular interest to studies of stellar populations due to their coeval
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nature. Recent observations have confirmed that globular clusters undergo complex evolution
and host multiple chemically distinct stellar populations. The physical origin of this unique
feature remains largely unexplained, in part, because detailed composition measurements are only
available for the most massive, spectroscopically accessible members.

In order to study the early chemical evolution of the universe, I developed a method to
extract the fundamental properties of chemically peculiar stellar populations from multiband
photometry. My approach uniquely incorporates the calculation of new evolutionary stellar
models and model atmospheres for every considered chemical composition, thereby capturing
the exact relationships between individual atomic abundances and photometric colors. The
computational efficiency of the fitting process is attained by identifying the components of the
stellar models that are most sensitive to particular elements, and recalculating them only when
the abundances of those elements are updated.

In this dissertation, I describe applications of my modelling framework to the oldest stars
in the universe from the elusive Population III to the ancient members of the nearby globular
clusters m Centauri and 47 Tucanae. I present predicted colors of metal-free stars at high redshift
as they may be observed by the recently launched James Webb Space Telescope (JWST) under
favourable gravitational lensing. These future observations or lack of thereof will provide strict
constraints on the mass function, formation and supernova yields of the first stars. My models
reproduce the entire color distribution of the main sequence stars in the globular cluster 47
Tucanae and provide a theoretical baseline for the ongoing observing campaigns with JWST
that are expected to uncover the substellar cooling sequence of the cluster. The new theoretical
isochrones, tailored to the chemical composition of 47 Tucanae, allow the first detailed analysis
of the variation in chemical abundances with stellar mass, which is essential to determine the

origin of multiple populations in globular clusters.
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Chapter 1

Introduction

1.1 Populations I, II and III

Of the ~ 9000 stars discernible with an unaided eye, fewer than 10% may be described
as “blue” (spectral types < B9, B—V < —0.1); yet, they contribute half of the total luminosity
[ESA, 1997; Reed, 1998]. This fact is not surprising on its own, since bluer stars are hotter and,
in general, more luminous by the Stefan-Boltzmann law. It was, however, unexpected when
the opposite pattern was observed in the Milky Way globular clusters (e.g. M3, M13 and M68,
[ten Bruggencate, 1927]; M92, [Hachenberg, 1939]; M4, [Greenstein, 1939]) with red giants out-

shining the brightest blue stars (presently known to be helium-burning members of the horizontal
branch) by nearly 3 visual magnitudes. The first observations of an equivalent phenomenon in the
nearby dwarf galaxies [Baade, 1944] led Walter Baade to conclude that stars exist in two distinct
populations: the “ordinary” Population I, dominated by blue stars, and the globular cluster-like
Population II, dominated by red stars. Figure 1.1 contains a reproduction of Baade’s original
sketch that illustrates the difference between the two populations in a color-magnitude diagram

(CMD), as well as my recreation of the sketch based on theoretical stellar models (Chapters 2, 3

and 4) and modern photometric measurements [ESA, 1997; Gaia Collaboration et al., 2021].
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Figure 1.1. Top: reproduction of Figure 1 from Baade [1944] that shows the CMD morphology

of field stars (shaded) and globular clusters (hatched). Botfom: modern recreation of the figure
by the author. The CMD of Population I was estimated from Gaia [Gaia Collaboration et al.,

2021] and HIPPARCOS [ESA, 1997] photometry. The CMD of Population II is based on the

Gaia photometry of ® Centauri and 47 Tucanae above the turn-off point, and stellar models from
Chapter 4 below it. The CMD of Population III was derived from the models in Chapter 2.



Baade [1944] also recognized that Population II was not confined to globular clusters and
dwarf satellites, but present throughout the galaxy in the form of high-velocity stars, identified by
Oort [1926] nearly twenty years prior, that were also characterized by the apparent deficit of the
blue spectral types O and B. The nearly uniform absolute magnitude distribution of Population II

stars, followed by an abrupt cut-off at a clearly delineated maximum luminosity, hints at a

period of rapid formation of these objects during the early stages of galactic evolution [Gamow,

The discrepancy in stellar ages alone is insufficient to explain the observed differences
between the two populations. Even before the concept of stellar populations was introduced,
high-velocity stars were known to “cause serious trouble in using the method of spectroscopic

parallaxes” [Morgan et al., 1943] due to their aberrant mass-luminosity relation. A similar

lacked the distinct kinematic properties of Population II stars, suggesting the existence of another
fundamental parameter that differentiates them from Population I stars [Gamow, 1948]. This
parameter is, of course, presently known to be the abundances of elements, directly correlated
with stellar age through the chemical evolution of the galaxy.

The spectroscopic peculiarity of the high-velocity stars Arcturus, 8 Leporis and K Arietis
was first noted by Morgan et al. [1943] in the form of a contradiction between the subdominant
cyanogen (CN) absorption break at 421.6 nm (typically expected in dwarf stars) and the weakened
iron (Fe) absorption line at 407.1 nm (typically expected in giants). Through a thorough exami-

nation of the spectroscopic evidence accumulated over the course of the decade, Schwarzschild




et al. [1951] concluded that Population I and Population II stars were indeed chemically distinct
with the former presenting a somewhat higher metallicity?. A far larger metallicity deficit of up

to an order of magnitude was subsequently identified in globular clusters [Baum, 1952] and field

discrepancy of this magnitude is inconsistent with a simple rearrangement of the primordial gas
in the galaxy, and must be explained in terms of the creation of metals throughout the history of
the Milky Way.

Coincidentally, the metallicity of the most metal-poor stars known at the time ([Fe/H| 2
in the steady-state cosmology [Hoyle, 1954], leading to the initial widespread assumption that

Population II stars were the first stellar generation in the galaxy (e.g., [Schwarzschild and Spitzer,

mainstream expectation that stars with [Fe/H| < —1 must exist in the Milky Way and that the first

generation of stars must have been almost completely metal-free. Aller and Greenstein [1960]

Bond [1970] carried out a dedicated search for extremely metal-poor candidates in the solar
neighbourhood that lowered the metallicity floor further with HD 4306 ([Fe/H] = —2.89, [Honda
et al., 2004]). In recent years, metallicity measurements as low as [Fe/H| < —6 have been made
[Nordlander et al., 2019]; yet, no star has ever been definitively identified as a member of the

original generation.

2Schwarzschild et al. [1951] attributed this observation to preferential accumulation of dust grains at Population I

formation sites, rather than the overall chemical evolution of the galaxy.
3Subdwarfs (discovered by Adams and Joy [1922], historically known as “intermediate white dwarfs” [Adams

et al., 1935]) occupy the region of the CMD between conventional white dwarfs and main sequence stars.



The classic explanation (see the discussion in Chapter 2 for alternative suggestions) for
the lack of observable metal-free stars proceeds as follows. As stars form in molecular clouds, the
initial masses are primarily determined by two factors: the Jeans mass at the time of fragmentation
and the accretion efficiency of the circumstellar material onto the protostar [Bromm et al., 2009].
In metal-rich clouds, the Jeans mass is reduced through efficient radiative cooling by metal atoms
and molecules [Omukai et al., 2005]. Of particular importance are species with low excitation
energies, including C, C* and O due to their low-energy fine-structure lines, and CO due to its
significant dipole moment. In the absence of metals, cooling is severely limited since the ground
states of H and He lack fine-structure splitting, while the quadrupole energy levels of H; are
effectively inaccessible at low temperatures (< 200 K). For this reason, primordial molecular
clouds are expected to collapse into dense cores of order 1000 M, [Schneider et al., 2002], a
significant fraction of which is expected to end up in the forming star, partly due to the lack of
radiation feedback on dust grains that reduces the accretion efficiency in metal-rich environments
[Wolfire and Cassinelli, 1987]. In this somewhat simplistic picture (ignoring stellar feedback,
turbulence, magnetism, multiple star systems, dark matter etc.), the vast majority of the first metal-
free stars are expected to be supermassive, perhaps even exceeding 100 M. The correspondingly
short lifespans (< 5 Myr, [Windhorst et al., 2018]) would then preclude their existence in the
present-day Milky Way.

The stark difference between the properties of these primordial objects and even the most
metal-poor Population II stars warrants the addition of a third population to the traditional two.
The term “Population III”’ was first introduced by Woolf [1965], in reference to the evidence
of pre-Population II processing of helium in globular clusters [Woolf, 1966; Green, 1966; Page,
1966]. This newly added stellar population was believed to occupy the apparent metallicity



from author to author. In many cases, a further distinction is drawn between the first stars in the

to describe the early generations of stars that formed from nearly metal-free gas, such that the
abundance of metals had negligible impact on the star formation process. The term “metal-free”
will be used as synonymous and is to be understood as allowing a small tolerance in metallicity.

While no unambiguous observations of Population III stars have been made, the observable
properties of these elusive objects may be predicted with theoretical stellar modelling. Using the
metal-free evolutionary models and model atmospheres presented in Chapter 2, I was able to mark
the approximate CMD location of Population III candidates in Figure 1.1, thereby completing

Baade’s original diagram with the most recent addition to the classification system.

1.2 Multiple populations in globular clusters

Despite serving as the Population II prototype, nearly all globular clusters exhibit a pattern
of chemical evolution that is distinct from the field Population II stars. This phenomenon is
referred to as the issue of multiple populations, characterized by the apparent division of cluster
members into the primordial population that is chemically similar to the field Population II stars
of equivalent metallicities, and the chemically peculiar enriched population(s). In many cases,
the distribution of element abundances is multi-modal, resulting in the observed discreteness of
sub-populations [Norris, 1987; Norris and Freeman, 1979; Anderson, 1997; Bedin et al., 2004].

The evidence for the presence of multiple populations in globular clusters falls under three

broad categories, illustrated in Figure 1.2 and described below in the historical order of discovery.

1. Spectroscopic evidence of abundance variations was originally discovered [Lindblad,
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Figure 1.2. Top left: Gaia photometry [Gaia Collaboration et al., 2021] (uncorrected for field

contamination) of the horizontal branch stars in the globular clusters M13 and NGC 7006. Despite
the similar metallicities ([Fe/H] = —1.53 and [Fe/H] = —1.52, correspondingly, [Harris, 1996]),

the two clusters have vastly different horizontal branch morphologies, examplifying the second
parameter problem. Top right: Hubble Space Telescope photometry (see Chapter 3) of the main
sequence of the globular cluster ® Centauri. The main sequence exhibits a clear bifurcation
at F814W~ 8. Bottom left: the Na — O anti-correlation in the globular cluster 47 Tucanae, as
revealed by the spectroscopic abundance measurements from Cordero et al. [2014]. Bottom right:

the distribution of spectroscopic abundances of oxygen and titanium in 47 Tucanae based on the
measurements from Cordero et al. [2014].



1922; Popper, 1947] in the form of so-called “cyanogen discrepancy” [Keenan and Keller,
1953], i.e. the apparent variation in the strength of CN absorption among cluster members
with otherwise indistinguishable spectra. Detailed atomic abundances have since been

measured for giant, subgiant and main sequence turn-off stars in the nearby globular clusters

(e.g., [Sneden et al., 1992; Thygesen et al., 2014; Cordero et al., 2014; Marino et al., 2012;

Yong et al., 2008]). In most cases, multiple populations are evident in the anti-correlation
of [C/Fe] and [N/Fe|; and [O/Fe| and [Na/Fe| (Figure 1.2, lower left). The abundances
of heavier elements, on the other hand, do not generally vary from star to star (Figure 1.2,
lower right) with the exception of a few “anomalous clusters” [Gratton, 1982; Johnson and

Pilachowski, 2010; Marino, 2013].

2. Second parameter problem refers to the disparity in horizontal branch morphologies
(Figure 1.2, upper left), exhibited by the CMDs of globular clusters with similar metallicities
[Sandage and Wildey, 1967; van den Bergh, 1967], suggesting that some other parameter
is necessary to classify globular clusters in addition to [Fe/H]. It has been shown that

the color distribution of horizontal branch stars is strongly associated with the abundance

spread of multiple populations [Marino et al., 2011].

3. CMD bifurcation. The advent of high-precision space-based photometry with Hubble
Space Telescope (HST) allowed for the discovery of split main sequences (Figure 1.2, upper
right) in some globular clusters (e.g., [Anderson, 1997; Bedin et al., 2004]), occasionally
extending into later evolutionary stages [Cassisi et al., 2008; Piotto et al., 2012]. Earlier

belong to this category.

It must be noted that the peculiar abundance patterns of the enriched population (e.g., the

Na — O anti-correlation) have not been observed in open clusters [MacLean et al., 2015] and are



et al., 2015]. We may therefore conclude that the chemical evolution of Population II stars is
strongly affected by the scale of the underlying gravitational structure.

Despite many decades of research, the origin of multiple populations remains largely
unknown. A detailed summary of existing evidence and proposed theories may be found in

numerous reviews of the subject [Bastian and Lardo, 2018; Gratton et al., 2004, 2015; Smith,

1987; Gratton et al., 2019; Milone and Marino, 2022; Dotter, 2013]. Here, I only give an executive

summary of the problem in order to provide the necessary context for the later chapters of this
dissertation.

We must first establish whether the observed spread in chemistry can be attributed to
evolutionary effects (the “mixing hypothesis”, [Smith, 1987]), such as convective delivery of

internally processed material to the surface of the star, e.g., by means of meridional circulation

[Sweigart and Mengel, 1979]. Since the original observations were limited to the variations

a narrow range of evolutionary stages, this interpretation was widely accepted early on [Zinn,

1973; Norris and Bessell, 1975; Dickens and Bell, 1976]. However, it is presently known that the

hypothesis is considered to be largely ruled out, although more involved versions of this model
that attempt to explain the abundances of heavier elements exist in the literature (e.g., [Messenger

and Lattanzio, 2002]).

We must also briefly consider the possibility that multiple populations arise from a simple
redistribution of metals in the protostellar molecular cloud, which naturally arises in models
where different types of dust grains display distinct reactions to the gas turbulence. A variant

of this “furbulent separation” mechanism was first invoked to explain the observed differences

between Population I and II stars [Schwarzschild et al., 1951] and may be operating in globular



clusters to some extent [Hopkins, 2014]. However, this theory cannot reproduce the asymmetry

of the lower main sequence, as I will demonstrate in Chapter 4.

The last remaining possibility is the presently mainstream “enrichment hypothesis” [Smith,
1987], where the enriched material is produced in dying stars and released back into the interstellar
medium, analogously to the overall chemical evolution of the Milky Way. The hypothesized

sites of nuclear processing include asymptotic giant branch stars [Cottrell and Da Costa, 1981;

scenarios, the release of the enriched material into the interstellar medium must be in the form
of low-velocity ejecta such as stellar winds. By contrast, the high-velocity ejecta of supernova
explosions are believed to escape the gravitational well of the cluster, which explains the lack
of heavy element variations (under this assumption anomalous clusters are required to have a
distinct formation mechanism, such as through accretion and tidal stripping of dwarf galaxies,
[Hughes and Wallerstein, 2000; Johnson et al., 2020]). It is also advantageous for a proposed
processing site to release the enriched material early on (< 20 Myr) to allow mixing with pristine
gas in the cluster in order to reproduce the observed Na — O anti-correlation, [D’Ercole et al.,
2011]. Since the onset of supernovae is expected to evacuate the cluster of its pristine gas, a later
release (2 20 Myr) of the enriched material would require re-accretion of the ejected gas in most
models, which may or may not be efficient enough [D’Ercole et al., 2016].

Once the enriched material becomes available in the interstellar medium, the soon-to-be

enriched population of stars must inherit the peculiar chemistry either by forming anew from

the processed medium, as is the case in multiple generation models (e.g., [Cottrell and Da Costa,

10



pollution, as envisioned by concurrent formation models (e.g., [Gieles et al., 2018; Bastian et al.,

2013; Winter and Clarke, 2023]). In both mechanisms, the total mass of the processed material

must be sufficient to produce the observed number of enriched stars, which exceeds the number

challenging to satisfy, since the high-mass stars that produce the enriched material only comprise a

small fraction of the overall mass budget [Kroupa, 2001]. The proposed solutions to this so-called

2006; Karakas et al., 2006] (this solution may result in the disintegration of the cluster [Bekki and

Norris, 2006]), preferential loss of primordial stars by dynamical evolution [D’Ercole et al., 2008]

(this solution is at odds with the measured ejection rates from globular clusters in dwarf galaxies,
[Larsen et al., 2014, 2012]) and heavy dilution of the enriched material by the pristine gas retained

by the cluster or accreted from the parent galaxy [Bekki, 2023; Bekki and Norris, 2006] (this
solution requires a sufficiently long gap in population ages to allow the accretion of gas, which is
in tension with observations [Martocchia et al., 2018]). The concurrent formation models are,
in general, less susceptible to the mass budget problem due to the large amount of pristine gas
retained in the enriched population and the mass dependency of the pollution efficiency that
may introduce an upper mass cut-off in the enriched population [Bastian et al., 2013]. On the

other hand, a strong advantage of multiple generation models is the natural emergence of discrete

populations through the regulation of the star formation rate by stellar feedback [Gerola et al.,

scenarios to be differentiated are discussed further in Chapter 4.

1.3 Current view and unresolved problems

I would like to conclude this review of stellar populations by describing a plausible

evolutionary pathway for the early universe from the beginning of time until the formation of

11



globular clusters.

13.8 billion years ago [Planck Collaboration et al., 2020], the universe originated in a hot,

et al., 2007]. Since the production of carbon and heavier metals in appreciable quantities required

triple collisions of helium nuclei [Bethe, 1939], it was too slow to make a significant contribution

over such short timescale.
Over the course of the next 0.1 Gyr, ~ 3c-overdensities in matter grew into 10° M,
pre-galactic “minihaloes”, where the primordial gas could cool down and collapse into the first

Population III stars [Tegmark et al., 1997]. The cooling of gas occurred rapidly at first by radiative

emission from H; molecules; however, it must have slowed down considerably around 200 K

once the lowest excitation states became unreachable [Omukai et al., 2005]. The center of the

protostellar cloud then started a runaway collapse, producing a dense core of the size set by

the local Jeans mass (~ 103 Mo, [Schneider et al., 2002]). The protostar formed at the center

of the core and began accreting the surrounding material until the process was halted by the

photoevaporative stellar wind [Hollenbach et al., 1994] with the final stellar mass likely exceeding

instability supernova or collapsing directly into a black hole depending on its mass [Heger and

Woosley, 2002].

cooling becomes available, allowing the collapse of low-mass cores. Since the expected nuclear

12



yield of even a single Population III pair-instability supernova may be sufficient to force the

transition [Wise et al., 2012b], it seems likely that the metallicity of the interstellar medium

reached the level of Population II stars extremely fast. However, no appreciable Population II

formation in this epoch is expected due to the dissociation of H; (the main coolant) by the

shocks propagating outwards from the supernova progenitors [Greif et al., 2007]. The formation

of additional Population III stars could still proceed in isolated clouds of primordial gas [Whalen

et al., 2008], possibly even extending into lower masses (~ 10 M) under special circumstances
[Mackey et al., 2003].

During the next 0.2 — 0.5 Gyr, the minihaloes merged into larger gravitational structures,
gradually increasing their virial temperatures. An important transition occurred once the haloes
reached ~ 108 M, in mass, allowing the virialized interstellar gas at ~ 10* K to cool by atomic
line emission [Greif et al., 2008]. These newly formed “atomic cooling haloes” became the
sites of first protogalaxies due to their ability to suppress the feedback of ionizing radiation
[Dijkstra et al., 2004], thereby allowing widespread star formation to resume. The fast timescale

of chemical enrichment probably allowed formation of Population II stars right away; however,

Population III stars could coexist in metal-free pockets [Johnson et al., 2008], especially if a

2001].
The large-scale hierarchical merging of the first galaxies in combination with the rapid
release of gravitational potential through efficient cooling induced extensive turbulence in the

interstellar gas [Wise and Abel, 2007]. The reionization of the universe occurring in the same

epoch [Ricotti and Ostriker, 2004] may have further contributed to the rapid gas compression

through shocks, generated by the inward-propagating ionization fronts [Cen, 2001]. Therefore,
the protogalaxies in atomic cooling halos were prime formation sites for the oldest globular

clusters, some of which may exceed 13.5 Gyr in age [Bromm and Clarke, 2002] and, in fact, be
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older than the Milky Way itself.
The subsequent galactic evolution proceeded in the form of further growth of protogalax-

ies and mergers between adjacent haloes [Moore et al., 2006; Frebel et al., 2010; Kirby et al.,

combination with additional turbulence induced by frequent merger events, provided appropriate
conditions for the formation of younger globular clusters [Kim et al., 2018]. The newly forming
clusters may have originated in the Milky Way or were inherited from the satellite galaxies
[Forbes et al., 2018]. Eventually, the internal chemical evolution of globular clusters branched
away from the rest of the galactic halo, producing the observed multiple populations (Chapter 1.2).

This dissertation is primarily concerned with two fundamental problems, stemming from

the general view described above.

1. How did the initial stellar mass function evolve during the early history of the Milky
Way? The feedback from supermassive Population III stars is responsible for both the
original chemical enrichment in the universe and the delay of Population II emergence.
However, the assumed top-heavy mass function of metal-free populations is inferred
from purely theoretical considerations. Recent re-evaluations of early star formation with
more detailed physical models have challenged this assumption by allowing formation

of 2 10 M, Population III stars (e.g. [Hosokawa et al., 2011; Stacy et al., 2012; Hirano

etal., 2015, 2014]) or even < 1 M, stars (e.g. [Stacy et al., 2016; Susa et al., 2014; Greif

etal.,, 2011; Clark et al., 2011]). Furthermore, the chemical patterns observed in extremely

metal-poor stars do not match the predicted yields of pair-instability supernovae [Umeda

Even in the case of top-heavy Population III stars, the enrichment yield depends on the
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fraction of stars that evolved into black holes, which cannot be determined without a more
well-defined mass function. In contrast, the mass budget problem in globular clusters may
be alleviated by a more top-heavy initial mass function than commonly assumed [Prantzos

and Charbonnel, 2006; Karakas et al., 2006].

2. What mechanism is responsible for the scale-dependence of chemical evolution?
The chemical signatures of multiple populations in globular clusters, as summarized in
Chapter 1.2, have not been observed in the galactic halo or open clusters. In the hierarchical
assembly history of our galaxy described above, the characteristic mass scale of constituent
“building blocks” has evolved by some 6 orders of magnitude from the first minihaloes to
the present-day mass of the Milky Way. A better understanding of the scale-dependence of
chemical enrichment is therefore imperative in studies of galactic evolution, and globular

clusters provide an ideal probe of this complex process.

As will be demonstrated in subsequent chapters, considerable progress in resolving these
issues can be made by taking advantage of new observables, made available by the recent launch
of the James Webb Space Telescope (JWST): direct detection of Population III stars at high
redshift and photometry of ultracool dwarfs (UCDs) in globular clusters. Chapter 2 of this
dissertation explores how the mass function of Population III stars can be measured or constrained
with JWST, depending on whether a significant fraction of metal-free stars was supermassive in
origin. The properties of UCDs and, in particular, Population II UCDs in globular clusters are

reviewed next.

1.4 Ultracool dwarfs

Ultracool dwarfs (UCDs) are the lowest-mass (< 0.1 M) main sequence stars (spectral
types M7 — LL3) and brown dwarfs (= M7) that occupy the faintest reach of the Hertzsprung—Russell

Diagram (see Fig. 1.3, left). While only a few thousand UCDs have been discovered so far
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Figure 1.3. Left: The location of spectroscopically confirmed UCDs from the SpeX Prism Library
[Burgasser, 2014] in the color-magnitude diagram from Pan-STARRS photometry [Chambers

et al., 2016]. Right: The tangential velocity distribution of spectroscopically confirmed UCDs
and ultracool subdwarfs from the SpeX Prism Library, transformed to the local standard of rest
[Coskunoglu et al., 2011]. The characteristic dispersions of the thin disk, thick disk and halo are

2021]) and star formation studies (e.g. [Muzi¢ et al., 2017]) indicate that UCDs are among the
most common object types in the galaxy, accounting for 20% to 50% of the stellar census.

Due to their unique properties, UCDs are excellent probes of old, chemically peculiar
stellar populations, such as those found in the Milky Way globular clusters. The dominant molec-
ular opacity in cool atmospheres makes their spectral energy distribution particularly sensitive to
stellar parameters [Marley et al., 2002], allowing the determination of chemical abundances from
lower resolution and lower signal-to-noise ratio spectra than those required by “warmer” stars,
or even multiband photometry. Since molecular absorption mostly originates from low-energy

roto-vibrational transitions, UCD spectral features are less affected by the non-equilibrium radia-

tion field in the atmosphere [Johnson, 1994] that poses a major obstacle to reliable abundance
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interiors of UCDs are fully mixed [Chabrier and Baraffe, 1997] and undergo minimal nuclear

processing, avoiding the need to correct the inferred stellar parameters for poorly constrained

evolutionary effects in higher-mass stars [Messenger and Lattanzio, 2002; Salaris et al., 2020].

et al., 2003], providing a handle on the age of the parent population that would be otherwise
difficult to obtain. The lifespans of UCDs exceed the age of the universe [Laughlin et al., 1997],
implying that every UCD ever formed survives to this day.

In addition to the utility of UCDs as superior chemical tracers and cosmic clocks in
surveys of stellar populations, certain unresolved problems in galactic evolution and cosmology
are specifically suited to cool stars. The variation in UCD kinematics as a function of spectral
type may be used to differentiate between the proposed heating mechanisms that determine
the present-day structure of the Milky Way [Wielen, 1977; Ryan et al., 2022]. The UCD mass

function provides an important diagnostic of the scale invariance in star formation processes

[Kirkpatrick et al., 2021]. Brown dwarfs with masses below ~ 70 My do not undergo lithium

lithium abundance that remains a key unresolved problem in chemical evolution [Fu et al., 2015].
Finally, I would like to note that the close separations between cool stars and their habitable

zones make UCDs preferred candidates in astrobiological exoplanet searches [Becerril et al.,

habitable worlds rests on the availability of accurate evolutionary models for their UCD hosts, as
well as our understanding of the UCD magnetospheres that differ substantially from those of sun-
like stars [Chabrier and Kiiker, 2006]. Therefore, the study of UCDs with different metallicities,
such as those found in globular clusters, may have fundamental astrobiological implications.
Faint luminosities of UCDs pose a major challenge to their discovery and characterization.

At present, only a few thousand candidates have been spectroscopically confirmed [Best et al.,

2020; Wang et al., 2022; Schmidt et al., 2015], of which the vast majority belong to Population I
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and have near-solar chemical abundances. By contrast, the much older, metal-poor and often
chemically peculiar UCD members of Population II are far less explored [Burgasser et al., 2007b;
Gizis, 1997]. These objects represent the earliest generations of star formation in the Milky Way,
and are of paramount importance to the study of early chemical evolution. Recent dedicated
searches for these so-called ultracool subdwarfs in the optical regime [Lodieu et al., 2012, 2017]
have brought the total object count to over a hundred. In the galactic field, ultracool subdwarfs
are often distinguished by their large velocities (Figure 1.3, right).

Modelling low-temperature atmospheres characteristic of UCDs is particularly challenging
due to the highly debated cloud formation processes that vary with effective temperature [Helling
et al., 2008]. Refractory species offset chemical equilibria, deplete the abundances of gaseous
molecules, and introduce infrared opacity through absorption and scattering of photons off dust

grains. The condensation of silicate dust at T < 2000 K is believed to be responsible for the

observed reddening in photometric colors [Allard et al., 2001]. The effect subsides abruptly at

away from the spectrum-forming region of the photosphere, giving way to more complex chloride
and sulfide clouds [Morley et al., 2012]. The effect of clouds on the spectral energy distribution

is often hard to separate from the chemical peculiarity [Burgasser et al., 2008; West et al., 2011],
which is exacerbated for brown dwarfs with significantly non-solar abundances, such as those
that belong to Population II. The diverse environments of globular clusters provide a unique
opportunity to explore cloud formation at non-solar chemistry over a wide range of stellar masses.

Ongoing and future JWST campaigns will measure the colors of brown dwarfs in globular
clusters over a wide range of temperatures, allowing a more rigorous evaluation of cloud models.
Unlike the field brown dwarfs, for which the chemical makeup is not a priori known, the
composition of globular cluster brown dwarfs is expected to approximately match that of the

lower main sequence (at least in the primordial population, see below), since both low-mass

stars and brown dwarfs are coeval and undergo minimal nuclear processing. Furthermore, the
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range of brown dwarf effective temperatures covers multiple distinct cloud regimes, allowing a
direct comparison of model accuracy among them. The chemical diversity of globular clusters
allows characterization of clouds over a wide variety of Population II abundances, contrary to the
population of field brown dwarfs that are generally much closer to the solar standard [Juri¢ et al.,
2008].

Globular clusters are most commonly dated by comparing the main sequence turn-off
point to model isochrones. This approach suffers from degeneracies between the age of the cluster

and other parameters, including interstellar reddening, metallicity [Carretta et al., 2000], and the

of globular cluster ages is required for studies of the overall chemical evolution of the Milky
Way. Observations of brown dwarfs in globular clusters provide an independent probe of globular
cluster ages that may be used in conjunction with the turn-off measurements and other dating
techniques to break the parameter degeneracies. The luminosity function of a globular cluster
features a wide stellar/substellar gap between the lowest-mass stars and the highest-mass brown
dwarfs. The gap increases with the age of the cluster as the brown dwarfs gradually descend their
cooling curves in the absence of steady-state fusion. Refined age estimates can be obtained from
this gap by fitting synthetic luminosity functions to the observed magnitude distribution.

UCDs in globular clusters provide a new test of the proposed theories of multiple popula-
tions. In multiple generation models, the compositions of brown dwarfs and lower main sequence
stars are expected to match due to minimal nuclear processing in both. Brown dwarf photometry
may then be used to derive more precise constraints on the chemical compositions and ages of
individual sub-populations that can be directly compared to the theoretical predictions of pollution
efficiency and expected nuclear yields. In concurrent formation models, the abundances of the
enriched population are expected to vary between stars and brown dwarfs due to the expected

dependence of pollution efficiency on stellar mass (see Chapter 4). The primordial population
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will not be affected by accretion effects and can be used to differentiate between genuine physical

effects and systematic errors.

1.5 Outline of the dissertation

The chapters of this dissertation are ordered by the epoch of the early chemical evolution
that is explored within them. Chapter 2 presents a study of direct detectability of Population III
stars at high redshifts with JWST. The properties of metal-free stars are thoroughly explored using
a new set of stellar models. Chapter 3 details my exploration of the globular cluster ® Centauri
that may have formed in one of the atomic cooling haloes at the earliest stages of the hierarchical
assembly of our galaxy. I derive the properties of the cluster from the HST photometry of the
lower main sequence and make forecasts for future observations with JWST. Finally, a study of
the globular cluster 47 Tucanae is presented in Chapter 4. 47 Tucanae is considerably younger
than ® Centauri (~ 11.5 Gyr as estimated in the chapter) and likely formed at a much later stage

of Milky Way assembly. This dissertation is concluded in Chapter 5.
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Chapter 2

Population III Stars at High Redshifts

2.1 Background

Population III stars are an elusive addition to the two traditional stellar populations
identified in Baade [1944]. This yet unobserved population accommodates the earliest and nearly

metal-free stars that formed shortly after the Big Bang. Nearly seven decades ago, Schwarzschild

lived compared to their present-day Population I and II counterparts. In addition to the earliest
chemical enrichment of the primordial gas, Population III stars may have contributed to the cosmic

microwave background [Rowan-Robinson, 1983], the cosmic infrared background [Santos et al.,

Loeb, 2003; Sokasian et al., 2004; Maio et al., 2016] and likely had a noticeable feedback effect
on the formation of the first galaxies [Greif et al., 2010; Abe et al., 2021].
Recent searches for extremely metal-poor stars have revealed a sharp cut-off in the

metallicity distribution around [Fe/H] ~ —4, with fewer than 50 known objects below this cut-off
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abundances of other chemical elements (e.g. [C/H] > —3 for both stars) challenge the status of
these sources as true Population III representatives, unless the observed abundances are acquired
from the interstellar medium through selective accretion, as proposed by Johnson [2015].

The lack of identifiable metal-free stars in surveys is consistent with the long-standing
theoretical expectation of a top-heavy initial mass function (IMF) that precludes primordial
stars from having sufficiently long lifespans to survive until the present day. This expectation is
motivated by the lack of metals in the early universe, which leaves H, and HD as the only available

cooling agents in molecular clouds, thereby suppressing fragmentation and producing unusually

heavy stars [Larson, 1998; Maio et al., 2010]. Early numerical simulations (e.g. [Abel et al.,

2000; Bromm et al., 2002; Yoshida et al., 2006]) suggested that Population III stars predominantly

formed with masses in excess of 100 M, and collapsed into black holes, with the exception
of a subset of stars with masses between 140 M, and 260 M., that produced pair-instability

supernovae [Schneider et al., 2002; Heger and Woosley, 2002]. Later studies with a more detailed

2014; Greif et al., 2011; Clark et al., 2011]) that may exist in the present-day Milky Way, likely
disguised by metal-enriched mass transfer from heavier stars [Stacy and Bromm, 2014]. The
existence of lower-mass primordial stars enables additional mechanisms of chemical enrichment,
potentially explaining the observed inconsistency of the abundance patterns in metal-poor stars
with predictions of pair-instability supernova yields [Umeda and Nomoto, 2002]. A distinct

hypothetical population of supermassive primordial stars with masses in excess of 10° — 106 M,

has also been proposed as seeds for the supermassive black holes in high-redshift quasars [Fuller
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et al., 1986; Muiioz et al., 2021; Woods et al., 2021; Herrington et al., 2022].

Since the majority of Population III stars are expected to have masses between a few tens

and a few hundred solar masses, the correspondingly short lifespans (< 20 Myr, [Windhorst et al.,

2018]) necessitate direct observation of such objects at high redshifts. The first stars begin to form
once the primordial molecular clouds, concentrated around growing dark matter over-densities,
cool down sufficiently to become unstable against gravitational collapse. The star formation rate
as a function of redshift can be traced in simulations of cosmological hydrodynamics [Xu et al.,

2013; Wise et al., 2012b,a; Jaacks et al., 2019]. The first Population III stars are expected to

form around z ~ 30 (~ 0.1 Gyr after the Big Bang) and the maximum formation rate density
(~107% = 1073 M, yr—! Mpc ) is attained around 17 < z < 10 (~ 0.2 — 0.5 Gyr after the Big
Bang). This result is generally consistent with early reionization optical depth measurements

from the Wilkinson Microwave Anisotropy Probe (WMAP) [Spergel et al., 2003; Kogut, 2003;

et al., 2016] measurements have cast doubt on the usability of this parameter as a probe of
primordial star formation [Yung et al., 2020]. Population III stars give way to Population

IT stars once the metal mass fraction (Z) of the interstellar medium reaches a critical value,

Zey 21078 —107% (Z, > 1076 Z, — 10~ Z,!; [Bromm et al., 2001a; Omukai et al., 2005;

cooling and fragmentation of collapsing molecular clouds. The lowest redshift at which Population
III stars may be observed remains uncertain as isolated metal-free pockets may last for extended
periods of time, producing new Population III stars at later epochs. Population III star formation

is expected to continue until at least z = 6 (~ 1 Gyr after the Big Bang, [Trenti et al., 2009;

2020]. Searching for metal-free stars at redshifts as low as z = 3 (~ 2 Gyr after the Big Bang) is

particularly important given observations of the Lynx arc — a star forming region at z = 3.4 with a

I'Solar metallicity taken as Z., = 0.01 to the nearest order of magnitude.
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Population III-consistent ionization source [Fosbury et al., 2003]; and LL.S1249 — a dense gas

A renewed interest in direct detection of individual Population III stars has developed in
anticipation of observations with the next generation of ground- and space-based facilities, in
particular the recently launched James Webb Space Telescope (JWST). Using the main sequence

properties of Population III stars from the evolutionary calculations in Schaerer [2002] and

of redshifts and stellar masses. Without gravitational lensing, Population III stars appear far too
faint to be detected even at the lowest redshift (z = 2) and in extremely long exposures (100 hr).
Rydberg et al. [2013] also considered the case of a favorable lensed observation through the

galaxy cluster MACS J0717.5+3745 — one of the largest gravitational lenses known [Zitrin et al.,
2009]. Even in the lensed case, a realistic detection was found to require either an extremely
heavy Population III candidate (> 300 M) or a primordial star formation rate, far in excess of
theoretical expectation.

However, very high magnifications (¢) may be attained for brief periods of time in the
event of gravitational lensing during a caustic transit. A caustic is the locus of points in the source
plane where the determinant of the magnification matrix vanishes, i.e. where a true point source
would experience infinite magnification [Narayan and Wallington, 1992]. A compact light source
such as an individual star crossing a caustic may experience extreme magnification up to u ~ 107
from a lensing cluster with a continuous distribution of mass under most favorable conditions
[Miralda-Escude, 1991]. In practice, microlenses within the galaxy cluster will distort the lens

caustics, reducing the maximum magnification to y ~ 10* [Diego et al., 2018; Diego, 2019].
Since larger magnifications require more favorable and increasingly less likely configura-
tions, the true expected magnification in any given survey will strongly depend on the redshift

of interest, the number of observable targets, and the scope of the survey itself. For example,
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Zackrisson et al. [2015] calculate u 2 700 as a realistic magnification estimate for detecting
Population III stars in a 100 deg? ultra-deep survey. Extreme lensing events with > 103 have
allowed for recent discoveries of the most distant individual stars known at z = 1.5 (“Icarus”,
u > 2000, [Kelly et al., 2018]), z = 2.7 (currently unnamed, x4 2> 10*, [Chen et al., 2022]) and
7= 6.2 (“Earendel”, u > 4000, [Welch et al., 2022a,b]). It has been suggested that the last source

may in fact be a Population III star [Schauer et al., 2022].

new metal-free evolutionary tracks calculated with the MESA (Modules for Experiments in Stellar
Astrophysics) code [Paxton et al., 2011, 2013, 2015, 2018, 2019] and assumed blackbody emergent
spectra to characterize Population III stars in the context of future observations with JWST. The
study estimated that a decade-long observational program monitoring up to 30 candidate lensing
clusters will be required for a reliable detection.

In this chapter, we contribute to the ongoing effort of predicting future observations of
Population III stars using stellar modelling. In particular, we focus on primordial stars with
initial masses between 1 M., and ~ 10° M., on the zero age main sequence (ZAMS). ZAMS
properties of Population III stars provide a lower bound on observability since later evolutionary

stages are intrinsically more luminous and subjected to less interstellar absorption due to redder

colors [Schaerer, 2002; Windhorst et al., 2018]. Additionally, the lower surface gravities of

post-ZAMS stars may lead to super-Eddington luminosities in high-mass candidates, requiring
detailed modelling of mechanical motion in the atmosphere that falls beyond the scope of this

study (however, see [Liu et al., 2021; Yoon et al., 2012]).

We present theoretical color-magnitude diagrams of ZAMS Population III stars in JWST
NIRCam filters for a broad range of redshifts based on new metal-free evolutionary models
and model atmospheres. The observable properties of primordial stars are analyzed for their
dependence on individual opacity sources and non-equilibrium distribution of the radiation

field throughout the atmosphere. In particular, we demonstrate that even in the absence of non-
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grey opacity sources, Population III atmospheres cannot be approximated as blackbodies and
always require detailed modelling. The calculated metal-free physical parameters on ZAMS are
compared to their metal-poor counterparts and matched to simple, physically-motivated analytic
relationships. The models are also evaluated in the context of the Eddington limit, that is of
particular importance at high initial masses.

In this chapter, Section 2.2 describes our modelling toolkit and presents the new atmo-
sphere and evolutionary models calculated in this study. The key physical properties of Population
III stars inferred from the models, such as the dependence of stellar evolution on the dominant
energy production mechanism and the Eddington limit, are discussed in this section as well.
Section 2.3 details our color-magnitude calculations at high redshift and presents the predicted
color-magnitude and mass-magnitude relationships for Population III stars in the context of future
JWST observations with gravitational lensing. The effect of cosmological parameters on our
predictions is also estimated in Section 2.3. The key findings and important shortcomings of this
investigation are summarized in Section 2.4. Population III model parameters are tabulated in

Appendix A.

2.2 Modeling

2.2.1 Overview of the methodology

In this chapter of the dissertation, predictions of colors and magnitudes of Population IIT
stars are drawn from synthetic photometry of metal-free stellar models at ZAMS. Each model is
parameterized exclusively by the initial stellar mass and must account for all relevant physical
processes governing the evolution of the star from its pre-main sequence (PMS) phase until
steady-state hydrogen fusion. Synthetic photometry is obtained from the evolved emergent
spectrum of the star, which is, in turn, calculated by solving the radiative transfer equation at

every wavelength throughout the outer layers of the model comprising the stellar atmosphere.
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Stellar atmospheres are particularly challenging to model due to the presence of neutral
and partially ionized species, resulting in complex, wavelength-dependent opacity from significant
non-grey contributions of bound-free and bound-bound sources. At high effective temperatures
and extremely low metallicities considered in this work, the effect of non-grey atmospheric opacity
on the structure of the stellar interior is expected to be insignificant, avoiding the need for detailed
opacity calculations in the evolutionary models. However, the atmospheric opacity must be re-
introduced into the model when calculating the final emergent spectrum of the star. We therefore
calculate all models in multiple stages. First, evolutionary modelling was carried out from PMS
to ZAMS with grey atmospheric opacity. The evolved stellar radii and luminosities were used
to derive simple analytic relationships between stellar mass and the ZAMS surface parameters
(effective temperature, T, and surface gravity, log;(g)). Finally, the analytic relationships were
evaluated at a broad range of stellar masses (from 1 M, to 1000 M) and the resulting surface
parameters were used as inputs to dedicated model atmosphere calculations with the full opacity

treatment and spectral synthesis.

2.2.2 Evolutionary Modeling

We calculated all evolutionary models with the MESA code [Paxton et al., 2011, 2013,
2015, 2018, 2019], version 15140. Evolutionary calculations in MESA are carried out in adaptive
time steps until the chosen termination condition is met. By default, structure equations at each
step are solved using the grey atmosphere optical depth-temperature relationship as the surface
boundary condition. As will be demonstrated in Chapter 3 of this dissertation, this approximation
is satisfactory at effective temperatures (7¢¢) above 5000 K — a condition met by all models
considered in this study.

In all evolutionary models, we chose to use ¥ = 0.25 as the approximation for the
primordial helium mass fraction based on the Planck measurement in Planck Collaboration et al.

[2020], taken to the nearest percent to match the default precision in MESA.

27



At initial masses below 90 M, models are initialized as PMS stars with a central temper-
ature of 5 x 10° K (following [Choi et al., 2016]), uniform chemical composition, and a density
profile that satisfies the structure equations and results in the desired stellar mass. At significantly
larger initial masses, a convergent PMS solution may not exist. Instead, the 90 M, PMS is used as
the starting point and the mass is slowly increased to the required value using the mass relaxation
routine provided by MESA. As an example, at the initial mass of 1000 M., the relaxation process
lasts & 1300 yr and results in an object with the central temperature of 72.7 x 10° K.

We extract the ZAMS luminosity and stellar radius from all evolutionary models once
their nuclear power output begins to exceed 90% of the total luminosity. The sensitivity of the
derived ZAMS parameters on the primordial helium mass fraction (¥') as well as the adopted PMS
settings was estimated by computing multiple models at the representative initial masses of 10 M,
and 1000 M, for a range of Y values from 0.24 to 0.26; a range of initial central temperatures
from 3 x 10° K to 7 x 10°> K; and a range of maximum (pre-relaxation) PMS masses from
50 M, to 100 M, (stored in the max_mass_to_create variable of the build_pre_ms_model ()
subroutine). We found the effect of PMS settings to not exceed 0.002 dex in both luminosity and
radius at ZAMS. The effect of the chosen Y value was slightly larger, reaching 0.02 dex at lower
masses. However, neither of the aforementioned uncertainties exceeds the average accuracy of
the calculated analytic mass-radius and mass-luminosity relationships (to be introduced below)
that were estimated as 0.02 dex and 0.03 dex respectively. Therefore, our results are insensitive
to the input parameters within the aforementioned ranges.

We calculated 428 evolutionary models with initial stellar masses ranging from 1 M,
to 1000 Mg and used the ZAMS radii and luminosities to derive analytical mass-radius and
mass-luminosity relationships for Population III stars. Radii of main sequence stars are generally

well-described by power law relations assuming that the dominant energy production and transport
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~ 1 M, due to the dissipation of the outer convective zone [Kippenhahn and Weigert, 1994, Ch.
22.1] and the transition of the main hydrogen fusion mechanism from the proton-proton chain to
the carbon-nitrogen-oxygen (CNO) cycle [Salaris and Cassisi, 2005, Ch. 5.2]. The latter effect
is particularly important for zero-metallicity stars, as it is expected that enough carbon will be
produced at sufficiently high masses to display a similar transition, thereby offsetting the power
law break into the range of masses considered in this study. We therefore model the mass-radius

relationship of ZAMS Population III stars as a broken power law with the break point mass (Mt()];))

treated as a free parameter. The adopted relationship is

M, it M <MY
R o 2.1

MP, if M > My
where M is the initial stellar mass, R is the corresponding stellar radius, and o and 3 are the
proton-proton and CNO power indices respectively. The mass-luminosity (M—L) relationship
is slightly more complicated due to the dependence on the dominant pressure support in the

interior. High-mass (M 2 10 M.,) stars behave approximately as Eddington standard models

(n = 3 polytrope; [Eddington, 1918; Kohler et al., 2015]) with the mass-luminosity power index

gradually changing from > 3 at M < 100 M, to the asymptotic linear relationship (L o< M) in the
limit of M — 0. The transition occurs as the equation of state in the interior changes from the
ideal gas law to radiation pressure dominance. To accommodate this additional complexity, we
allow the index of the power law to change linearly with log,,(M) below some break point mass

(Ml()