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Metal-free Population III (or Pop III) stars are instrumental in shaping the early universe,

influencing the formation of the first galaxies. The formation of Pop III stars depends on the frac-

tion of molecular hydrogen (H2), which is regulated by X-ray and Lyman-Werner (LW) radiation

backgrounds. Therefore, gaining insight into the impact of these radiation backgrounds is essen-

tial for unraveling the mysteries surrounding Pop III star formation and their impacts on the first

galaxies. In this dissertation, I investigate the interaction between X-ray/LW backgrounds and the

formation of Pop III stars.

To conduct this investigation, I employed the radiative hydrodynamics code RAMSES-RT.

I implemented various physical processes governing Pop III star formation, such as primordial

chemistry, radiation background, secondary ionization/heating, and self-shielding. Performing

a grid of simulations covering a large parameter space of X-ray/LW intensity, I systematically

explored the effects of radiation backgrounds on Pop III stars. I found that a moderate X-ray



background boosts the H2 fraction in dark matter halos, facilitating Pop III star formation in

low-mass halos. In contrast, a LW background dissociates H2 and prevents star formation in low-

mass halos. This result suggests that the number of Pop III supernovae detected by the JWST is

enhanced by an X-ray background. Furthermore, I discovered that an X-ray background reduces

the characteristic mass and multiplicity of Pop III stars. This leads to a top-heavier initial mass

function and may have a potential impact on galaxy formation.

Moreover, I made further improvements to the simulations by incorporating radiative feed-

back from Pop III protostars. This study confirmed previous works that radiation from protostars

suppresses their growth, thereby playing a significant role in determining the mass of Pop III

stars theoretically. I also found that hierarchical binaries (binaries of binaries), eccentric orbits,

and outward migration are common occurrences in Pop III star formation. Eccentric orbits in-

duce variability of Pop III protostars and this is observable by the JWST when light is magnified

through gravitational lensing. In a follow-up study, I investigated the origin of outward migration

and found that the gas disks around the protostars accrete gas with high angular momentum and

transfer the angular momentum to the binary stars through torques. This finding paves the way

for studies of migration behaviors across different stellar populations.

Finally, I explored the X-ray effects on the number of Pop III stars using cosmological

simulations. Developing methods to calculate the intensity of the radiation background on the fly

and realistically accounting for the X-ray feedback loop, I found that a weak X-ray background

develops and this background ionizes the intergalactic medium, thereby moderately increasing

the number density of Pop III stars (by a factor of � 2). This rise in the number of Pop III stars

due to X-ray radiation lowers the star formation rate of metal-enriched Pop II stars, highlighting

the significance of the X-ray background in galaxy formation.



This thesis covers various aspects of Pop III star formation and the effect of X-ray radia-

tion backgrounds which has been overlooked by previous studies. It lays a foundation for future

research aimed at connecting the theoretical understanding of Pop III star formation and obser-

vations targeting Pop III stars and the first galaxies.
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Preface

This thesis comprises five papers in a series of X-ray effects on Pop III star formation.

Chapters 2 through 5 contain the published papers, while Chapter 6 presents the preliminary

results intended for publication. The published works are as follows.

• Park, J., Ricotti, M., & Sugimura, K., 2021, Population III star formation in an X-ray

background: I. Critical halo mass of formation and total mass in stars, MNRAS, 508,

6176

• Park, J., Ricotti, M., & Sugimura, K., 2021, Population III star formation in an X-ray

background: II. Protostellar discs, multiplicity and mass function of the stars, MNRAS,

508, 6193

• Park, J., Ricotti, M., & Sugimura, K., 2023, Population III star formation in an X-ray

background: III. Periodic radiative feedback and luminosity induced by elliptical orbits,

MNRAS, 521, 5334

• Park, J., Ricotti, M., & Sugimura, K., 2024, The origin of outward migration of Population

III star, MNRAS, 528, 6895

Chapter 1 of this thesis is an introduction to metal-free Pop III stars and relevant physics,

including molecular hydrogen and radiation background. Chapter 2 presents the findings of Park

et al. (2021a) concerning the mass of minihalos for star formation and the total mass of Pop III

ii



stars affected by X-ray and Lyman-Werner radiation background. Chapter 3 discusses the results

of Park et al. (2021b) regarding the X-ray effect on disk fragmentation and the multiplicity of

Pop III stars. Chapter 4 is derived from Park et al. (2023), focusing on the radiative feedback effect

and periodic modulation of the luminosity of Pop III protostar binaries. Chapter 5 is a published

work on the origin of outward migration (Park et al., 2024). Chapter 6 is based on ongoing

work, focusing on the X-ray effect and Pop III star formation in cosmological simulations, with

expected substantial changes upon submission to peer-reviewed journals. Finally, in Chapter 7,

the results are summarized, and future works are introduced.
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Chapter 1: Introduction

1.1 Population III Stars

The advancement of observational technologies has brought increasing attention to the

study of the �rst galaxies, black holes, and stars in the early universe. With the remarkable ca-

pability of the JWST, we are able to explore the distant and early universe, uncovering the �rst

galaxies (Finkelstein et al., 2022, 2023; Curtis-Lake et al., 2023). Furthermore, the VIRGO/LIGO

gravitational wave (GW) observatories have detected GW signals from the mergers of binary

black holes (BBHs) (Abbott et al., 2016, 2017), potentially originating from the �rst stars (Hartwig

et al., 2016). There is also anticipation that the explosions of these �rst stars could be detected

using the JWST and the next-generation telescope Nancy Grace Roman Space Telescope (NRST)

(Whalen et al., 2014). Understanding these observations necessitates the study of metal-free Pop-

ulation/Pop III stars (or the �rst stars).

Studying Pop III stars is crucial for several reasons, particularly in light of recent obser-

vations. Firstly, Pop III stars play a pivotal role in the formation of the second-generation stars,

which serve as the building blocks of the �rst galaxies. Their strong UV radiation heats and

ionizes the surrounding medium, regulating the process of star formation. Additionally, Pop III

supernovae (SNe) events evacuate gases from the host dark matter (DM) halos (Wise and Abel,

2008), thereby delaying the formation of the second-generation stars (Jeon et al., 2014b). More-
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over, Pop III stars are responsible for producing the �rst heavy elements (metals) through nuclear

fusion reactions. When these stars explode, they disperse these heavy elements into space, en-

riching the pristine gas composed primarily of hydrogen and helium (Ricotti et al., 2002b; Greif

et al., 2010; Wise et al., 2012; Safranek-Shrader et al., 2014; Chiaki et al., 2018; Abe et al.,

2021). Secondly, due to their large masses (M � 100 M� ), Pop III stars have the potential

to form intermediate-mass black holes (IMBHs) (� a few 10 M� , Heger and Woosley, 2002)1

which are typically more massive than stellar-mass black holes (BHs) observed in the present

universe. This connection is particularly relevant given recent observations of binary black holes

detected by VIRGO/LIGO. The total masses of these black holes are� 60 M� (Abbott et al.,

2016, 2017) and thus they could have formed from Pop III stars (Hartwig et al., 2016). Further-

more, massive Pop III stars explode as hypernovae (HNe) or pair-instability supernovae (PISNe),

which are signi�cantly brighter (� 10� 100times) than normal supernovae (Heger and Woosley,

2002). These events can be detected even in the distant universe, providing valuable insights into

the properties of the �rst stars (Whalen et al., 2014). Therefore, studying Pop III stars is not only

timely but also crucial for understanding these observations. Despite their signi�cance, however,

the formation of the �rst stars remains poorly understood and requires further research to fully

grasp their implications for the early universe and subsequent galaxy formation.

One of the main challenges in studying Pop III stars stems from the lack of direct observa-

tions. Observing these stars in the present or local universe is exceptionally dif�cult due to their

short lifetimes (Schaerer, 2002). Consequently, researchers must look to the early and distant

universe to �nd Pop III stars. However, current telescope capabilities are insuf�cient to observe

individual distant stars unless they are magni�ed by a foreground galaxy cluster (Diego, 2019;

1In this thesis they refer to BHs with10 M� . M . 100 M� .
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Welch et al., 2022a,b). As a result, Pop III stars remain hypothetical objects, with their existence

inferred from other populations of stars found in the local universe.

In the Milky Way, Population I (Pop I) stars, located in the galactic disk, are characterized

by their richness in metals (Z � Z � )2. Pop II stars, found in the galactic bulge and stellar halo,

exhibit lower metallicity levels (Z � 0:01� 0:1Z � ). The term “Population III” refers to stars with

zero metallicity, although extremely low metallicity stars (Z . 10� 4 Z � ) are also often classi�ed

as Pop III stars in the literature (Ricotti et al., 2016; Kimm et al., 2017; Katz et al., 2017; Jeon

and Bromm, 2019; Katz et al., 2023). This classi�cation is due to the suppression of gas cloud

fragmentation, resulting in the formation of massive stars at low metallicities (Z � 10� 4 Z �

Bromm et al., 2002). In this thesis, the focus is speci�cally on the formation of metal-free (Z = 0)

Pop III stars, aiming to contribute to our understanding of the earliest stages of stellar evolution

in the universe.

In astronomy, elements heavier than hydrogen and helium are collectively referred to as

“metals.” Their mass fraction, denoted as metallicityZ , is relatively small compared to hydrogen

and helium. For instance, in the case of the Sun, the mass fractions of hydrogen, helium, and

metals areX = 0:74, Y = 0:24, andZ = Z � = 0:014, respectively (Asplund et al., 2009).

Despite metals making up only about� 1 � 2 % in the local universe, they play a crucial role

in cooling gas clouds ef�ciently, which is essential for the formation of stars. In the absence of

metals, gas cooling relies on a less ef�cient coolant, molecular hydrogen (H2) (Tegmark et al.,

1997; Bromm et al., 2002). Therefore, understanding the formation of H2 and other factors that

regulate its formation is critical for understanding the formation of Pop III stars. Investigating

these processes is key to unraveling the mechanisms underlying the formation of the earliest stars

2Z denotes the metallicity andz denotes the redshift.
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in the universe.

1.2 Molecular Hydrogen

1.2.1 Cooling

In the process of star formation, a gas cloud with a signi�cant extent (R � 100pc) must

undergo contraction to scales of sub-AU size under the in�uence of its self-gravity. However, this

contraction is resisted by the internal pressure of the cloud, creating a balance with the inward

force of gravity. For star formation to occur, this balance must be disrupted, allowing gravity to

overcome the outward pressure gradient unless additional mass is introduced into the system.

The disruption of this balance is achieved through the loss of energy from the system, enabling

gravity to prevail over the pressure forces. Radiative cooling is the fundamental process by which

this energy loss occurs in star formation. Through radiative cooling, the gas cloud sheds ther-

mal energy, facilitating its collapse under the in�uence of gravity and eventually leading to the

formation of stars.

The energy of a gas cloud is extracted through radiative cooling. In a gas cloud, particles

move with speeds corresponding to the temperature of the cloud, characterized by the kinetic en-

ergy ((3=2)kBT � (1=2)mhv2i ). As these particles collide with each other, some collisions result

in the excitation of particles from lower energy quantum states to higher ones. This excitation can

lead to an increase in electron energy and rotational/vibrational energy in the case of a molecule.

Over time, the excited particles return to their lower energy states and emit photons with energy

corresponding to the energy difference between the two states. During this process, the kinetic

energy of the particles is converted into electromagnetic energy. As this radiative emission occurs
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throughout the gas cloud, the system gradually loses its thermal energy in the form of radiation,

thereby reducing the temperature and pressure of the cloud.

In the early universe, where heavy elements are scarce, hydrogen is the primary coolant

in gas clouds. Atomic hydrogen cooling occurs through the transitions between the ground state

of the electron energy level and the excited states. This cooling process is most effective atT �

104 K. However, only gas within massive halos can achieve a temperature high enough for atomic

cooling. The gas temperature of a virialized halo is,

Tvir � 103

�
M h

106 M �

� 2=3 �
1 + z

10

�
K; (1.1)

whereM h is the mass of the halo andz is the redshift. For instance, at10 . z . 30, the virial

temperature of a DM halo withM � 107 M � is � 104 K. However, since massive halos are

relatively rare, atomic hydrogen cooling is not the primary cooling mechanism for most regions.

Furthermore, atomic hydrogen cooling leads to rapid gas accretion and the formation of direct-

collapse black holes (DCBHs, Begelman et al., 2006) instead of Pop III stars. Therefore, atomic

hydrogen cooling plays a lesser role in the formation of Pop III stars. As a side note, atomic

helium cooling is also insigni�cant because it occurs at an even higher temperature. On the other

hand, what signi�cantly in�uences the formation of Pop III stars is H2 cooling, which occurs at

lower temperatures. At temperatures between� 200 and104 K, rotationally and vibrationally

excited H2 molecules extract the energy from the gas cloud, facilitating the collapse and eventual

formation of Pop III stars.
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1.2.2 Difference from Metal Cooling

H2 plays an important role as the main coolant in metal-free primordial gas, driving the

formation of Pop III stars. The unique properties of H2 contribute to the distinct characteristics of

Pop III stars compared to other stellar populations. Firstly, the rotation energies of H2 molecules

are spaced more widely compared to other diatomic molecules. Classically, the rotational energy

of a H2 molecule is

Erot =
J (J + 1) ~2

2�r 2
0

; (1.2)

whereJ is the rotation quantum number3, � is the reduced mass,~ = hP=2� is the reduced

Planck constant, andr0 is the interparticle separation. The small moment of inertia (�r 2
0) results

in large energy differences between rotational states. As a result, high kinetic energies of the par-

ticles are required for excitation. Secondly, H2 lacks a permanent dipole moment, which means

that the rotational transition with� J = � 1 is not allowed by the selection rule. Instead, these

transitions can occur through quadrupole transition (� J = � 2). However, quadrupole transi-

tions have low EinsteinA coef�cients and are slow processes (Hollenbach and McKee, 1979),

reducing the ef�ciency of H2 cooling. Additionally, H2 cooling is inef�cient at lower tempera-

tures and can only effectively extract energy from gas clouds with temperatures ranging from

� 100K to � 104 K. Below this temperature range, H2 cooling becomes ineffective. In contrast,

heteronuclear diatomic molecules like CO have permanent dipole moments. This property allows

metal-enriched molecules containing CO to cool at lower temperatures (T � 10K).

The complex atomic structures of metals allow more ef�cient radiative cooling through

3From Chapter 2 to 4,J indicates the intensity of a radiation background. In Chapter 5,J refers to the angular
momentum vector.
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a number of �ne structure transitions. These transitions, characterized by narrowly spaced en-

ergy levels, facilitate cooling belowT � 104 K. The rate of radiative cooling due to metals is

proportional to the metallicity of the cloud (Smith et al., 2008). This implies that there exists a

critical metallicity below which H2 cooling predominates over metallic line cooling, signi�cantly

altering the properties of star formation. Numerical studies conducted by Bromm et al. (2002)

demonstrated that gas clouds with two different metallicities (Z = 10� 3 Z � andZ = 10� 4 Z � )

evolve differently. In their study, the cloud with higher metallicity fragments, while fragmenta-

tion is suppressed in the cloud with lower metallicity. The effect of metals on star formation is

depicted in Fig. 1.1. At low metallicity (left panel), gas fragmentation is inhibited, resulting in the

formation of a few massive stars. However, as metallicity increases (moving from left to right in

the �gure), turbulence within the gas cloud develops, leading to fragmentation and the formation

of multiple stars.

1.2.3 Formation of Molecular Hydrogen

The formation of molecular hydrogen (H2) is a crucial process in primordial gas cooling

and the formation of Pop III stars. In a metal-enriched environment, H2 forms on the surface of

dust grains, and the rate of formation is in�uenced by the metallicity of the cloud. This relation-

ship is evident in the bottom panels of Fig. 1.1, where the H2 fraction increases as the metallicity

of the cloud increases from left to right. However, in the early universe where metallicity is es-

sentially zero, dust grains did not exist. Therefore, H2 cannot form on dust grains but primarily
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Figure 1.1: Hydrogen density (top), temperature (middle), and H2 fraction (bottom) of a star-
forming gas cloud with varying metallicities, arranged from left to right. The white circles within
each box represent stars. To establish the initial conditions for the simulations, I utilized the
outcomes of a cosmological zoom-in simulation of Garcia et al. (2023). As the metallicity of
the gas cloud increases (from left to right), the cloud becomes more turbulent and fragmentation
becomes more active.

forms in the gas phase via theH� channel,

H + e � ��! H� + 


H + H � ��! H2 + e � :

(1.3)

In this process,H� serves as a catalyst. The rate of H2 formation depends on the fraction of free

electrons (e� ). This reaction is particularly dominant at low densities. At high density (nH &
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108 H cm� 3) three-body interaction becomes the dominant channel for H2 formation,

3 H ��! H2 + H ; (1.4)

and,

2 H + H 2 ��! 2 H2: (1.5)

1.2.4 HD

Another crucial factor in Pop III star formation is the presence of deuterium hydride (HD).

Unlike symmetric H2, HD has a small dipole moment, allowing for dipole transitions that occur

at lower temperatures (T . 100 K). However, HD alone is insuf�cient to trigger the collapse

of primordial gas within a virialized halo where temperatures areT � 103 K. Additionally, the

abundance of HD is much lower compared to H2 (Yoshida et al., 2007).

Although HD is not the primary coolant of primordial gas due to its lower abundance,

there are situations where HD cooling becomes signi�cant and plays a critical role in Pop III

star formation. When the gas temperature reachesT � 150K, HD cooling becomes effective

in further cooling the gas, altering the properties of Pop III stars. This scenario can occur, for

instance, when a gas ionized by neighboring Pop III stars recombines. With a high ionization

fraction, the H2 fraction remains high, leading to an increase in the HD fraction. Ultimately, this

process results in a reduction in the mass of Pop III stars. In Chapter 4, the focus will be on

investigating the effect of X-rays on the global ionization and subsequent formation of Pop III

stars. X-rays can signi�cantly impact the ionization state of the gas, in�uencing the formation

and abundance of HD and, consequently, the properties of Pop III stars.
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1.3 Radiation Background

Pop III star formation is primarily driven by H2 cooling, and the rate of cooling depends on

the H2 fraction of the gas cloud. Consequently, radiation backgrounds that regulate the formation

of H2 play a crucial role in shaping Pop III star formation. For instance, H2 formation via the H�

channel (equation (1.3)) is contingent upon the electron fraction, which can be in�uenced by an

ionizing radiation background. Intense ionizing radiation can enhance the formation of H2, po-

tentially altering the properties of Pop III stars. Furthermore, UV radiation in the Lyman-Werner

(LW) band can have a signi�cant impact on H2 by dissociating it. Many authors have highlighted

the role of LW radiation in in�uencing Pop III star formation (Haiman et al., 2000; Omukai,

2001; Regan et al., 2020). Therefore, when studying Pop III star formation, it is imperative to

consider the effects of radiation backgrounds, as they can signi�cantly in�uence the formation

and abundance of H2, subsequently shaping the properties of Pop III stars.

Several authors have emphasized the signi�cance of X-ray radiation in ionizing the gas

and enhancing the gas-phase H2 formation (Haiman et al., 2000; Oh et al., 2001; Venkatesan

et al., 2001; Ricotti, 2016). This perspective is supported by two key aspects of X-rays. First,

X-ray photons possess the capability to traverse considerable distances in the early universe. The

intergalactic medium (IGM) in the early universe (z & 10) is nearly neutral before being ionized

at z � 6 � 10 (Fan et al., 2006). Therefore, the IGM is opaque to ionizing radiation especially

UV emitted by main-sequence Pop III stars. Unlike UV photons, which are readily absorbed

due to their large ionization cross-sections, X-ray photons exhibit smaller cross-sections and can

travel greater distances without being absorbed by the neutral medium. This is illustrated in the

left panel of Fig. 1.2, which displays the ionization cross-sections of H I, He I, and He II as a
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Figure 1.2: Left: Ionization cross-sections of H I (black), He I (red), and He II (blue). Right:
Particle horizon (red,c� tage), X-ray mean free path (purple,500eV), LW mean free path (green),
and UV mean free path (cyan,54:4 eV). The average LW mean free path is 150th of the particle
horizon (Ricotti et al., 2001; Ricotti, 2016).

function of photon energy. X-ray photons (E & 200eV) are less absorbed by the local medium

compared to ionizing UV photons, allowing them to penetrate deeper into the IGM as depicted by

the purple and cyan lines in the right panel of the �gure. Second, X-rays are ef�cient at ionizing

the IGM. When a high-energy X-ray photon (Eph & 0:2 keV) ionizes a hydrogen atom, the

resulting photoelectron possesses signi�cant kinetic energy (Eel = Eph � I H , I H = 13:6 eV is the

ionization potential of a hydrogen atom). In a neutral medium, the electron collides with other

hydrogen atoms, leading to a secondary ionization effect (Shull, 1979; Shull and van Steenberg,

1985). For instance, one soft X-ray photon (Eph � 0:2 keV) can ionize� 30 neutral hydrogen

atoms in the medium (Park et al., 2021a). Consequently, a moderate X-ray background can ionize

the IGM, thereby promoting the formation of H2 and facilitating the formation of Pop III stars

(Ricotti, 2016; Park et al., 2021a). However, it is essential to acknowledge that X-rays also have

negative feedback by inducing heating Jeon et al. (2014a). Therefore, when studying Pop III stars,

it is important to consider both positive and negative feedback mechanisms associated with X-ray

radiation.
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High-energy X-ray photons play a signi�cant role, yet their sources differ from main-

sequence Pop III stars. While Pop III stars are indeed hot, their contribution to X-ray emissions is

limited. For instance, the surface temperature of a massive Pop III star typically reaches� 105 K,

corresponding to a peak wavelength of� 300nm and a photon energy of� 40eV. Consequently,

while massive Pop III stars are bright in UV, they emit relatively faint X-rays. However, the rem-

nants and phenomena associated with Pop III stars are potent sources of X-ray photons. First,

supernova remnants (SNRs) are robust X-ray emitters due to the shock-heating of gas during the

explosive event, resulting in high temperatures (T & 107 K, Lopez et al., 2011). This hot plasma

emits high-energy photons through thermal bremsstrahlung radiation. Moreover, if Pop III stars

end their lives as PISNe or HNe, which are signi�cantly more energetic (10� 100times) than typ-

ical SNe (Heger and Woosley, 2002), they can emit copious amounts of X-ray photons. Second,

Pop III BHs are potential sources of X-ray emissions. Pop III stars within a speci�c mass range

may collapse into BHs (Heger and Woosley, 2002). These Pop III BHs, owing to their massive

progenitors, are larger than stellar-mass BHs in the present universe and can thus emit substantial

X-ray radiation. If a Pop III binary evolves into a high-mass X-ray binary (HMXB), it becomes a

source of hard X-ray photons (E & 2 keV), in�uencing the surrounding medium through heating

(Jeon et al., 2014a). Additionally, wandering IMBHs accreting material in the �rst galaxies may

emit strong X-ray radiation, as suggested by theoretical studies (Park and Ricotti, 2011; Sugimura

and Ricotti, 2020). Finally, active galactic nuclei (AGNs) are expected to contribute signi�cantly

to the buildup of an X-ray background in the early universe. Recent observations predicted high

fractions of AGNs atz � 10 (Juod�zbalis et al., 2023; Fujimoto et al., 2023), underscoring the

importance of studying their effects in the early universe. In summary, given the presence of var-

ious X-ray sources in the early universe, it is essential to consider the effects of X-ray radiation
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in studies of Pop III star formation.

X-rays play a role in ionizing the IGM and increasing the fraction of H2, while LW radiation

directly dissociates H2, thereby decreasing its fraction. In the LW band, when an H2 absorbs a

photon, it undergoes an excitation of an electron energy state. Subsequently, when the excited

molecule emits a photon, some of the energy is converted into vibrational energy. With� 15 %of

the time, this vibrational energy is suf�cient to break molecular bonds and dissociate H2 (Draine,

2011). Unlike the ionization of an atom, this dissociation process is a line process and therefore

only photons with certain energies are absorbed. Examples of these lines are presented in Haiman

et al. (2000) and Ricotti et al. (2001). However, factors such as the expansion of the universe,

hydrodynamics, and peculiar motions of DM halos alter the frequencies of photons, complicating

the modeling H2 dissociation by LW photons. On average LW photons have signi�cantly larger

mean free paths compared to ionizing UV photons in the early universe. For instance, the effective

mean free path of LW photons is� 150 times smaller than the horizon (Ricotti et al., 2001;

Ricotti, 2016). This is depicted in the right panel of Fig. 1.2, where the comparison with the mean

free path with ionizing UV and X-ray photons is illustrated. Consequently, LW radiation emerges

as a crucial radiation background in the opaque early universe. An intense LW background can

potentially delay the formation of Pop III stars. When DM halos are irradiated by LW radiation,

they grow in mass without forming Pop III stars. If the virial temperature of the gas within the

halos exceeds� 104 K, atomic hydrogen cooling becomes prominent. In such cases, massive BH

seeds (M � 105 M � ) appear, making these halos potential sites for the formation of supermassive

black holes (SMBH) (Regan et al., 2020).
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1.4 Properties of Population III Stars

1.4.1 Critical Mass of Halo

The formation of Pop III stars initiates with the cooling of virialized gas within a DM halo.

This cooling process occurs when the gas undergoes ionization through particle collisions, lead-

ing to the formation of a suf�cient quantity of H2 via the H� channel (equation 1.3). If the gas

collapses rapidly with a signi�cant presence of H2, Pop III stars can form. Tegmark et al. (1997)

demonstrated that the �rst Pop III stars emerge atz � 30 within minihalos of mass� 106 M � .

However, if a halo possesses a mass lower than this threshold, the gas within it is not suf�ciently

ionized by collisional processes, resulting in an insuf�cient electron fraction to generate the re-

quired amount of H2. This critical mass of the halo, above which Pop III stars can form, stands as

a pivotal aspect of Pop III star formation and carries signi�cant implications. Firstly, the critical

mass is intricately linked to the detection of PISNe by instruments such as JWST and NRST

(e.g., Whalen et al., 2014). A lower critical mass implies that even relatively small DM halos

have the potential to host Pop III stars, consequently increasing the number of Pop III stars per

unit volume. By analyzing observations to estimate the number of Pop III stars, insight into the

factors in�uencing the critical mass can be gleaned. Secondly, the number of Pop III stars may

hold signi�cance in the context of the formation of the �rst galaxies. Pop III stars generate heavy

elements and contaminate the primordial gas. Subsequent generations of stars form within this

contaminated gas, serving as the foundational components of the �rst galaxies. Therefore, com-

prehending the critical mass is necessary for advancing our understanding of galaxy formation

processes.
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While Tegmark et al. (1997) initially proposed a critical mass of� 106 M � , Ricotti (2016)

demonstrated that an X-ray background could potentially reduce the critical mass. This reduction

is feasible because a virialized gas undergoes ionization by a moderate X-ray background as

well as collisional ionization. This enhances the formation of H2 via H� channel (equation 1.3),

consequently lowering the critical mass and allowing smaller halos to foster the formation of

Pop III stars. For example, Ricotti (2016) predicted that in a weak X-ray background, the number

density of Pop III stars would be� 10 per (1 Mpc=h)3 volume. However, the presence of a

moderate X-ray background could elevate this number by a factor of� 10.

1.4.2 Mass

In star formation theory, the Jeans mass is a fundamental concept used to assess whether

a gas cloud can contract and potentially form stars. It also helps estimate the masses of the stars

that form in the cloud. The Jeans length is a critical parameter in this context, and it is de�ned as,

� J = t � cs

=
csp
G�

;

(1.6)

wheret � = 1=
p

G� is the free-fall time,G is the gravitational constant,� is the density, andcs is

the sound speed. The mass enclosed within the Jeans length is called the Jeans mass and it is,

M J =
4�
3

� 3
j �

�
k1:5

B (T=K) 1:5

G1:5m2
H

1
p

(n=cm3)

� 17 M�
(T=K) 1:5

p
(n=cm3)

;

(1.7)
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wherekB is the Boltzmann constant,T is the gas temperature,mH is the hydrogen mass, andn is

the number density. The above Jeans criterion (R > � J) indicates that a gas cloud may undergo

collapse if the enclosed mass within a certain scale exceeds the Jeans mass (M enc > M J).

The Jeans mass is contingent upon both temperature and density (equation 1.7), thereby

exhibiting variations as the gas cloud experiences cooling/heating or collapse/expansion. The

variation is often elucidated by the polytropic equation-of-stateP = K� 
 and,

M J / �� 3
J

/ �c 3
s

1
� 3=2

/ �
1
2 (3
 � 4);

(1.8)

where 
 is determined by the characteristics of the coolant. If
 > 4
3 , M J increases with�

(contraction). Conversely, if
 < 4
3 the Jeans mass decreases as the cloud contracts. In this case,

the gas cloud may fragment when the enclosed masses around density peaks exceed the local

Jeans mass.

In a giant molecular cloud enriched with metals, characterized by temperaturesT � 10K

and densitiesn � 102 cm� 3, the Jeans mass is� 50 M� . Considering these clouds typically have

masses� 105 M � , they have the potential to collapse and form multiple stars. As the gas cloud

evolves, it fragments, giving rise to a cluster of low-mass stars, thereby leading to a bottom-heavy

initial mass function (IMF). In contrast, for primordial gas (zero-metallicity) in a virialized halo

of mass of� 106 M � , T � 103 K and n � 1 cm� 3. At these conditions, the Jeans mass is

estimated to beM J � 5 � 105 M � while the mass within the halo is� 105 M � , assuming the

cosmic baryon-DM density ratio. With H2 cooling reducing the gas temperature toT � 200K
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Figure 1.3: Pro�les of primordial gas in a DM halo (Park et al., 2023). Top: Density pro�le.
Middle: The Jeans mass (black) and enclosed mass (cyan). Bottom:n vs T phase diagram.

at n � 104 cm� 3, the Jeans mass decreases toM J � 100� 1000 M� . This is illustrated in the

middle panel of Fig. 1.3. Initially, at the virial radius (r � 102 pc), the enclosed mass signi�cantly

falls below the Jeans mass. However, as the gas cloud cools via H2, the Jeans mass decreases. On

a scale ofr � 10� 1 � 100 pc, two mass scales become comparable, and subsequent evolution

proceeds with self-gravity within this radius. The Jeans mass on this scale is� 100 M� , leading

to the formation of Pop III stars with similar masses, thus rendering the IMF top-heavy.
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1.4.3 Multiplicity

Early theoretical and numerical investigations (Abel et al., 2002; Bromm et al., 2002) ini-

tially posited that a primordial gas cloud would not fragment, leading to the formation of a single

massive Pop III star. However, with advancements in simulation resolution, it became apparent

that as the density increases, a gas disk forms, subsequently fragmenting to give rise to multiple

stars (Clark et al., 2011a; Susa et al., 2014; Stacy et al., 2016; Sugimura et al., 2020). Despite

this fragmentation, Pop III stars are believed to be massive, resulting in a top-heavy IMF, in con-

trast to the bottom-heavy Salpeter or Chabrier IMF observed in stars within the local universe

(Salpeter, 1955; Chabrier, 2003). This result suggests that the formation of massive Pop III bina-

ries, which, upon evolution into BBH, could merge and emit strong GW signals through various

channels (Michaely and Perets, 2019; Liu and Bromm, 2020).

1.5 Thesis Outline

In this thesis, I investigate the formation of metal-free Pop III stars under the in�uence of

X-ray/LW radiation backgrounds. Across multiple chapters, I address various facets of this topic.

Chapter 2 delves into the impact of X-ray and LW backgrounds on the critical mass of halos

for Pop III star formation, employing an extensive set of simulations of halos irradiated by X-

ray/LW backgrounds with various intensities. In addition, the characteristic mass of Pop III stars

affected by X-ray radiation is explored. Chapter 3 examines how X-rays affect disk fragmenta-

tion and the multiplicity of Pop III stars. Chapter 4 introduces radiative feedback from Pop III

protostars and evaluates its implications on several properties. Additionally, I suggest that the

variability of eccentric binaries can be observed. In Chapter 5, I explore the origin of outward
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migration frequently observed in Pop III star formation simulations, analyzing torques and an-

gular momentum to understand how the angular momentum is transferred from the envelope to

the binaries. Furthermore, Chapter 6 revisits the concept of critical mass within a cosmological

framework, incorporating on-the-�y calculation of X-ray/LW radiation backgrounds to capture

feedback loop effects. Lastly, Chapter 7 summarizes the �ndings and outlines potential avenues

for future research.

1.6 A summary of software and facilities

Computational resources:

1. The Deepthought2 and Zaratan HPC cluster of the University of Maryland supercomputing

resources4

2. Student workstations of the Department of Astronomy, University of Maryland5

Software:

1. RAMSES-RT (Teyssier, 2002; Rosdahl et al., 2013; Bleuler and Teyssier, 2014)

4https://www.glue.umd.edu/hpcc/
5https://www.astro.umd.edu/twiki/bin/view/AstroUMD/StudentWorkstations
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Chapter 2: Population III Star Formation in an X-ray Background - I. Critical

Halo Mass of Formation and Total Mass In Stars

The �rst luminous objects forming in the universe produce radiation backgrounds in the

FUV and X-ray bands that affect the formation of Population III stars. Using a grid of cosmolog-

ical hydrodynamics zoom-in simulations, we explore the impact of the LW and X-ray radiation

backgrounds on the critical DM halo mass for Population III star formation and the total mass in

stars per halo. We �nd that the LW radiation background lowers the H2 fraction and delays the

formation of the Population III stars. On the other hand, X-ray irradiation anticipates the redshift

of collapse and reduces the critical halo mass, unless the X-ray background is too strong and gas

heating shuts down gas collapse into the haloes and prevents star formation. Therefore, an X-ray

background can increase the number of DM haloes forming Pop III stars by about a factor of

ten, but the total mass in stars forming in each halo is reduced. This is because X-ray radiation

increases the molecular fraction and lowers the minimum temperature of the collapsing gas (or

equivalently the mass of the quasi-hydrostatic core) and therefore slows down the accretion of

the gas onto the central protostar.
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2.1 Introduction

A better understanding of the formation of the �rst stars (Pop III) star and their impact on

second-generation stars is timely and important. First, they have an important role in the forma-

tion of the �rst galaxies and black holes (Bromm and Yoshida, 2011; Bromm, 2013, for review).

They produce the heavy elements required for the formation of the second-generation stars (e.g.,

Greif et al., 2010; Wise et al., 2012; Safranek-Shrader et al., 2014; Chiaki et al., 2018; Abe et al.,

2021), but their formation rate is uncertain because it is self-regulated by complex chemical and

radiative feedback loops (Ricotti et al., 2002b; Wise and Abel, 2008). For instance, the radiation

backgrounds they produce affect their formation rate on cosmological scales (Ricotti, 2016, hear-

after R16). Secondly, although there has been signi�cant progress in detecting high-z galaxies

(e.g.Bouwens et al., 2019; Finkelstein et al., 2022), our understanding of their formation is still

limited to the brightest galaxies at redshifts belowz � 6 � 10. With the JWST, however, we will

be able to look further and learn more about the formation processes of the �rst objects. More-

over, Pop III stars are of particular interest because the formation of the �rst IMBH remnants

with stellar origin is also poorly understood, and Pop III remnants are possible candidates for

the formation of black hole mergers detected by LIGO and Virgo gravitational wave experiments

(Abbott et al., 2016, 2017) due to their high masses (order of10� 100 M� , Heger and Woosley,

2002).

The �rst Pop III stars form in DM haloes of� 106 M � (called minihaloes) atz � 30

(Tegmark et al., 1997; Bromm et al., 2002; Abel et al., 2002; Yoshida et al., 2008). In the early

Universe, there are no heavy elements that can cool the gas in virialized minihaloes withTvir <

104 K (corresponding roughly to minihalo masses< 108 M � ). Therefore, the formation of Pop III
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stars relies on molecular hydrogen (H2) formation via the H� catalyst. This implies that the

radiation regulating the amount of H2 is crucial to their formation. For instance, FUV radiation

in the LW bands (11:2 � 13:6 eV) emitted by Pop III stars dissociates H2 (Haiman et al., 2000;

Omukai, 2001), suppressing gas cooling in minihaloes. The mean free path of LW radiation in

the IGM is roughly� 150 times smaller than the particle horizon (Ricotti et al., 2001, R16),

and much greater than the mean free path of ionizing UV radiation (� 13:6 eV). Therefore,

LW photons can travel far and build a radiation background that dominates the radiation from

local sources, and it is able to delay or suppress the formation of Pop III stars (Haiman et al.,

2000; O'Shea and Norman, 2008; Johnson et al., 2013; Regan et al., 2020). Another radiation

background that affects the H2 fraction is the X-ray radiation (& 0:2 keV, Haiman et al., 2000;

Venkatesan et al., 2001; Xu et al., 2016). The IGM is relatively transparent to photons in this

energy range. An X-ray radiation background partially ionizes the pristine gas and increases the

amount of H2 that forms viaH + H � ��! H2 + e � channel. In the early Universe, HMXBs,

accreting IMBHs, or supernova/hypernova explosions of Pop III stars are possible sources of an

X-ray radiation background (Jeon et al. 2014a; Xu et al. 2016; R16).

The role of the X-ray background in regulating the formation of Pop III stars is still debated.

Using zoom-in simulations, Jeon et al. (2014a) studied the effect of X-ray radiation emitted by

local sources and found negligible effects on the Pop III star formation rate. On the other hand,

through self-consistent modeling of sources and the background they produce on IGM scales,

R16 found that X-ray emission from the �rst sources has positive feedback on the number of

Pop III stars because of the enhanced H2 formation and cooling. However, when the mean X-ray

emission per source is above a critical value, the number of Pop III stars per comoving volume is

reduced because X-ray heating of the IGM becomes the dominant feedback effect. At the critical
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X-ray luminosity per source, the number of Pop III stars per comoving Mpc/h3 at z � 15 is

� 400, that is far larger than� 10 Pop III stars found in the same volume without X-rays (i.e.,

with only LW radiation background). The limit of this model is that it considers global feedback

loops but neglects local feedback effects and galaxy-scale gas dynamics.

The IMF of Pop III stars is also an important open question in Pop III star formation theory

and has been studied numerically by many authors (Hirano et al., 2014; Susa et al., 2014; Stacy

et al., 2016). Using a number of RHD simulations, Hirano et al. (2014) and Hirano et al. (2015,

hearafter HR15) explored the �nal masses of Pop III stars, taking into account photodissociation

of H2 by LW background, but neglecting the effect of X-ray radiation. Simulating a large sample

of minihaloes, they found correlations between the �nal mass of Pop III stars and properties of

gas cloud or host halo, such as the gas accretion rate. Hummel et al. (2015, hereafter HM15)

explored the role of an X-ray background in determining the number of Pop III stars and their

�nal masses.

In this work, the �rst in a series, we investigate how the X-ray and LW radiation back-

grounds affect the formation of Pop III stars using a set of zoom-in cosmological simulations of

minihaloes. First, we study the impact of the backgrounds on the redshift of collapse and there-

fore the critical mass of the DM minihalo when Pop III stars form. This is tightly related to the

number of Pop III stars and PISNe that will be able to be detected with JWST and the NRST

(Whalen et al., 2014). Furthermore, we explore how the total mass in Pop III stars depends on the

intensity of the radiation backgrounds. In a companion paper (Park et al., 2021b, hereafter, Pa-

per II), we study the effect of X-ray irradiation on the properties and fragmentation of protostellar

discs, the multiplicity, mass function and separation of Pop III stars.

The paper is organized as follows. In Section 2.2 we introduce our simulations and meth-
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ods. In Section 2.3 and 2.4 we discuss how a radiation background affects the minimum mass of

minihaloes forming Pop III stars, and the �nal masses of Pop III stars, respectively. In Section 2.5

we provide a discussion and a summary.

2.2 Simulation

We use the RHD cosmological codeRAMSES-RT (Rosdahl et al., 2013). Its original version

RAMSES(Teyssier, 2002) is an N-body + hydrodynamic code using an AMR technique. In order

to simulate the growth of haloes, gas collapse, and development of discs from cosmological initial

conditions, we perform zoom-in simulations. First, we run two DM-only simulations of 1 and 2

Mpc/h3 boxes. We select two haloes (Halo 1 and Halo 3) from the 1 Mpc/h3 box and one halo

(Halo 2) from the other. Halo 1 is at the centre of a group while Halo 2 and Halo 3 are in sparsely

populated regions.

Inside each zoom-in region, the mass of DM particles is� 800 M� . The cells within the

zoom-in regions are re�ned if they contain at least 8 DM particles or if their Jeans lengths are

not resolved with at leastNJ cells. For the latter condition, a widely adopted value isNJ =

4 (Truelove et al., 1997), but we adopt the value ofNJ adaptively. At small scales where the

circumstellar disc fragments and stars form (cell size smaller than� 1 pc=h, comoving), we

adoptNJ = 16 in order to prevent any possible arti�cial fragmentation and better resolve possible

turbulent motions. If the size of a cell is greater than� 30 pc=h (comoving), we adoptNJ = 4 to

save computational time. Any cells between these two scales are re�ned withNJ = 8. The size

of a smallest cell is0:00375 pc=h (comoving). Atz = 20, this corresponds to a physical size of

2:63 � 10� 4 pc (or 54 au). The corresponding AMR levels are shown in Table 2.1. The initial
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Table 2.1: Summary of the simulations.

M vir (z = 15:7) MDM (zoom-in) Box size lmax

Halo 1 7:9 � 106 M � 800 M� 1 Mpc/h3 28

Halo 2 4:4 � 106 M � 800 M� 2 Mpc/h3 29

Halo 3 7:0 � 105 M � 800 M� 1 Mpc/h3 28

conditions of the DM-only and zoom-in simulations are generated withMUSIC (Hahn and Abel,

2011). The assumed cosmological parameters areh = 0:674; 
 m = 0:315; 
 � = 0:685; 
 b =

0:0493; � 8 = 0:811andns = 0:965(Planck Collaboration et al., 2020). The initial abundances of

electrons and H2 are� 2 � 10� 4 and2 � 10� 6, respectively.

Snapshots of the haloes are presented in Fig. 2.1 and a summary of the three simulations

is given in Table 2.1. In Fig. 2.2 we plot the virial masses of the haloes as a function of redshift.

Halo 1 is more massive than the other two, and its mass reaches� 2 � 107 M � atz � 15. Halo 2

and Halo 3 end up being haloes of� 7� 106 and2� 106 M � atz � 10. In a strong LW radiation

background, the collapse of the gas is delayed to when the mass of the minihalo is& 107 M � ,

close to the critical mass at which Ly� cooling becomes dominant and approaching a regime

thought to be the main formation channel of direct-collapse-black holes (e.g., Omukai 2001;

Bromm and Loeb 2003; Regan and Haehnelt 2009; Shang et al. 2010; Latif et al. 2011; Hosokawa

et al. 2012; Sugimura et al. 2014; Chon et al. 2016; Regan et al. 2020; see also Inayoshi et al.

2020 for a review). Excluding this extreme case, the formation of Pop III stars in our simulations

occurs when the masses of the minihaloes are between105 M � and� 2 � 106 M � . In this range,

the masses of the three haloes grow in different ways. Halo 1 grows rapidly between redshift

z � 30 to z � 22and Pop III star formation happens during this time. Halo 3 also grows rapidly

from z � 19 to z � 17and the redshift of star formation in many simulations falls in this range.
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Figure 2.1: Snapshots of the gas density in Halo 1, Halo 2, and Halo 3 (columns from left to right,
respectively) for the case without radiation backgrounds. Each row shows the gas density at three
different scales (see label on the left).

On the other hand, the mass of Halo 2 increases slowly, by a factor of two fromz � 25 and20,

and most of the star formation happens during this time.

2.2.1 Chemistry

RAMSES-RT incorporates the chemistry of hydrogen/helium ions and molecular hydrogen.

In this study, the formation and destruction of H2 are treated following Katz et al. (2017) with

some modi�cations. Our revised model is accurate up to gas densitiesnH � 1012 H cm� 3. Im-

provements and validation of the primordial chemistry/cooling model with respect to the original
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Figure 2.2: Halo mass as a function of redshift. The virial masses of Halo 1, Halo 2, and Halo 3
are shown with different lines. The positions of symbols refer to the redshift of the formation of
Pop III stars and the masses of their host minihaloes. Different symbols and colors indicate the
intensity of LW and X-ray backgrounds as indicated by the legend (see Section 2.2.2). Strong
X-rays reduce the critical mass of Halo 1 (red and orange) and moderate X-rays reduce that of
Halo 2 and Halo 3 (green and yellow). On the other hand, strong LW backgrounds delay Pop III
star formation in all haloes (triangles).

RAMSESversion are shown in Appendix A.1. The H2 formation rate is,

dxH2

dt
= � CcollxH2 � kphoto xH2 + RnHI ; (2.1)

wherexH2 is the H2 fraction,nHI is the H I number density,Ccoll is the collisional dissociation

rate,kphoto is the photodissociation rate andR is the production rate. The termCcoll is the sum

of the collisional dissociation rates of H2 colliding with H, H2, e� , He and H+ (Glover and Abel,
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2008; Glover et al., 2010). Its de�nition is

Ccoll =
X

i

kcoll ;ini (2.2)

wherei means one of �ve chemical species (H; He; e� ; H+ and H2). The termkcoll ;i is the col-

lisional dissociation rate for species i andni is its number density. The photodissociation rate

is,

kphoto = 4�
Z 13:6eV=hP

11:2eV=hP

J�

hP �
� LW d�: (2.3)

hP is the Planck constant, J� is the intensity and� LW is the effective cross-section,

� LW = 2:47� 10� 18f shd cm2; (2.4)

wheref shd is the shielding factor. To computef shd, we adopt the formulae in Wolcott-Green and

Haiman (2019):

f shd =
0:965

(1 + x=b5)� (n;T )

+
0:035

(1 + x)0:5
� exp [� 8:5 � 10� 4(1 + x)0:5];

(2.5)

where

� (n; T) = A1(T) � exp (� 0:2856� log(n=cm� 3)) + A2(T);

A1(T) = 0 :8711� log(T=K) � 1:928;

A2(T) = � 0:9639� log(T=K) + 3 :892:

(2.6)
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Here,x � NH2=5 � 1014 cm2, whereNH2 is the H2 column density. One difference from the

formula in Gnedin et al. (2009) is the Doppler broadening factorb5 = b=105 cm s� 1. For each

cell, the value of b is computed withb = ( b2
turb + b2

thermal )
1=2, wherebturb = 7:1 � 105 cm s� 1 is

the turbulent broadening factor (Krumholz, 2012) andbthermal = (2 kBT=mH2)1=2 is the thermal

broadening factor (Richings et al., 2014). For the latter,mH2 is the mass of an H2 molecule,T is

the temperature of the cell, andkB is the Boltzmann constant. The rate of production of H2 is,

R =
k1k2xe

k2 + k5xHII + k13xe
+ ( R3;1nHI xHI + R3;2nH2xHI ); (2.7)

wherexHII is the ionized H fraction,xe is the electron fraction andnH2 is the H2 number density.

The �rst term on the right-hand side of the equation is the production rate through the H� channel.

In this work, contrary to the other species, we do not track the out-of-equilibrium H� abundance,

instead we calculate the equilibrium value using the four reaction rates of H� formation (k1; k2; k5

andk13 from Glover et al., 2010) as in Katz et al. (2017). At densities higher than108 H cm� 3,

the three-body interaction (the second term in equation (2.7)) is the dominant channel of H2

formation.R3;1 is the production rate from the reaction3 H ��! H2 + H (Forrey, 2013) andR3;2

is that from2 H + H 2 ��! 2 H2 (Palla et al., 1983).

We make use of the results of Glover and Abel (2008) and Glover (2015) to calculate the

gas cooling rate due to the collisions of H2 with H, H2, e� , He and H+ . The low-density limit

follows equation (37) and Table 8 of Glover and Abel (2008) and we adopt equation (30) of

Glover (2015) to calculate the LTE limit. The rate of cooling by H2 is,

� =
� H2 ;LTE

1 + � H2 ;LTE =� H2 ;n ! 0
; (2.8)
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where� H2 ;LTE is the LTE limit and� H2 ;n ! 0 is the low density limit.

At high density, H2 line emission is trapped by the optically thick gas, so the cooling rate is

affected by the escape probability of the radiation. The cooling rate is multiplied by the following

factor.

�f esc =
1

(1 + NH2=Nc)�
: (2.9)

The equation and parameters (Nc and� ) are de�ned in Fukushima et al. (2018).

2.2.2 Radiation Background and Secondary Photo-electrons from X-ray Ion-

ization

In RAMSES, the ionization and heating by a radiation background can be calculated for

redshiftsz < 15 by reading a table of background spectra at different redshifts (Haardt and

Madau, 2012). In this work, however, we are interested in the radiation background in the earlier

Universe atz � 30� 15, hence we must follow a different approach.

The evolution of the radiation background and Pop III star formation rate that produces it

are regulated by feedback loops acting on cosmological scale (see, R16). In this study, however,

we focus on the formation of Pop III stars in a single halo using zoom-in simulations. This pre-

vents us from tracking the number of X-ray sources that contribute to the background. Moreover,

the physics regulating the formation of possibly important X-ray sources in the early Universe

(e.g., HMXRBs, SN/HN, accreting IMBHs, miniquasars) is not well constrained, therefore the

radiation background they build is somewhat uncertain. For this reason, we use a simple ap-

proach. We run a large grid of simulations for each halo, with different radiation background

models. Each of the models consists of a LW (11:2� 13:6 eV) band background, and a soft X-ray
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(0:2 � 2:0 keV) background. Other studies (HM15; Jeon et al., 2014a; Xu et al., 2016) focus on

the role of HMXBs which emit harder X-ray photons (1� 10keV), but here we limit our interest

to soft X-rays, mostly produced by accreting IMBHs and supernova/hypernovae explosions and

remnants (R16). We assume that the speci�c intensity of the LW background (JLW ;21, in units of

10� 21 erg s� 1 cm� 2 Hz� 1 sr� 1) is constant with the frequency between11:2 � 13:6 eV, while the

X-ray background is a power law with slope1:5: JX;21 = J X0;21(E=E0)� 1:5, whereJX0;21 is the

intensity atE0 = 200 eV (Inayoshi and Omukai, 2011). For the sake of simplicity, we assume

the intensity of the background is constant as a function of time in physical units (not comov-

ing). However, note that X-ray feedback may change the number of X-ray sources (R16) and the

accretion rate of gas onto an IMBH (Jeon et al., 2012), producing a time-dependent X-ray back-

ground. We explore a grid of7 � 7 = 49 different combinations of LW and X-ray backgrounds:

JLW ;21 = 0; 10� 3; 0:01; 0:1; 1; 10; 100 and JX0;21 = 0; 10� 6; 10� 5; 10� 4; 10� 3; 0:01; 0:1. These

models may represent radiation backgrounds with local and cosmological origins (Jeon et al.

2014a; HM15; R16; Regan et al. 2020). HM15 shows HMXBs can generate an X-ray background

corresponding to our most intense case (JX0;21 = 0:1) and a LW background withJLW ;21 = 1 may

delay Pop III star formation until the atomic cooling regime (Regan et al., 2020). Throughout this

paper, we categorize X-ray backgrounds withJX0;21 � 10� 3 as ”strong” X-ray backgrounds. As

a reference to previous works,JX0;21 � 10� 2 corresponds to the strong X-ray case in R16, in

which Pop III star formation can be suppressed by IGM heating. A valueJX0;21 � 10� 4 roughly

corresponds to the �ducial scenario in R16, in which the number of Pop III stars is maximized,

and it is also similar to the value of the X-ray background adopted by Xu et al. (2016). A sketch

of the spectra is shown in Fig. 2.3.

If a high-energy X-ray photon ionizes a hydrogen atom, the resultant photo-electron also
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Figure 2.3: Spectra of LW and X-ray radiation background. The intensity in cgs unit andJ are
shown. The intensity of the LW background is constant and that of the X-ray background is pro-
portional to� � 1:5 (Inayoshi and Omukai, 2011). We assume that ionizing UV photons (13.6 eV -
0.2 keV) cannot build a radiation background so the intensity in this range is zero. In this exam-
ple,JLW ;21 = 10� 2 andJX0;21 = 10� 2.

has large kinetic energy. This electron may produce secondary ionizations by colliding with other

neutral hydrogen atoms or be thermalized and heat the gas by colliding with other electrons. We

model the secondary ionization/heating following Shull and van Steenberg (1985) and Ricotti

et al. (2002a). The ionization rate of speciesi is:

�
dx i

dt
= x i � i +

X

j=H I ;He I

nj

ni;tot
� j

D
� i(E j

0; xe)
E

;

= (1 + f ion;i)� i ;

(2.10)

wheref ion;i is the secondary ionization fraction of species i,E i
0 = hP � � I i is the photo-electron

energy and
D

� i(E j
0; xe)

E
is the average number of secondary ionization per primary electron of
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species j (see Ricotti et al., 2002a).I i is the ionization potential and� i is the photo-ionization rate

� i = 4�
Z 1

I i =hP

J�

hP �
� i d�; (2.11)

where� i is the ionization cross-section ofi (Verner et al., 1996). The rate of heating due to species

i is

de
dt

= 4�
Z 1

I i =hP

J�

hP �
� iEh(E i

0; xe) d�

= f heat;i � i :

(2.12)

wheree is the internal energy. A fraction of the energy of photo-electrons is used to ionize the gas

and therefore the heating of the gas is less ef�cient (Ricotti et al., 2002a). This effect is considered

with the factorEh(E i
0; xe). The photoheating rate neglecting secondary photo-electron ionization

is

� i = 4�
Z 1

I i =hP

J�

hP �
(hP � � I i) � i d�: (2.13)

The secondary ionization fractionf ion;i is large (e.g.f ion;H I � 17:3) when the gas is almost neutral

and its value converges to zero with increasingxe. On the contrary, the heating fractionf heat;i is

low in a neutral gas (close to 0.1) and converges to 1 with increasingxe. This can be understood

as in a neutral gas (lowxe), most of the photo-electrons collide with neutral hydrogen and ionize

the gas, while in a highly ionized gas, photo-electrons collide with other electrons and thermalize.
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2.2.3 Tracking Clumps

We impose that the Jeans length is resolved with at leastNJ = 16 cells up to the maximum

AMR level near the halo centre. Once the maximum level is reached, however, we cannot re�ne

them further. In order to prevent arti�cial fragmentation at the maximum re�nement level caused

by a decreasing Jeans length, we suppress the cooling of cells with the maximum re�nement level

following the method in Hosokawa et al. (2016). This is done by multiplying the cooling function

by the factor

Climit = exp

"

�
�

� � 1
0:1

� 2
#

(if � > 1); (2.14)

where� = f limit (� x=� J) with the cell size� x and Jeans length� J. We assumef limit = 12 as in

Hosokawa et al. (2016).

To investigate the growths of protostars and the initial mass function, many studies employ

sink particles/cells and calculate the gas accretion onto and radiative feedback from them (e.g.,

HR15; Sugimura et al., 2020, hereafter S20). In this study, we do not use sink particles, hence

we neglect accretion and feedback physics associated with them. Our goal is to perform many

simulations for various external radiation backgrounds to capture the effects of X-rays on the

collapse and fragmentation. Instead of using sink particles, we �ag cells withClimit < 10� 4 in

each run. Using a friends-of-friends algorithm, we link neighboring cells together to identify

dense clumps. Each clump represents a quasi-hydrostatic core that would collapse to form a star

if we did not impose limitations on the cooling rate and the resolution. Throughout this article,

we use each clump as a proxy for a single Pop III star.

34



Figure 2.4: Halo 2 in a LW-only simulation (the top panels) and one including X-ray effects
(the bottom panels). The �rst two columns show the hydrogen number density at different scales
(shown in the top panels). The third and forth panels show the H2 fraction and gas temperature,
respectively (the scale is the same as in the second panel from the left). The intensity of the LW
radiation is the same in both simulations (JLW ;21 = 10� 1). The intensities of X-ray backgrounds
areJX0;21 = 0 and10� 4, respectively. The white circle indicates the virial radius of the halo.
When irradiated by a moderate X-ray background, the gas core in the halo has a higher H2 fraction
(third column) and can cool to a lower temperature (fourth column). Hence the gas in the X-ray
irradiated halo can collapse to a higher density than the case with the same LW background but
without X-rays (second column), allowing the formation of Pop III stars.

2.3 Results - I. Critical Minihalo Mass for Pop III Formation

In a gas of primordial composition, the formation of H2 is inef�cient in minihaloes below a

critical mass due to the low electron fraction produced by collisional ionization during virializa-

tion (Tegmark et al., 1997). However, pristine gas can cool more ef�ciently, even in small mass

minihaloes, if an X-ray radiation background enhances the electron fraction. Fig. 2.4 demon-

strates the effectiveness of the X-ray background in promoting Pop III star formation. When the

halo is irradiated by a constant (as a function of time) LW background (top panels), the maximum

gas density in the minihalo at redshiftz = 22:6 is below10 H cm� 3, and the gas collapses to

form a dense core atz � 16:5, when the mass of the minihalo is1:6 � 106 M � . If the halo is
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exposed to the same LW background but also an X-ray background (bottom panels), the gas at

the halo centre cools ef�ciently (the right panels shows the temperature) thanks to the enhanced

H2 fraction (see the third panel from the left). The cooling enables the formation of a dense core

at z = 22:6, when the halo mass is� 1:5 � 105 M � , a critical mass about ten times lower than

the case without X-ray irradiation.

To quantify the effect of the X-ray background we de�ne the critical mass as the mass of a

minihalo at the redshift when the Pop III star forms. To this end, we de�ne the parameterz� , that

is the redshift at which the central gas density reaches10� H cm� 3. For example, if the central

gas density reaches101 H cm� 3 at z = 25 and108 H cm� 3 at z = 23, z1 = 25 andz8 = 23,

respectively. In this section, we assume that Pop III stars form atz10. From the time of formation

of the protostellar core, it takes roughly104 � 105 years for feedback to halt gas accretion and

reach the �nal Pop III star mass (S20). This time scale is much shorter than the typical variations

of the formation time caused by different intensities of the LW or X-ray radiation backgrounds.

The later phases of evolution of the gas (nH > 1010 H cm� 3), when a protostellar disc is formed,

are discussed later in Section 2.4 and Paper II (Chapter 3).

The three panels in Fig. 2.5 showz1, z3 andz10, respectively, for Halo 1 for the7 � 7 grid

of radiation backgrounds. The middle and right panels are nearly identical, meaning that once

the gas reaches a density above103 H cm� 3, for the range of backgrounds considered here, the

collapse cannot be halted and proceeds rapidly to densities� 1010 H cm� 3. The panel on the left

shows that the gas density reaches10 H cm� 3 by z � 24 for any value of the LW background

unless the X-ray intensity is larger thanJX0;21 > 10� 3 andJLW ;21 > 10. This is because the core

gas density of Halo 1 at virialization is� 10 H cm� 3 even without any core contraction due to

gas cooling (see Ricotti, 2009, for the calculation of the core gas density assuming an isothermal
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Figure 2.5: Redshift of collapse (z� ) to a density10� for Halo 1 as a function ofJLW ;21 and
JX0;21. From left to right,� is 1, 3 and 10. The smoothed iso-contours forz� = 15, 20, 23, 24,
25, and 26 are drawn on the top of the color map. Under the color bar, the mass of the halo at
a particular redshift is shown. The locations in each panel marked by letter labels are used for
a more detailed explanation of the results in the text. The center and right panels show that X-
rays have net positive feedback in the sense of anticipating the formation of Pop III stars (and
hence reducing the critical halo mass for star formation) and generally counteracting the negative
feedback effect of a strong LW radiation background. The effect in reducing the critical mass
is most pronounced in a weak or moderate LW background (JLW ;21 � 10� 1) with strong X-ray
irradiation (JX0;21 � 10� 3).

equation of state andT � Tvir ). Thereforez1 is always reached by Halo 1 unless the X-ray

background is strong enough (JX0;21 > 10� 3) to heat the IGM toTIGM > T vir and cooling from

H2 formation (that is increased by X-ray photo-ionization) does not offset signi�cantly the X-ray

heating (JLW ;21 > 10).

Let's now focus on the right panel, showing the redshift of Pop III star formation. In a zero

background (the bottom left corner), the Pop III star forms atz � 24 when the halo mass is

� 7 � 105 M � . Increasing the LW background intensity toJLW ;21 � 10delays Pop III formation

to z � 14 when the halo mass exceeds2 � 107 M � (label A). The �gure also shows thatz10

increases and the critical mass decreases, with increasing X-ray intensity. This is consistent with
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HM15 which also �nds an earlier onset of gas collapse in an X-ray background. We �nd that the

X-ray background is particularly effective in offsetting the negative feedback effect of a strong

LW background. In a weak X-ray background, LW intensityJLW ;21 � 10delays the formation of

Pop III stars toz � 14(label A in the �gure), but if an X-ray backgroundJX0;21 � 10� 4 � 10� 3 is

present, the central gas can collapse to form Pop III stars atz � 22(label B) when the mass of the

halo is below1:8� 106 M � . Compared to2� 107 M � atz � 14, this is a reduction of the critical

mass by one order of magnitude. In a cosmological context, a reduction of the critical mass by an

order of magnitude implies that the number of minihaloes that are able to form Pop III stars will

increase by roughly the same factor. As a side note, Regan et al. (2020) found that LW radiation

backgrounds withJLW ;21 � 0:1 � 10suppresses the formation of Pop III stars and allows direct-

collapse-black holes to form in atomic cooling haloes (with mass> 108 M � ). Our results suggest

that a strong X-ray background may offset this effect enabling Pop III star formation even in a

strong LW background.

Fig. 2.6 shows the same results as Fig. 2.5, but for Halo 2 and Halo 3, respectively. At all

redshifts, Halo 2 is smaller in mass than Halo 1, and Halo 3 is the smallest halo (see Fig. 2.2). The

results for these two haloes are qualitatively similar to Halo 1, with some quantitative differences

explained below. For these smaller mass haloes, when both the LW and X-ray intensity are large,

the gas density fails to reach10 H cm� 3 (label A in the �gure). This is because, due to their

lower masses and virial temperatures, the core densities of these haloes at virialization are<

10H cm� 3, hence suf�ciently rapid cooling is necessary to reach that density. A LW background

JLW ;21 � 10� 1 is suf�cient to suppress cooling and prevent the gas from reaching10 H cm� 3

beforez � 16. The collapse of gas to higher densities (from� = 3 to 10) follows the same

trend as that of Halo 1. An increase in the LW intensity suppresses the formation of H2 and

38



Figure 2.6: Redshift of collapsez� to density10� for Halo 2 (top panels) and Halo 3 (bottom
panels). The meaning of the labels and contour plots is the same as in Fig. 2.5. Note that for
Halo 3 the iso-contour lines are atz = 15; 17; 19; 20, and 21. Unlike the case of Halo 1, that
has the largest mass among our simulated haloes, here positive feedback from X-rays is most
signi�cant for moderate X-ray irradiation, atJX0;21 � 10� 4 � 10� 3, because for strong X-ray
irradiation the heating of IGM prevents the gas from condensing in these smaller mass haloes.
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delays Pop III star formation. Compared to Halo 1, however, a signi�cant delay of Pop III star

formation occurs for a weaker LW radiation background. For instance,z10 of Halo 1 decreases

dramatically betweenJLW ;21 = 1 and10while this occurs betweenJLW ;21 = 0:1 and1 for Halo 2

andJLW ;21 = 0:01 and0:1 for Halo 3. In a strong LW background, Pop III stars fail to form

beforez � 13(z � 10) for Halo 2 (Halo 3).

The positive feedback by an X-ray background is also observed in Halo 2 and Halo 3.

Without any LW or X-ray radiation backgroundsz10 = 21:27 (18) in Halo 2 (Halo 3) and the

critical mass is� 1:5 � 105 M � (location B). In a strong X-ray background (JX0;21 = 10� 3,

location C),z10 = 24:6 (� 31 Myr earlier) in Halo 2 and the critical mass decreases to9:5 �

104 M � (while it decreases by a factor of� 3 for Halo 3). When LW radiation is stronger

(JLW ;21 � 0:1), the effect of X-rays becomes more pronounced: in Halo 3 Pop III star does

not form without X-ray irradiation (location G) and in Halo 2 the critical mass is1:6 � 106 M �

(z10 = 16:50, location D). Adding X-ray radiation (location E and H), the critical mass is lower by

more than a factor of 10 for Halo 2 (1:2� 105 M � , z10 = 23:11) and is about� 3:0� 105 � 106 M �

for Halo 3.

If the X-ray intensity increases further, however, the heating of the IGM becomes the dom-

inant feedback mechanism, suppressing the formation of Pop III star as in the analytic models

of R16. Increasing the X-ray intensity by a factor of 10 (location F) suppresses gas collapse and

Pop III star formation does not occur untilz = 12:60 when the halo mass is6:6 � 106 M � . If

JX0;21 = 0:1, the heating by a radiation background shuts down gas collapse completely and the

formation of a Pop III star is suppressed untilz = 10.

In all the haloes the reduction of the critical minihalo mass produced by an increasing X-

ray background is largest in an intense LW background. This can be readily understood because
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no matter how strong is the boosting of H2 formation by X-rays, there is a �oor to the lowest

critical mass, that is dictated by the inef�cient cooling rate of H2 in gas with temperature below

� 100� 200K. Hence, virialized gas in minihaloes withTvir < 100� 200K cannot cool rapidly

even if the gas has high molecular fraction. A rough estimate of this �oor critical mass of DM

minihaloes is,

M cr(min) � 105 M �

�
1 + zvir

20

� � 3=2

; (2.15)

where we have assumeTvir = 200 K. This limiting minimum mass could be signi�cantly reduced

by HD cooling, which is neglected in our work.

In order to better understand the common qualitative features described above for the three

haloes, in Fig. 2.7 we show a sketch of the region on the grid in which Pop III stars can form. The

sketch on the left is based on the analytical model in R16, while the sketch on the right illustrates

the results of this study based on hydrodynamical simulations.

When an X-ray background is intense (top line in the sketch), gas photo-heating is the

dominant feedback process. In this case, the temperature of the IGM (TIGM ) and the halo virial

temperature (Tvir ) determine the formation of Pop III stars. IfTvir < T IGM the gas in the halo

cannot collapse until the halo mass grows enough andTvir exceedsTIGM . R16 assumed that only

haloes withTvir > T IGM can form Pop III stars and this is represented as a horizontal line in the

left panel. In the hydrodynamics simulations, however, the formation of Pop III stars in strong

X-ray radiation shows a dependence on the intensity of the LW radiation and thus this line is

slanted. We speculate that this is due to the additional cooling by H2 in the absence of a strong

LW background. The position of the line on the diagram is shifted upward (to higherJX0;21) if

the halo is more massive and has a higher virial temperature.
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Figure 2.7: Schematic diagrams of Fig. 2.5 and 2.6. The colored regions represent the region on
the grid where the formation of Pop III is allowed. The left panel shows the region expected by
the model in R16, and the right one simpli�es the trend of our simulations.Tvir andTIGM indicate
the temperatures of a virialized halo and the IGM, respectively.xe;vir is the electron fraction of
the halo in the absence of an X-ray background andxe;back is the fraction of electrons due to
additional ionization by the X-ray background radiation. The parameter� , related to the mean
spectral energy distribution of the �rst sources of light, is the ratio of the integrated energy in the
X-ray band and the LW band (see R16).

The lower part of the diagram can be understood considering the degree of X-ray ionization

and H2 formation. If the X-ray radiation is weak (below the dashed line) the fraction of electrons

produced by X-ray photoionization (xe;back) is lower than the residual electron fraction from

the epoch of recombination and the electron fraction produced by collisional ionization in the

virialized halo (xe;vir ). In this region the positive feedback by the X-ray background is negligible.

The position of the line is mostly determined by the growth rate of the halo. Halo 1, that grows

quickly and becomes more massive than the other two, has higher virial temperature and thus

higher collisional ionization rate. In addition, the halo is irradiated for a shorter period of time

before the formation of Pop III stars. Therefore, the intensity of the X-ray background must

be higher (JX0;21 � 10� 5 for Halo 1, see Fig. 2.5) to increase suf�cientlyxe;back and have an
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in�uence on the critical mass of the halo. On the other hand, the position of the dashed line is

lower for Halo 2 and 3 (JX0;21 � 10� 6, Fig. 2.6) because they are irradiated by X-rays for a longer

time, hence weaker X-ray background is suf�cient to producexe;back > x e;vir .

Above the dashed line the X-ray photoionization is the dominant positive feedback. In this

region of the parameter space, the increased H2 fraction from X-ray ionization compensates for

the H2 dissociation by the LW background, making the formation of Pop III stars possible in

a stronger LW background. The slanted line on the right side of the region shows this trend.

The slope of the isocontour lines in this region is roughly linear:JX0;21 / JLW ;21. This can be

understood in the context of the R16 model in which the critical mass was found to depend on

the parameter� , that is the ratio of the energies in two energy bins in the mean spectrum of the

sources� � EX =ELW � JX =JLW .

In conclusion, considering the �nite sampling in theJLW ;21 � JX0;21 plane due to the lim-

ited number of simulations in this work, our results are in good qualitative agreement with the

analytic model in R16, although the simulations show that the R16 model neglects some physical

processes that are important when the X-ray irradiation is strong, and/or when minihalo masses

grow rapidly. In the absence of radiation backgrounds, the critical halo mass we �nd is in agree-

ment with R16 (about106 M � ). We note that in R16 the smallest mass halo in which Pop III

stars can form is� 3 � 104 M � , obtained when a strong X-ray irradiation is considered at very

high redshift. In this work we �nd a minimum mass about three times larger (� 105 M � ). This

is in agreement with the estimate of the minimum critical mass in equation (2.15), given that the

analytical work considers also very rare haloes forming atz > 30.
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2.4 Results: II. Total Mass in Pop III Stars

Our simulations follow the formation of protostars for5 � 104 � 105 years after the time

of formation, de�ned here when the core density reaches� 1010 � 1011 H cm� 3. However, we

neglect radiation feedback from the accreting protostars that can dissociate H2 (FUV radiation)

and produce winds powered by photo-heating from hydrogen and helium ionization. Therefore

the masses of the Pop III stars at the end of our simulations are (in most cases) overestimated and

provide an upper limit to the Pop III mass. Without radiation feedback, the masses of the Pop III

stars grow at a nearly constant rate from the time of formation. Radiation feedback is expected to

both reduce the accretion rate and halt the accretion after� 2 � 104 years (see S20).

In order to estimate the effect of radiation feedback in reducing the �nal masses of Pop III

stars, we use an empirical relationship based on previous work by HR15 that includes UV radia-

tion feedback. HR15 provides a relation between the �nal mass of Pop III star and the accretion

rate onto the protostellar core

M �nal = 250 M�

�
dM=dtjcr

2:8 � 10� 3 M � yr � 1

� 0:7

; (2.16)

whereM �nal is the �nal mass anddM=dtjcr is the accretion rate at the characteristic radius. We

de�ne the characteristic radius consistently with the de�nition in HR15: when the central gas

density reaches107 H cm� 3, we compute the enclosed mass (M enc(r )) and the Bonnor-Ebert

mass (Ebert, 1955; Bonnor, 1956) as a function of the radius,r :

MBE (r ) � 1050 M�

�
T

200 K

� 3=2 � �
1:22

� � 2 � nH

104 cm� 3

� � 1=2 � 

1:66

� 2
; (2.17)
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de�ned as in equation (12) in Hirano et al. (2014). Here,� is the mean molecular weight and


 = 5=3 is the adiabatic index. The characteristic radius where we estimate the accretion rate is

de�ned whereM enc(r )=MBE (r ) reaches its maximum value.

Fig. 2.8 shows various gas properties of Halo 1 when the central density reaches107 H cm� 3

for simulations with different values ofJX0;21 (see legend). All the panels show spherically av-

eraged quantities. Panel (a) shows that the gas density pro�le follows the self-similar solution

of Larson (1969) and Penston (1969), as shown also in Omukai and Nishi (1998). In Panel (b)

the H2 fraction pro�les are shown. We can see that the H2 fraction increases with the intensity

of the X-ray background. This is due to the enhanced H� abundance produced by the increased

fractional ionization of the gas (xe) from direct X-ray ionization and secondary ionization from

fast photo-electrons. Panel (c) shows the effective equation of state (T as a function ofnH for the

collapsing gas obtained by matching the radial density and temperature pro�les). As the X-ray

intensity increases, the temperature of the gas at each given density decreases. Due to the self-

similarity of the collapse, the temperature shown here also represents the temperature evolution

of the gas core as a function of time as the core reaches higher densities. The temperature at

the lower density is the virial temperature that depends on the halo mass and the redshift. The

symbols mark the minimum temperatures (Tmin ), roughly reached at the end of the initial free-

fall phase when the core gas density isnH � 104 H cm� 3 (Bromm et al., 2002). The minimum

temperature shows a correlation with the X-ray intensity: the stronger the X-ray intensity, the

lower the temperature (see also the left panel of Fig. 2.9). This result may appear counterintu-

itive as X-ray irradiation typically leads to enhanced heating rather than cooling. Instead, we �nd

that, unless the X-ray irradiation is so strong to suppress collapse and Pop III star formation, the

enhanced H2 abundance and cooling rate dominates over the X-ray heating rate. This is the key
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Figure 2.8: Properties of the gas in Halo 1 within 100 pc at the time when the central density
reaches107 H cm� 3. The solid lines in each panel show simulations with different X-ray intensi-
tiesJX0;21, color-coded as in the legend. The LW intensity in these simulations is zero. Panel (a):
The gas density pro�le,nH , as a function of the distance from the halo centre,R. The shapes of
the pro�les are consistent with isothermal sphere pro�les, but the density is generally reduced in
a strong X-ray background. Panel (b): The H2 fraction pro�le as a function ofR. X-rays increase
the H2 fraction at all radii. Panel (c): The gas phase diagram constructed from the temperature
and density pro�les. The circles show density where the gas reaches its minimum temperature.
The overall temperature pro�le and the minimum temperature decrease with increasing X-ray
irradiation due to the enhanced cooling rate produced by the increase of the molecular fraction
[see panel (b)]. Panel (d): The ratio of the enclosed mass to the Bonnor-Ebert mass as a function
of the enclosed mass. Each peak de�nes the characteristic radius of the quasi-hydrostatic core
and it is marked by a triangle. We use the same symbols in Panel (e) and (f) to show the charac-
teristic radii. The enclosed mass within the core (marked by the triangle) is generally lower with
increasing X-ray intensity, although for this halo there is an exception (green line). Panel (e): The
Bonnor-Ebert mass versus the enclosed mass. Panel (f): The rate of gas accretion (the left axis)
and the corresponding �nal mass (using equation (2.16)). The symbols indicate the accretion rate
at the characteristic radii and de�ne the �nal mass of Pop III stars. The accretion rate and the �nal
mass of Pop III stars are reduced by X-ray radiation.
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physical result that will allow us to interpret most aspects of the simulation results.

In Panel (d), we plot the ratio of the enclosed mass to the Bonnor-Ebert mass. At radii

where the enclosed mass is greater thanMBE , we �nd a collapsing core. Vice versa, at radii

larger than the collapsing core, thermal pressure supports the gas against collapse. Following

Hirano et al. (2014), we de�ne the peak value ofM (r )=MBE as the characteristic core radius in

each simulation (marked as triangles). In Panel (e), we plot the Bonnor-Ebert mass as a function

of the enclosed mass. In general, for higher X-ray intensityMBE at the characteristic radius is

smaller. Hence, X-ray irradiation reduces the mass of the collapsing core and other properties

determined by it (such as the accretion rate). Panel (f) shows the gas accretion rate and the �nal

Pop III star mass estimated using equation (2.16). Although we showdM=dt at all radii, only

the value ofM �nal at the characteristic core radius (marked by a triangle) is meaningful. With

increasing X-ray intensity, the accretion rate decreases and the core becomes smaller in mass. The

expected �nal Pop III mass is also lower due to the lower accretion rate. This result is consistent

with HM15 in that, in an X-ray background, enhanced H2 fraction provides ef�cient cooling and

enables smaller gas clouds to collapse.

Although the general trend with X-ray intensity is clear and monotonic, exceptions are

observed. In the simulation withJX0;21 = 10� 4 (green lines), the gas shows a higher than expected

accretion rate. We �nd that another halo is within the virial radius of Halo 1 (� 100pc) when the

dense core forms. At this time a strong radial in�ow of gas develops within a few parsecs from

the halo centre which accounts for the higher accretion rates seen in Fig. 2.8. We speculate that

an interaction between two haloes triggers the strong gas in�ow but we do not discuss this further

as it is beyond the scope of this work.

To summarize,Tmin in panel (c) is a key property to estimate the characteristic mass of
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Figure 2.9: Left: Minimum gas temperature,Tmin , as a function of X-ray intensityJX0;21. The X-
ray intensity is also color-coded as in Fig. 2.8. We distinguish different host haloes with different
symbols (see legend). To illustrate the results for different haloes more clearly, we plot trend lines
connecting median values for each halo (different line styles as in the legend). Right: Same as the
left panel, but showingM �nal as a function ofJX0;21. The value ofTmin , that is related to accretion
rate on the protostellar core, and the �nal total mass in Pop III stars decrease with increasing X-
ray irradiation.

Pop III star andTmin is directly related to the X-ray intensityJX0;21. In Fig. 2.9 we provideTmin

and the �nal Pop III star massM �nal , as a function of the X-ray intensityJX0;21. Note that the

relationship betweenTmin and JX0;21 depends on the assumed X-ray spectrum of the sources

and the duration of the X-ray irradiation of the halo (hence the time dependence ofJX0;21 and

the growth rate of the minihalo mass). In this paper, we have used a relatively soft power-law

spectrum, but if the dominant sources of X-rays are HMXBs the spectrum is expected to be

harder. Although the three haloes are different in mass and redshift of Pop III star formation, the

�gure shows the general trend of a decreasingTmin andM �nal with increasing X-ray intensity.

However, Halo 1 (solid lines) deviates from this trend in a weak X-ray background (JX0;21 .

10� 5), showing a roughly constantTmin . This is consistent with the discussion in Section 2.3.

A bigger halo has higher collisional ionization rate and is irradiated for a shorter period of time
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before forming Pop III stars. For these reasons, the threshold of the positive X-ray feedback is

higher (dashed lines in Fig. 2.7).

The accretion rate at the critical radius can be estimated analytically (Hirano et al., 2014)

assuming spherical symmetry and simple dimensional analysis:dM=dt � M J=t� , whereM J =

(4�= 3)� (cst � )3 is the Jeans mass of the quasi-hydrostatic core at temperatureTmin and t � =

1=
p

G� is the free-fall time. Hence,

dM
dt

� 3:4 � 10� 3 M � yr � 1

�
Tmin

200K

� 3=2 � �
1:22

� � 3=2
; (2.18)

showing that the accretion rate depends only on the gas sound speed or temperature of the col-

lapsing core. Since the gas is nearly neutral (� = 1:22), using equation (2.16) we obtain the

relationship betweenTmin and the �nal Pop III mass:

M �nal = 287 M�

�
Tmin

200 K

� 1:05

: (2.19)

We found that a strong X-ray radiation background lowersTmin and the Jeans mass, reducing the

mass of the collapsing core (HM15), thus reducing the accretion rate.

Fig. 2.10 shows the accretion rates at the critical radius and �nal mass in Pop III stars for

all the simulations forming Pop III stars, as a function of the minimum temperatureTmin . The

different symbols refer to the three haloes we have simulated and the colors refer to the X-ray

background intensity (see legend in the left panel of the �gure). As we discuss with Fig. 2.9 they

all follow a similar relationship:Tmin decreases with increasing X-ray intensity and this leads to

a slower gas accretion and hence lower mass of the Pop III star. The dashed lines in the left and
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Figure 2.10: The accretion rate on the protostellar core (left panel) and �nal mass in Pop III
stars (right panel) as a function ofTmin . Different symbols indicate different haloes and the X-
ray intensityJX0;21 is color-coded. Simulations with critical mass> 106 M � are omitted due to
their larger deviations from the trend. In both panels, simple analytic estimates (equation 2.18
and 2.19) are drawn with dashed lines. Although the analytic estimates generally agree with the
simulation results for the accretion rates and the Pop III mass, we notice a larger deviation for the
strong X-ray irradiation cases. In addition, Halo 2 and Halo 3 show a tighter correlation with the
simple analytic expectation than Halo 1.

right panels show the result of the simple analytic model for the accretion rate (equation (2.18))

and Pop III mass (equation (2.19)), respectively. The accretion rates from the simulations are

consistent with this simple model, but the uncertainties in determining the location of the char-

acteristic radii (and thus the accretion rates) produce a signi�cant scatter with respect to the

analytic calculation, especially for strong X-ray irradiation. The accretion ratedM=dt andM �nal

for Halo 2 (crosses) and Halo 3 (triangles) show a much tighter relationship withTmin , probably

because these two haloes grow relatively slowly and do not experience major perturbations. On

the other hand, Halo 1 (circles), which grows rapidly and experiences a major merger at some

point, shows a larger scatter anddM=dt is slightly biased to be lower than the other cases at a

given temperature.
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Fig. 2.11 shows that the total mass of the protostellar cores grows roughly linearly as a

function of time. In other words, the accretion rate is roughly constant as a function of time, and

its value decreases with increasing X-ray intensity similarly toM �nal . The trend is quite robust,

for instance, whenJX0;21 � 10� 2 (orange and red lines in the top panels) the protostars grow at

a signi�cantly slower rate and the total mass in Pop III stars is lower at any given time. Again,

deviations from the general trend are observed (green lines) in Halo 1 and Halo 3. As discussed

in earlier in the section, a halo interaction may cause the rapid gas accretion. When Halo 3 is

irradiated by X-ray background ofJX0;21 = 10� 1 (the orange line in the upper right panel) the

growth of the clump stagnates after it reaches� 50 M� . We observe that a bar-like structure

develops inside the characteristic radius. Due to the increase in the accretion rate the clump at the

centre grows in� 10kyrs but does not grow as most of the disc gas is consumed.

The bottom row in Fig. 2.11 shows the total mass as a function of time for different inten-

sities of the LW backgrounds (see legend) keeping �xed the X-ray intensity (JX0;21 = 10� 4). We

do not observe any dependence of the protostellar core growth rate on the LW intensity. Probably

this can be explained by H2 self-shielding (equation (2.4)) that increases rapidly when the gas

density exceedsnH � 101 � 102 H cm� 3. Hence, after the formation of the protostar the LW

radiation is shielded and does not play a signi�cant role in determiningTmin and thus the �nal

Pop III mass. The effect of the LW background is limited to setting the redshift of Pop III star

formation. Because the protostar forms and accretes at different redshifts (for the same halo but

with different radiation backgrounds), other factors such as the mass of the halo or mergers with

other minihaloes are more important in determining the Pop III star mass growth than the gas

cooling physics. An extreme example of this is the case of Halo 1 irradiated by a very strong

LW background (JLW ;21 = 100, red line in the bottom-left panel). The gas in the halo starts con-
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Figure 2.11: Evolution of the total mass of clumps (the protostar) since the formation of the �rst
one in three haloes. Top panels show the total masses in different X-ray backgrounds (JLW ;21 =
0). We clearly observe the general trend of a lower accretion rate and smaller �nal mass in Pop III
stars with increasing X-ray irradiation. The bottom panels show the evolution of the total mass
of the protostar changing the LW background keeping the X-ray background constant atJX0;21 =
10� 4. The intensity of the LW background is color-coded as shown in the legend. We do not
observe any trend of the protostar growth rate with varying the LW background intensity.
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Figure 2.12: The dimensionless ratio� of two accretion rates in equation (2.21), as a function
of dM=dtjcr, de�ned when the central density is107 H cm� 3. The parameter� is the ratio of
the average accretion rate on the Pop III star (i.e.the total mass att � = 5 � 104 years, divided
by t � ) to dM=dtcr. Different symbols refer to different host haloes andJX0;21 is color-coded. To
guide the eye, the shaded region encompasses a change of a factor of two around unity:0:5 �
� � 2:0. Simulations with the critical mass of the host haloes larger than106 M � are omitted.
The observation that� is of the order of unity means that the accretion rate at the characteristic
radius estimated during the early phases of the collapse (when the central density is107 H cm� 3),
remains nearly constant as a function of time and at a smaller scales. HencedM=dtjcr is a good
predictor of the constant growth rate of the protostars over a relatively long time scale.

densing when the mass of the halo reaches� 2 � 107 M � (the virial temperature� 9; 000K),

when Ly� atomic cooling starts to become important. The accretion rate is very rapid and both

M �nal and the core mass exceed104 M � . This is consistent with Regan et al. (2020) in that a

LW background allows black hole seeds to form by suppressing the formation of Pop III stars in

small mass minihaloes below the atomic cooling limit.

Since the accretion rate onto the protostar is fairly constant, the �nal mass in Pop III stars

increases linearly with time. In order to determine the �nal mass in Pop III stars we therefore
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need to estimate the typical timescale for feedback to halt the accretion. This can be derived from

equation (2.16) as long as the accretion rate remains constant and equal to the valuedM=dtjcr

estimated at the critical core radius atnH = 107 H cm� 3:

� SF =
M �nal

dM=dtjcr
= 89 kyrs

�
dM=dtjcr

2:8 � 10� 3M � yr � 1

� � 0:3

; (2.20)

In Fig. 2.12 we show the ratio between the average growth rate of the protostarhdM=dti �

M (t � )=t� , where we uset � = 50 kyrs for this period and the accretion ratedM=dtjcr at nH =

107 H cm� 3,

� =
hdM=dti
dM=dtjcr

(2.21)

as a function ofdM=dtjcr. The ratio� is of the order of unity with a spread within a factor of two

(shaded region) in most cases. Since these two accretion rates are nearly the same, the �nal mass

in Pop III stars estimated asM (� SF) is the same asM �nal in equation (2.16).

2.5 Summary and Discussion

The �rst stars have an important effect on the formation of the �rst galaxies by regulating

the formation of metal-enriched stars (Ricotti et al., 2002b, 2008; Wise and Abel, 2008). LW and

X-ray photons can travel large distances without being absorbed in the early Universe, building

up a radiation background. In addition, X-rays can penetrate deep into star-forming clumps pro-

ducing both heating and ionization. Each photo-electron has high energy but in a mostly neutral

gas fast photo-electrons deposit a large fraction of their kinetic energy into secondary ionizations

(Shull and van Steenberg, 1985). Because of these properties, it is thought that early objects (�rst
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stars and their remnants such as SNe, PISNe, HMXBs, and IMBHs) build a LW and X-ray radia-

tion backgrounds that self-regulate their formation Venkatesan et al. 2001; Jeon et al. 2014a; Xu

et al. 2016; R16).

In this study, using zoom-in simulations of three minihaloes with different masses and

irradiated by different intensities of the LW and X-ray backgrounds, we investigate the effect of

X-ray/LW radiation on the formation of the �rst stars and on their characteristic mass. Below we

summarize the key results of the simulations.

1. We con�rm the qualitative results of previous analytic models (R16), that an X-ray radi-

ation background promotes the initial gas collapse in small mass minihaloes, while a LW

background delays it by regulating the amount of H2 formation. If the X-ray background is

too intense, the feedback effect by gas heating suppresses Pop III star formation in haloes

with virial temperatureTvir < T gas. Below this threshold X-ray intensity, the increase in H2

formation due to the increased ionization fraction of the gas, reduces the mass above which

a minihalo can host a Pop III star (the critical mass) to� 105 M � . The positive feedback

effect of X-rays is most important when it offsets the negative feedback of an intense H2-

dissociating LW radiation background. For example, X-rays can reduce the critical mass by

a factor of� 2 in a weak LW intensity (JLW ;21 � 10� 3), while the reduction is by a factor

of ten whenJLW ;21 = 10� 1. Hence, X-ray radiation can increase the number of Pop III stars

forming in the early Universe by about a factor of ten, that is the same factor as the decrease

of the critical mass because the number of haloes per unit volume is inversely proportional

to the critial mass (dnhalo=d ln M halo / M � 1
cr ). We provide a quantitative description of the

relation between the number of Pop III stars and the critical mass in Appendix A.2.
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2. X-ray irradiation produces a net cooling effect on the collapsing protostellar core by in-

creasing the H2 fraction. Ef�cient gas cooling reduces the gas sound speed and conse-

quently the accretion rate on collapsing protostellar cores. Therefore the �nal mass in

Pop III stars is lower in X-ray irradiated minihaloes.

The results in this work constitute a �rst step to understand the self-consistent evolution of the

number of Pop III stars forming in the early universe. As shown in R16 using analytic calcu-

lations, the critical minihalo mass above which Pop III stars can form and the intensity of the

radiation backgrounds are self-regulated by a feedback loop on cosmological scales. While this

work considers only a grid of assumed values of the background, the lower value of the critical

mass we derive is roughly a factor of3 higher than the value found in R16 (� 3 � 104 M � ).

Although cosmological simulations are required to make solid predictions, a simple scaling ar-

gument using Press-Schechter formalism (Press and Schechter, 1974; Sheth and Tormen, 1999),

suggests that the number of Pop III stars according to our simulation results would be a factor of

3-4 lower than in R16:� 100instead of� 400in 1MPCh estimated by R16.

In addition, following R16, we assume that soft X-ray (� 0:2 � 2:0 keV) is the dominant

source of ionization and our spectra do not cover harder X-ray (� 2:0� 10keV). Whether adding

harder photons in this energy bin has positive or negative feedback will be studied in future work.

The model in R16 assumes for simplicity a �xed X-ray and LW luminosity of each DM halo

more massive than the critical mass. Therefore the model takes into account the total mass and

multiplicity of Pop III stars in haloes, but not their dependence on the halo mass. In this work,

we con�rm the formation of multiple Pop III stars per halo, as also found in previous studies

(Machida et al. 2008; Turk et al. 2009; Clark et al. 2011b; Susa et al. 2014; Stacy et al. 2016;
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S20). This implies that the predicted radiation background Pop III stars build-up, depends on the

evolution of the IMF of Pop III stars and their total mass. Due to their high masses, typically

Pop III stars emit at nearly the Eddington rate1:25 � 1038 ergs s� 1 (M=M � ) (Bromm et al.,

2001), so the LW intensity per halo depends on the total mass of the stars. On the contrary, if they

explode as PISNe with similar energy (� 1052 ergs), the X-ray intensity per halo depends on the

number of Pop III stars. Furthermore, the fraction of HMXBs (� 35%, Stacy and Bromm, 2013)

can be affected by the X-ray background. This suggests the number density of Pop III stars or

their explosions that JWST (Whalen et al., 2014) will detect may provide constraints of the IMFs

and X-ray physics.

HM15 �nds that the X-ray radiation background is shielded by the dense central gas and

therefore plays a minor role in determining the IMF of Pop III stars. Since self-shielding of the

X-ray background is not considered in our simulations, we perform test runs with Halo 1 to

investigate whether it has important effects. The results of the simulations suggest that X-ray

self-shielding has a negligible effect in most of our simulations and deviations with respect to

neglecting it are only evident for very strong values ofJX0;21 > 10� 1 and, in these simulations,

only in high-density gas (nH > 104 H cm� 3). Details on the method, simulation results, and

analysis are presented in Paper II. Here we emphasize that the discussion presented in this paper

on the redshift of collapse and total mass of Pop III stars is insensitive to the inclusion of X-ray

self-shielding because regulated by gas properties at relatively low densities, where the effect

of X-ray self-shielding is always negligible. In particular, X-ray shielding should not affect the

�nal mass in Pop III stars since it is determined by the accretion rate of the quasi-hydrostatic

core, related toTmin when the gas has densitynH � 104 H cm� 3. The collapse to a higher

density occurs on a timescale comparable to the ionization/recombination timescales. Hence,
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the dense gas retains a memory of the temperature and ionization fraction at lower densities, as

shown by panel (c) of Fig. 2.8 up to densities� 107 H cm� 3. We con�rm that this behaviour

continues up to densitiesnH � 1010 H cm� 3. At densitiesnH > 104 H cm� 3, the gas temperature

rises with increasing density, hence compression heating (or viscous heating in discs at densities

> 1010 H cm� 3, Kimura et al., 2021) dominates over photoionization heating, at least for the

range ofJX0;21 considered in this work. As HM15 has pointed out, however, this result may be

sensitive to the column density of the halo and certainly the intensity of the X-ray irradiation.

Hence, the growth history of the host halo may be an important factor in determining when X-ray

shielding can be neglected.

This work does not include two potentially important physical processes: HD cooling

and radiative feedback from protostars. HD provides additional cooling at low temperatures

(� 100K) and thereby can reduce the characteristic mass of Pop III stars (Yoshida et al., 2007).

Its formation rate is proportional to that of H2 which is regulated by an X-ray background.

Furthermore, Fig. 2.8 and 2.9 show the minimum temperature is a function of X-ray. Therefore,

X-ray radiation can be crucial to the onset of HD cooling. The role of X-ray radiation in HD

formation has been explored by Nakauchi et al. (2014), but not tested yet with hydrodynamics

simulation. Finally, a full treatment of radiation feedback from accreting protostars, rather than

the semi-empirical approximation used in this work, is important for a more accurate determina-

tion of the �nal masses of Pop III stars (Hosokawa et al. 2011, 2016; S20). Therefore, including

the neglected or approximated physical processes mentioned above (X-ray self-shielding, HD

cooling, and radiation feedback) will be the focus of future work.
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Chapter 3: Population III Star Formation in an X-ray Background - II. Proto-

stellar Discs, Multiplicity, and Mass Function of the Stars

Disc fragmentation plays an important role in determining the number of primordial stars

(Pop III stars), their masses, and hence the initial mass function. In this second paper of a series,

we explore the effect of uniform FUV H2-photodissociating and X-ray radiation backgrounds

on the formation of Pop III stars using a grid of high-resolution zoom-in simulations. We �nd

that, in an X-ray background, protostellar discs have lower surface density and higher Toomre

Q parameter, so they are more stable. For this reason, X-ray irradiated discs undergo fewer frag-

mentations and typically produce either binary systems or low-multiplicity systems. In contrast,

the cases with weak or no X-ray irradiation produce systems with a typical multiplicity of6 � 3.

In addition, the most massive protostar in each system is smaller by roughly a factor of two when

the disc is irradiated by X-rays, due to a lower accretion rate. With these two effects combined,

the initial mass function of fragments becomes more top-heavy in a strong X-ray background

and is well described by a power-law with slope1:53 and high-mass cutoff of61 M� . Without

X-rays, we �nd a slope0:49 and a cutoff mass of229 M� . Finally, protostars migrate outward

after their formation likely due to the accretion of high-angular momentum gas from outside and

the migration is more frequent and signi�cant in the absence of X-ray irradiation.

59



3.1 Introduction

In the last 20 years, theoretical progress has been made to understand better the formation

of the �rst zero-metallicity stars (Pop III) that formed in the universe (Omukai and Nishi, 1998;

Bromm et al., 2001; Abel et al., 2002; Yoshida et al., 2008; Turk et al., 2009; Clark et al., 2011b;

Hosokawa et al., 2011; Sugimura et al., 2020). However, predictions on the number and masses

of the Pop III stars are still very uncertain. Similarly uncertain are the predictions on the number

of pair-instability SNe (PISNe) and hypernovae from Pop III stars and the number of IMBHs

they produce. In the era of gravitational wave astronomy (Abbott et al., 2016), the census of

intermediate-mass black holes (IMBHs) detected in binary systems is bound to improve, and

next-generation optical and IR space telescopes (JWST and Roman space telescope) promise to

directly detect the �rst light from Pop III star clusters, PISNe and hypernovae they may produce

(Whalen et al., 2014). It is therefore important to re�ne our models and predictions for the the

rate of formation of the �rst stars and their remnants.

Part of the dif�culty in making these predictions is global feedback processes, in partic-

ular the Lyman-Warner (LW) H2-dissociating background and the X-ray radiation background,

regulating their formation in small mass haloes (minihaloes) and their initial mass function (Oh,

2001; Venkatesan et al., 2001; Machacek et al., 2003; Ricotti and Ostriker, 2004; Ricotti et al.,

2005; Jeon et al., 2014a; Xu et al., 2016). The LW radiation is emitted directly by Pop III stars

and second-generation stars, while high-mass X-ray binaries (HMXBs), accreting IMBHs, and

supernova/hypernova explosions are sources of an X-ray radiation background associated with

Pop III star formation (Xu et al., 2014; Jeon et al., 2014a, 2015; Ricotti, 2016; Xu et al., 2016).

The LW radiation background has always negative feedback on the formation of Pop III stars
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as it dissociates H2, suppressing the cooling of pristine gas. The X-ray background can both

suppress Pop III star formation in the smallest minihaloes due to intergalactic medium (IGM)

heating (increasing the Jeans mass in the IGM) and promote Pop III star formation by increas-

ing the electron fraction of gas collapsed into minihaloes and thus promoting H2 formation via

the catalyst H� . The number of Pop III stars depends on the minimum dark matter halo mass in

which a zero-metallicity star can form as a function of redshift (the smaller the critical mass the

more numerous the minihaloes hosting Pop III stars) and on the multiplicity of stars per minihalo

(Hirano et al., 2014; Susa et al., 2014; Stacy et al., 2016). Since both the critical minihalo mass

and the multiplicity of stars depend on the radiation backgrounds produced by Pop III stars, a

feedback loop is at play. A simple analytic model of this feedback loop was presented in Ricotti

(2016), in which the number of Pop III stars in the early universe and the radiation background

they produce was estimated self-consistently. He �nds that X-rays emitted during the unavoidable

death of Pop III stars in cosmic supernova or hypernova explosions can signi�cantly increase the

number of Pop III stars forming in the universe with respect to models without X-rays. However,

if the X-ray emissivity per minihalo is too large, for instance, because of signi�cant contributions

from HMXBs or accreting IMBHs from Pop III stars or miniquasars from direct collapse BHs,

X-rays can have a negative feedback effect by heating excessively the IGM.

The buildup and cosmological effects of an X-ray background, including its effect on the

formation of the �rst stars, have been studied by many authors (Oh, 2001; Venkatesan et al.,

2001; Machacek et al., 2003; Inayoshi and Omukai, 2011; Jeon et al., 2014a; Xu et al., 2014,

2016). However, its impact on the properties of Pop III stars has received less attention. The

pioneering work of Hummel et al. (2015) focused on the initial gas collapse, disc fragmentation,

and multiplicity of Pop III stars in the presence of an X-ray background using cosmological

61



simulations. Evolving their simulations for the �rst5; 000yrs after the formation of the �rst sink

particle, they concluded that the impact of X-rays on Pop III star formation is minimal. However,

the process of accretion onto protostellar cores takes typically� 104 � 105 yrs (McKee and

Tan, 2008; Hosokawa et al., 2011; Sugimura et al., 2020), hence these simulations may have

been evolved for an insuf�cient length of time to fully capture the evolution of Pop III stars and

protostellar discs.

In Park, Ricotti, and Sugimura (2021a, hereafter Paper I), we describe a set of zoom cos-

mological simulations of the formation of Pop III stars in three minihaloes with different masses

and growth histories, irradiated by a range of intensities of the LW and X-ray background.

The intensity of the background is constant as a function of time in physical units and has a

power-law shape with a �at slope for the LW radiation and a slope1:5 for the X-ray radia-

tion. We explore a grid of7 � 7 = 49 different combinations of LW and X-ray backgrounds:

JLW ;21 = 0; 10� 3; 0:01; 0:1; 1; 10; 100, JX0;21 = 0; 10� 6; 10� 5; 10� 4; 10� 3; 0:01; 0:1, where the in-

tensities are in units of10� 21 erg s� 1 cm� 2 Hz� 1 sr� 1. We cover wide ranges of intensities by

assuming that sources at various distances affect the star formation. In this work, strong X-rays

refer to those with (JX0;21 � 10� 3). The X-ray background of Xu et al. (2016) and the �ducial

model of Ricotti (2016) correspond to our intermediate X-ray background (JX0;21 = 10� 4) while

the �ducial model of Hummel et al. (2015) and strong X-rays of Ricotti (2016) correspond to our

strong backgrounds.

In Paper I, in agreement with Ricotti (2016), we �nd that the X-ray radiation background

generally promotes the initial gas collapse in small mass minihaloes, while the LW background

delays it by regulating the amount of H2 formation. However, if the X-ray background is too

intense, gas heating suppresses Pop III star formation in haloes with virial temperatureTvir <
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Tgas. Below this minihalo mass-dependent threshold, enhancement of the H2 abundance produced

by X-ray ionization of the gas, reduces the critical mass above which a minihalo can host a Pop III

star to � 105 M � . The positive feedback effect of X-rays is most important when it offsets

the negative feedback of an intense H2-dissociating LW radiation background. In this case, the

critical mass can be reduced by a factor of ten. Hence, X-ray radiation can increase the number

of minihaloes forming Pop III stars in the early Universe by about the same factor. We also

found that the total mass of Pop III stars in each minihalo is lower in a suf�ciently intense X-ray

background. X-ray irradiation produces a net cooling effect on the collapsing protostellar core by

increasing the H2 fraction. Ef�cient gas cooling reduces the gas sound speed and consequently

the accretion rate on the collapsing protostellar core, and its �nal mass.

In this work, the second in a series, we investigate how the X-ray and LW radiation back-

grounds affect the protostellar disc properties, the binarity/multiplicity of Pop III stars, including

their separation and dynamics, and the initial mass function of Pop III stars. The paper is orga-

nized as follows. In Section 3.2 we brie�y summarize the simulations. We discuss the properties

of circumstellar discs in Section 3.3 and the multiplicity of Pop III stars in Section 3.4. In Section

3.5 we provide a summary and discussion.

3.2 Simulation

The simulations and the included physical processes are described in detail in Paper I. Here

we summarize the main aspects of the simulations for the sake of completeness. We use the

adaptive mesh re�nement (AMR) cosmological codeRAMSES (Teyssier, 2002), with radiation

transfer (Rosdahl et al., 2013). We perform zoom-in cosmological simulations on three haloes:
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Figure 3.1: Halo mass as a function of redshift. The virial masses of Halo 1, Halo 2 and Halo 3
are shown with different lines. The positions of symbols refer to the redshift of the formation of
Pop III stars and the masses of their host minihaloes. Different symbols and colors indicate the
intensity of LW and X-ray backgrounds as indicated by the legend.

the mass growth history of these three haloes is shown in Fig. 3.1 along with symbols showing

the redshift of formation of the Pop III stars under different intensities of an externally imposed

X-ray background.

Inside each zoom-in region, the mass of DM particles is� 800 M� , and the cell re�nement

criteria are: i) Lagrangian (cells must contain less than 8 DM particles) and, ii) Jeans re�nement

criteria (Jeans length is resolved with at leastNJ cells). For the latter condition, for cell sizes

smaller than� 1 pc comoving, we adoptNJ = 16 in order to prevent any possible arti�cial

fragmentation and better resolve possible turbulent motions. If the size of a cell is greater than
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Table 3.1: Summary of the simulations.

M vir (z = 15:7) MDM (zoom-in) Box size lmax

Halo 1 7:9 � 106 M � 800 M� 1 Mpc/h3 28

Halo 2 4:4 � 106 M � 800 M� 2 Mpc/h3 29

Halo 3 7:0 � 105 M � 800 M� 1 Mpc/h3 28

� 30pc (comoving), we adoptNJ = 4 to save computational time. Any cells between these two

scales are re�ned withNJ = 8. The size of the smallest cells is0:00375pc/h (comoving). At

z = 20, this corresponds to a physical size of2:63� 10� 4 pc (or54au). The corresponding AMR

levels are shown in Table 3.1. The initial conditions of the DM-only and zoom-in simulations

are generated with MUSIC (Hahn and Abel, 2011). The assumed cosmological parameters are

h = 0:674; 
 m = 0:315; 
 � = 0:685; 
 b = 0:0493; � 8 = 0:811 and ns = 0:965 (Planck

Collaboration et al., 2020).

We consider all important chemical reactions in a gas of primordial composition. We in-

clude a network of out-of-equilibrium reactions for the following ions and molecules: HI, HII,

HeI, HeII, HeIII, H2, H2
+ . The abundance of H� is approximated assuming the reactions are

at equilibrium. The formation of H2 includes the H� and the H+
2 channels as well as 3-body re-

action important at densities> 1010 H cm� 3. We include hydrogen and helium atomic cooling

processes and an H2 cooling function tested to be accurate up to densitiesnH � 1012 H cm� 3. We

also model H2 self-shielding using �tting functions from Wolcott-Green and Haiman (2019) and

the effect of secondary ionizations and heating from fast electrons produced by X-ray photoion-

izations (Shull and van Steenberg, 1985; Ricotti et al., 2002a). Since we do not use sink particles

to create protostellar cores, in order to prevent arti�cial fragmentation at the maximum re�nement

level caused by a decreasing Jeans length, we suppress the cooling of cells with the maximum
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re�nement level following the method in Hosokawa et al. (2016). This is done by multiplying the

cooling function by the factor

Climit = exp

"

�
�

� � 1
0:1

� 2
#

(if � > 1); (3.1)

where� = f limit (� x=� J) with � x is the cell size and� J is the Jeans length. We assumef limit =

12 as in Hosokawa et al. (2016). The masses of protostellar cores are therefore estimated by

�agging cells withClimit < 10� 4.

X-ray self-shielding is neglected, but we run test simulations showing that it is important

only for late stages when the gas reaches densities> 104 H cm� 3, in very strong X-ray back-

ground (JX0;21 � 10� 1). Hence most of our results in Paper I and here, are insensitive to X-ray

self-shielding. In Appendix B.1, we describe how the self-shielding is treated in the test simu-

lations and discuss the results in detail. As Hummel et al. (2015) has pointed out, however, the

result depends on the total column density of the halo and the spectrum of the X-ray radiation. In

future works, more tests will be necessary to fully assess the importance of X-ray self-shielding

in determining the masses and redshift of formation of Pop III stars. We also neglect HD cooling

and chemistry. This could be important for strongly irradiated discs in which the H2 fraction is

large and the gas temperature reachesTmin � 100� 200K. HD cooling can reduce the charac-

teristic mass of Pop III stars (Yoshida et al., 2007) and its formation in a gas irradiated by X-rays

so far has only been explored analytically Nakauchi et al. (2014).

Finally, in this paper, we do not include radiative feedback from the accreting protostar,

which is crucial in stopping the accretion onto the protostellar core and therefore in determining

the �nal masses of Pop III stars (Smith et al., 2011; Hosokawa et al., 2011, 2016; Stacy et al.,
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2012; Sugimura et al., 2020). We estimate the �nal masses of Pop III stars using an empirical

relationship based on previous work by (Hirano et al., 2015) that includes UV radiation feedback.

They provides a relation between the �nal mass in Pop III stars,M �nal , and the accretion rate onto

the protostellar core,dM=dtjcr, estimated at a characteristic radius:

M �nal = 250 M �

�
dM=dtjcr

2:8 � 10� 3 M � yr � 1

� 0:7

: (3.2)

We de�ne the characteristic radius when the collapsing core density reachesnH = 107 H cm� 3

whereM enc(r )=MBE (r ) reaches its maximum value, consistently with the de�nition in (Hirano

et al., 2015). In Paper I we �nd that the growth rate of the protostellar core is roughly constant as

a function of time and is equal todM=dtjcr. Therefore we can also estimate the masses of Pop III

stars by calculating their mass directly from the simulation at the characteristic time� SF de�ned

as:

� SF =
M �nal

dM=dtjcr
= 89 kyrs

�
dM=dtjcr

2:8 � 10� 3 M � yr � 1

� � 0:3

: (3.3)

One of the main results of Paper I is that the accretion rate onto the protostar isdM=dt �

dM=dtjcr / c3
s, wherecs is the minimum sound speed of the gas reached when the density is

nH � 104 H cm� 3. Therefore the timescale for star formation is� sf / c� 1
s andM �nal / c2

s. In

terms of the minimum gas temperature we therefore have:dM=dt / T3=2
min , � SF / T � 1=2

min and

M �nal / Tmin .
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3.3 Results: I. Properties of Protostellar Discs

Disc fragmentation is important in determining the number of Pop III stars and their masses.

Early cosmological simulations suggested that a single massive star (& 100 M� ) forms in each

minihalo out of a pristine gas cloud (Abel et al., 2002; Yoshida et al., 2008; Hosokawa et al.,

2011), but more recent ones found the formation of multiple stars due to protostellar discs frag-

mentation (Clark et al., 2011b; Susa et al., 2014; Stacy et al., 2016; Sugimura et al., 2020). In

our simulations, gas discs fragment to form multiple clumps once the central density reaches

1010 � 1011 H cm� 3. In this section, we discuss the effect of background radiation on disc frag-

mentation.

The main effect of X-ray irradiation on the properties of the disc is an increased stability

to fragmentation. Fragmentation of a thin disc can be characterized by the ToomreQ parameter

de�ned as (Toomre, 1964):

Q =
cs�

�G �
; (3.4)

where� is the epicyclic frequency and� is the disc surface density. IfQ > 1 the disc is stable

to fragmentation. In Fig. 3.2 we show the comparison of the face-on view of two discs in Halo 2

without X-ray background (left column) and with an X-ray background ofJX0;21 = 10� 2 (right

column). The top panels show the surface densities and the bottom panels theQ parameter. It is

clear that X-ray irradiated disc has lower surface density and largerQ parameter. We �nd that

the intensity of the X-ray background affects the shape of the disc forming in Halo 2, whose

growth is smooth as it does not undergo major mergers while stars are forming. In a strong X-ray

background, the shape of a disc tends to be asymmetric as shown in the top right panel of Fig. 3.2.
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Figure 3.2: Surface density (top panels) and ToomreQ parameter (bottom panels) of the face-on
circumstellar disc in Halo 2, at the time when the �rst protostar forms at the centre. The left
panels show the case without X-ray background and the right panels the case with a strong X-ray
background withJX0;21 = 10� 2. In both simulationsJLW ;21 = 0, and the �eld-of-view is 0.16 pc
� 0.16 pc (33000 au� 33000 au).

On the other hand, the discs in Halo 1 and Halo 3, which grow quickly and therefore are more

easily perturbed by mergers, do not show a clear relationship between the morphology of the disc

and the intensity of the X-ray background.

In addition to the parameterQ, another measure the stability of the disc is the fragmen-

tation timet frag , that here we de�ne as the time between the formation of the �rst clump at the

centre of the disc and the second clump. In Fig. 3.3 we plot its dependence on the minimum

temperature,Tmin , of the collapsing core in the phase diagram (see Paper I). The plot shows that

the second fragment forms systematically later in discs in a stronger X-ray background. This can
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Figure 3.3: Fragmentation time as a function of the minimum gas temperature,Tmin , of the col-
lapsing core in the gas phase diagram.JX0;21 is color-coded and the host haloes are shown with
different symbols (see legend). Simulations with halo critical mass> 106 M � are excluded from
the analysis.

be interpreted as due to a more stable disc (with largerQ), and/or the lower accretion ratedM=dt

found in a strong X-ray background.

Two examples of the evolution and fragmentation of discs with and without X-ray irra-

diation are shown in Fig. 3.4-3.5 for Halo 2. The top panels ((a)-(c)), show snapshots of the

projected face-on and edge-on views of the disc at three different times. Panel (d) shows the hy-

drogen number density at the mid-plane of the disc as a function ofr , while Panel (e) to (l) show

azimuthally averaged pro�les in cylindrical coordinates of various quantities for the same three

different snapshots (see legend). Fig. 3.4 shows the disc in the absence of any radiation back-

ground. When the �rst clump forms at the centre of the halo (Panel (a)) the gas has a �at disc-like

structure with central density� 1010 � 1011 H cm� 3. The disc starts to fragment att � 14 kyr

after the formation of the �rst clump (Panel (b)), and att � 27kyr four clumps can be identi�ed

(see Panel (c)). As the disc fragments the azimuthally averaged pro�le of the disc shows �uc-
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Figure 3.4: Disc of Halo 2 in the absence of a radiation background. Panel (a)-(c): Projected face-
on (top) and edge-on (bottom) images of the disc in three snapshots at timest = 0; 14and 27 kyr,
wheret is de�ned as the time since the formation of the �rst protostar. The �eld-of-view of the
face-on images is 0.16 pc� 0.16 pc (or 33000 au� 33000 au) and that of the edge-on images is
0.16 pc� 0.04 pc (or 33000 au� 8251 au). Panel (d): The radial pro�le of the hydrogen number
density in the disc midplane. We plot the pro�les of the three snapshots in Panel (a), (b), and
(c) as solid lines with different colors as shown in the legend. Panel (e): The surface density of
the gas. Panel (f): The sound speed. Panel (g): The rotational velocity. Panel (h): The ratio of the
rotational velocity to the Keplerian velocity. Panel (i): The radial velocity. Panel (j): The thickness
of the disc, de�ned as the value ofz where the gas becomes less dense than5 � 107 H cm� 3.
Panel (k): The enclosed mass. Panel (l): The ToomreQ parameter.
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Figure 3.5: Same as Fig. 3.4 but for a disc irradiated by an X-ray background with intensity
JX0;21 = 10� 2 andJLW ;21 = 0. For the sake of comparison, the dotted black lines in Panels (d)-
(l), show the case without X-ray irradiation att = 0.
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tuations in the inner parts (cyan and red lines), hence the averaged pro�les are less informative.

Fig. 3.5 shows the same halo as Fig. 3.4, but with irradiated by a strong X-ray background with

JX0;21 = 10� 2. Fragmentation of the disc is suppressed for a longer time when compared to the

case without X-ray irradiation. The disc starts to fragment aftert � 28 kyr (Panel (c)) and the

system remains a binary system for more than30kyr. In Panel (d) to (l) we plot various properties

of the disc and, for comparison, we show the case without X-rays att = 0 as dotted lines. One

notable difference is that the surface density of the disc (Panel (e)) and enclosed mass (Panel (k))

become lower if the disc is irradiated by an X-ray background. The disc mass and surface density

follow a similar trend as the mass of the collapsing hydrostatic core, which becomes lower in an

X-ray background. Other notable difference is seen in the radial (infall) velocity (Panel (i)). This

follows from the lower accretion rate in a stronger X-ray background (and lowerTmin ). Although

the sound speed (Panel (f)) and scale height of the disc decrease with increasing X-ray irradiation,

the disc is more stable to fragmentation due to the lower surface density, as shown by the Toomre

Q parameter (see Panel (l)). It is worth mentioning that the idealized simulations by Clark et al.

(2011a) showed a cloud with initial conditions appropriate for the formation of Pop III.2 stars

(i.e., assuming lower initial gas temperature as in our X-ray irradiated discs), is more stable to

fragmentation, in qualitative agreement with our �ndings.

In order to interpret more quantitatively the properties of X-ray irradiated discs, below we

derive simple scaling relationships for the main disc parameters as a function of X-ray irradiation.

We aim to model the trends for the disc properties at early times when the �rst protostar forms at

the centre of the disc and before the disc fragments. These trends att = 0 can be observed in the

bottom nine panels of Fig. 3.5 (from (d) to (l)) as solid black lines for strong X-ray irradiation,

and dotted black lines, without X-ray irradiation.
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We model the disc properties att = 0 in terms of the sound speed of the gas in the disc,

which is related to the X-ray irradiation andTmin . As mentioned above, the disc fragmentation

induces �uctuations of the averaged pro�les and therefore we focus on the properties at early

times. As shown in Panels (f) of Fig. 3.4-3.5, the gas sound speed in the disc att = 0 increases

only by a factor of two with increasing density for densities between104 H cm� 3 (at r � 0:5 pc)

and 1010 H cm� 3 (at r � 10� 3 pc). Therefore the gas is nearly isothermal with temperature

directly proportional toTmin , de�ned as the minimum temperature reached by the collapsing gas

at densitynH � 104 H cm� 3 (see Section 2.4). Note that Panel (f) shows that, as the density

approaches1010 H cm� 3, the gas sound speed for the cases without X-ray and strong X-ray

irradiation start to converge to a common value (� 3 � 4 km s� 1). This is in agreement with

the results obtained in former analytical studies (Matsukoba et al., 2019; Kimura et al., 2021)

showing that in the inner and denser regions of the disc, the temperature reaches a thermal balance

equilibrium between H2 cooling and viscous heating. However, because viscous heating increases

with increasing accretion rate, hence with decreasing X-ray intensity, the gas temperature in the

inner parts of the disc also decreases with increasing X-ray irradiation, although the dependence

is weak.

Assuming a thin disc in hydrostatic equilibrium with a central gravitational potential, and

supported in the vertical direction by thermal pressure, the disc scale heightH is:

H
R

�
cs

vkep
� cs(R=GM )1=2 / const(Tmin ); (3.5)

wherevkep = ( GM (< R )=R)1=2 is the Keplerian velocity, and we have assumed that the enclosed

mass of the central clumpM (< R ) / c2
s, scales as an isothermal sphere andcs / T1=2

min as
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discussed above. Hence, we expect that the disc scale height is roughly independent of the X-ray

intensity. Note that here we are only interested in the dependence ofH (and other quantities) on

the X-ray irradiation and not the radial coordinate of the disc.

We expect that the midplane disc density roughly follows the isothermal cloud solution

nH / c2
s, as suggested bynH / R� 2 power-law of the density pro�le, that is very close to an

isothermal sphere. The surface density pro�le

� / nH(R)H (R) / c2
s / Tmin : (3.6)

also scales asc2
s sinceH is roughly independent ofcs. In addition, the gas accretion rate in our

model (see Paper I) isdM=dt / �( R)vinfall (R) / c3
s, hence the gas infall rate should scale as

vinfall / cs. The equations above imply that X-ray irradiated discs have a lower surface density

(and mid-plane density) and lower infall (radial) velocity than disc without X-ray irradiation.

This indeed is what is observed in Panel (d), (e), and (i) in Fig. 3.5 (see black solid and dotted

lines).

Using the ToomreQ parameter de�nition in equation (3.4) we �nd:

Q �
c2

s

�G � H
vrot

vkep
/

vrot

vkep
/ T � 1=2

min ; (3.7)

where we assumed� = 
 = vrot =R and that the rotational velocity of the disc is independent

of the X-ray irradiation (as shown in Panel (g) of Fig. 3.5), and used equation (3.5) for the scale

heightH . Therefore we expect thatQ increases and the disc becomes more stable (and with a

more Keplerian rotation), with increasing X-ray irradiation (decreasingTmin ). Note that Panel (h)
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in Fig. 3.5 supports the assertion thatf kep � vrot =vkep, similarly toQ, increases with increasing

X-ray irradiation. Note that our approach differs slightly from previous modeling work of proto-

stellar accretion discs around Pop III stars. Matsukoba et al. (2019) relate the disc stability to the

viscous� parameter in a quasi-Keplerian disc, assuming that� > 1 leads to large accretion rates

and fragmentation. Kimura et al. (2021) argue that when the disc becomes more massive than the

central star, the disc tends to experience fragmentation. Our model instead applies to early times

(t � 0), when the disc may still be slightly contracting, before approaching a quasi-Keplerian ro-

tation curve. However, our conclusions are qualitatively the same as we also �nd that discs with

higher accretion rate (higherTmin ), when the central protostar forms deviate more strongly from

Keplerian rotation, and fragment more rapidly. X-ray irradiation leads instead to the rapid forma-

tion of a Keplerian accretion disc with a lower accretion rate, and rather stable to fragmentation.

Finally, we can estimate the disc mass as a function of X-ray irradiation. If we de�ne the

disc outer radiusRdisc where the surface density (or gas density) drops below a critical value,

using a power-law �t with slope1:5 (Panel (e) of Fig. 3.4 and 3.5) for the surface density pro�le

(�( Rdisc) / c2
s=R3=2

disc = � crit ), we �nd:

Rdisc / c4=3
s / T2=3

min : (3.8)

Therefore, using the de�nition of disc radius above, the size of the disc decreases with increasing

X-ray irradiation (decreasingTmin ). The mass of the disc also decreases with increasing X-ray

irradiation as:

M disc / �( Rdisc)R2
disc / R2

disc / T4=3
min : (3.9)

76




	Preface
	Dedication
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Introduction
	Population III Stars
	Molecular Hydrogen
	Cooling
	Difference from Metal Cooling
	Formation of Molecular Hydrogen
	HD

	Radiation Background
	Properties of Population III Stars
	Critical Mass of Halo
	Mass
	Multiplicity

	Thesis Outline
	A summary of software and facilities

	Population III Star Formation in an X-ray Background - I. Critical Halo Mass of Formation and Total Mass In Stars
	Introduction
	Simulation
	Chemistry
	Radiation Background and Secondary Photo-electrons from X-ray Ionization
	Tracking Clumps

	Results - I. Critical Minihalo Mass for Pop III Formation
	Results: II. Total Mass in Pop III Stars
	Summary and Discussion

	Population III Star Formation in an X-ray Background - II. Protostellar Discs, Multiplicity, and Mass Function of the Stars
	Introduction
	Simulation
	Results: I. Properties of Protostellar Discs
	Multiplicity and Migration of Population III stars
	Discussion

	Population III Star Formation in an X-ray Background - III. Periodic Radiative Feedback and Luminosity Induced by Elliptical Orbits
	Introduction
	Simulation
	Grid of Cosmological Initial Conditions and Zoom-in Simulations
	Primordial H_2 and HD Chemistry and Cooling
	Self-shielding of Background Radiation
	Sink Formation and Accretion
	Photon Injection
	Radiative Transfer

	Result
	Formation of Protostars in Primordial Discs
	Roles of FUV and EUV Radiation Feedback
	Modulation of the Accretion Rate and Feedback due to Eccentricity of the Orbits
	Pop III Masses and Multiplicity in Different X-ray Backgrounds
	Results for a Smaller Mass Halo

	Effect of HD Cooling
	Discussion
	Summary

	On the Origin of Outward Migration of Population III Stars
	Introduction
	Method
	Simulations
	Torque
	Orbital Energy

	Origin of Outward Migration
	Typical Formation Scenario
	Source of Angular Momentum of Sinks
	Source of Angular Momentum of Disc
	Efficiency of Angular Momentum Accretion
	Origin of Eccentric Orbits

	Cases without Outward Migration
	Discussion
	Summary

	Population III Star Formation in an X-ray Background: IV. On-the-fly Calculation of an X-ray Radiation Background and the X-ray Effects on the Critical Mass for Star Formation
	Introduction
	Simulation
	Pop III Star Formation
	Pop II Star Formation
	Effect of Background Radiation
	On-the-fly Calculation of Radiative Background

	Results
	X-ray Background, Heating, and Ionization
	Pop III Star Density and Critical Mass
	X-ray Effects on the Formation of the Second-generation Stars

	Discussion
	Future Work


	Conclusion
	Summary
	Critical Mass of Halos for Star Formation
	Mass of Pop III Stars
	Disk Fragmentation and Multiplicity
	Initial Mass Function
	Radiative Feedback from Protostars
	Migration
	X-ray Effects in a Cosmological Context

	Future Work
	Structure of Bipolar H II Region around Pop III Stars at AU Scales
	Formation of Extremely Metal-poor Stars
	Effect of X-rays on the Transition from Pop III to Pop II Star Formation

	Concluding Remarks

	Appendices for Chapter 2
	Validation of Primordial Chemistry and Cooling in ramses
	Number of Pop III Stars
	Appendices for Chapter 3
	Effect of X-ray Shielding
	Appendices for Chapter 4
	Radiative Transfer Recipes
	Importance of X-ray Self-Shielding
	Protostar Formation Recipes
	Sink Formation Threshold and Radius
	Ionizing and LW Photon Emission from Sink Particles
	Resolution Study
	Reduced Speed of Light Approximation
	Relative Importance of EUV vs FUV Feedback
	Sink Merger
	Appendices for Chapter 5
	Sink Particle Recipes
	Sink Radius
	Softening Length
	Accretion of Angular Momentum
	Non Quasi-steady State Accretion
	Reference Frame
	Bibliography









