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ABSTRACT OF THE DISSERTATION

Modeling the Formation of the First Stars

and Their Effects on the Cosmological 21-cm Background

by

Richard Harris Mebane
Doctor of Philosophy in Astronomy and Astrophysics
University of California, Los Angeles, 2020

Professor Steven R. Furlanetto, Chair

The first generations of stars in the Universe have never been observed, though they played
an important role in the early evolution of galaxies. These stars likely began forming in
isolation from pristine gas in small dark matter minihalos, and they set the stage for more
traditional star formation in galaxies. Though they will be difficult to observe directly, we
may detect their presence in the cosmological 21-cm background. For my thesis, I developed
a semi-analytic model studying the formation and evolution of Population III star forming
halos. Iinvestigated the effects that this mode of star formation has on the 21-cm background
by modeling both the average signal and its spatial fluctuations. Finally, I investigated the
effects of warm dark matter on early Universe star formation. In general, I found that Pop III
stars can have a large effect on the 21-cm background, and studying this signal will teach us

much about structure formation and star formation in the early Universe.
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CHAPTER 1

Introduction

The formation and evolution of galaxies likely began in the first 100 million years after the
Big Bang, and the earliest progenitors of these galaxies were no more than a small cluster
of gas and stars in overdense regions of dark matter called halos. These early star forming
halos were many orders of magnitude less massive than the galaxies we observe today, though
they would grow substantially throughout cosmic time through accretion of new material
and mergers with other halos. As the first stars formed and lived out their lives, they would
disrupt the structure of the gas in these halos as well as chemically enrich them, setting the

stage for the overall evolution of star formation throughout the Universe.

The first stars which formed in the Universe were likely very different than those we observe
today. These stars, called Population III stars, formed out of pristine, metal-free gas in small
dark matter minihalos. These stars were short lived and formed in small numbers, but they
were of vital importance to the evolution of star formation in the Universe. Throughout
their lifetime, these Pop III stars fused hydrogen into more complex elements, or metals,
which were necessary for the transition to more traditional star formation. Understanding
the process through which this first generation of stars formed is an important step in

understanding the cosmic dawn of the Universe.

Pop III star formation occured through a different channel than star formation today. Tra-
ditionally, stars form when a molecular cloud collapses and fragments due to metal-line

cooling, where metal ions become collisionally excited and radiate energy away from the



cloud. Before the first stars formed, however, clouds were cooled with molecular hydrogen.
Because Hy cooling is less efficient than metal-line cooling, molecular clouds likely had less
fragmentation, causing Pop III stars to be more massive and luminous (e.g., Bromm et al.,
1999; Abel et al., 2002; Bromm, 2013). The actual initial mass function (IMF) of this mode
of star formation is unknown, though because of their increased mass, Pop III stars had

short lives that ended in either a supernova or a direct collapse to a black hole.

The dark matter halos which formed Pop III stars were very small and highly susceptible to
feedback. A typical core-collapse Pop III supernova will release ~ 105! erg of kinetic energy,
which is potentially many orders of magnitude higher than the typical gravitational binding
energy of these early halos. Because of this, a single supernova could completely unbind all
of the gas in a halo, causing Pop III stars to form in very small numbers or perhaps even in
isolation (e.g., Machacek et al., 2001; Wise & Abel, 2007; O’Shea & Norman, 2008; Shapiro
et al., 2004; Visbal et al., 2018; Mebane et al., 2018).

There are many uncertainties involved in modeling the formation of Pop III stars. Because
we have never directly observed a Pop III star forming halo, we do not know their IMF, star
formation efficiency, luminosity, or abundance. We also do not know how they produced
metals, or how these metals mixed in to their birth halos to begin the transition to metal-
enriched Pop II star formation. While there have been many studies of Pop III star formation
including analytic models (e.g., McKee & Tan 2008; Kulkarni et al. 2013), semi-analytic
models (e.g., Trenti et al. 2009; Crosby et al. 2013a; Jaacks et al. 2018; Visbal et al. 2018;
Mebane et al. 2018), and numerical simulations (e.g., Machacek et al. 2001; Wise & Abel
2007; O’Shea & Norman 2008; Xu et al. 2016; Stacy et al. 2012; Hirano et al. 2015; Maio
et al. 2010; Sarmento et al. 2018), all of these must probe a very large range in parameter
space. In order to better understand this star formation, we must eventually detect the

formation of Pop III stars through either direct or indirect methods.

As astronomers build larger telescopes, we are able to probe smaller galaxies at higher



redshifts. This is very important for understanding the luminosity function of the high
redshift galaxies that reionize the neutral hydrogen in the intergalactic medium (IGM),
although we are still very far away from probing the luminosities and redshifts of Pop III
halos. Unfortunately, due to the extremely low star formation efficiency of these minihalos,
it is unlikely that we will ever be able to directly observe Pop III star formation (Schauer
et al. 2020 find we would need a ~ 100 m telescope in space). Upcoming telescopes such
as the James Webb Space Telescope (JWST) will detect the dimmest and highest redshift
galaxies ever oberved, so even if we do not directly observe a Pop III halo, we may see the
byproducts of its evolution. Despite this, however, we may have to turn to indirect methods

to observe Pop III star formation.

For the first project in my thesis, I developed a new semi-analytic model studying the
formation and evolution of Pop III star forming halos (Mebane et al., 2020). This model
follows individual dark matter halos, tracking their Pop III star formation, metal enrichment,
and transition to Pop II star formation. I include self-consistent calculations of both the
local and global feedback processes that affect these small minihalos. Since there are so
many uncertainities involved in modeling Pop III star formation, I include studies of many
different models, varying the Pop III IMF and star formation prescription as well as the
formation process of Pop II stars. I then used this semi-analytic model in my other thesis

projects to study the cosmic 21-cm background and constrain models of warm dark matter.

The cosmological 21-cm background is produced from neutral hydrogen atoms in the early
Universe. This background is the product of the hyperfine “spin-flip” transition of neutral
hydrogen which can absorb or emit photons at a wavelength of 21-cm. At the redshifts when
the first stars are forming, hydrogen in the IGM is almost completely neutral. We expect to
detect this signal in either absorption or emission relative to the dominant radio background
at that time, generally thought to be the cosmic microwave background (CMB). The spin

temperature of neutral hydrogen, which defines the relative fraction of hydrogen atoms in



each of the hyperfine states, is set by the ultraviolet (UV) and X-ray radiation backgrounds
generated by the first stars. As star formation progresses, the 21-cm background will go

through three distinct phases (Furlanetto, 2006).

The first of these phases occurs when a strong Lyman-a background is built up throughout
the Universe from early star formation. These Lya photons, produced from the n = 2 to
n = 1 electronic transition of neutral hydrogen, couple to the spin temperature of the IGM
and produce an absorption signal. Measuring the timing and depth of this signal will teach

us much about the onset of star formation in the early Universe.

The second phase occurs when remnants from early star formation begin to build up an X-ray
background. These X-rays have a long mean free path, causing them to uniformly heat the
IGM. This pushes the 21-cm signal out of absorption and potentially into emission relative
to the CMB. An observation of this heating will not only teach us about the formation of

the first stars but also the emission properties of their remants.

The final phase occurs when star formation has built up a sufficiently strong ionizing back-
ground to completely reionize the neutral hydrogen in the IGM. At this point, the 21-cm
signal vanishes. It is unlikely that Pop III star formation in minihalos will contribute much
to this process, as most models predict their formation ends well before the epoch of reion-

1zation.

For my second thesis project, I studied the effects that early generations of star formation
have on the 21-cm global signal. 1 performed a calculation of this signal using an altered
form of the 21-cm simulation code ARES (Mirocha, 2014) which interfaces with my semi-
analytic model and computes the effects of Pop III radiation backgrounds on the main

21-cm absorption feature (Mebane et al., 2020).

Beyond the global evolution of this background, there is also much information in the spatial

variations of the 21-cm signal. This may be very important for studying Pop III star forma-



tion, as these stars form in minihalos far smaller and more abundant than more traditional
galaxies. If Pop III stars can affect the 21-cm signal on different scales than “normal” star
formation, they may have a unique signature in measurements of the 21-cm power spectrum.
For my third thesis project, I looked for unique signatures of Pop III star formation in the
21-cm power spectrum using an updated version of the code 21CMFAST (Mesinger et al.,

2011).

Observations of the 21-cm background will occur as both global signal experiments which
measure the average evolution of the signal as well as power spectrum or imaging experiments
which measure its spatial structure. So far, only the Experiment to Detect the Global EoR
Signature (EDGES) has claimed a detection of the 21-cm global signal (Bowman et al.,
2018), though there are many concerns that this detection may be the result of instrumental
artifacts (e.g., Hills et al., 2018; Sims & Pober, 2020; Tauscher et al., 2020) and confirmation
from another experiment is required. Future experiments such as the Hydrogen Epoch of
Reionization Array (HERA) and the Square Kilometre Array (SKA) will probe the structure
of this signal at the highest sensitivies yet, and they should be able to detect the 21-cm

background if current models of its evolution are correct.

Much of the work on these subjects assumes that the dark matter which forms the underlying
structures for star formation is “cold” with very small thermal velocities. Through measure-
ments of the Ly« forest and gravitational lensing studies, we have been able to probe this
assumption on relatively small scales to test if there is a “warm” component of dark matter.
Many species of these thermalized warm dark matter particles have been theorized, such as
the sterile neutrino (e.g. Kusenko, 2009). Regardless of the specific nature of warm dark
matter, however, it will affect the formation of small scale structure in the Universe. In par-
ticular, the formation of halos with a virial velocity below the scale of the velocity dispersion
of this dark matter will be suppressed. This effect is strongest at the high redshifts and low

halo halos masses where the first stars form. Even within current observational limits on



the effects of warm dark matter, the abundance of the halos which form Pop III and early
Pop II stars can be greatly affected. By studying this effect on early star formation and the
resulting 21-cm background we can probe the formation of structure at mass scales below
that of other methods. For my final thesis project, I studied the effects of warm dark matter
on Pop III star formation and the 21-cm signal by using an altered version of my Pop III

semi-analytic model.

My thesis is outlined as follows: In Chapter 2 I describe my semi-analytic model for Pop III
star formation. In Chapter 3 I present my study of the effects of Pop III star formation on the
21-cm global signal. In Chapter 4 I investigate unique signatures of Pop III star formation
on the 21-cm power spectrum. In Chapter 5 I study the effects of warm dark matter on early

Universe star formation and the 21-cm signal. Finally, I summarize my results in Chapter 6.



CHAPTER 2

The Persistence of Population III Star Formation

2.1 Introduction

The first stars to have formed in the Universe were likely very different from those observed
today, and their formation was crucial to the early evolution of galaxies. It is thought
that these Population III (Pop III) stars formed in metal-free gas clouds through molecular
hydrogen cooling, and they were therefore much more massive (Bromm et al., 1999; Abel
et al., 2002) and luminous than today’s metal-enriched stars (see Bromm 2013). Because of
their high luminosity and the small size of their birth halos, feedback may have played an
important role in the formation of Pop III stars (Machacek et al., 2001; Wise & Abel, 2007;
O’Shea & Norman, 2008; Shapiro et al., 2004), and they most likely formed in very small
numbers, perhaps in isolation (Visbal et al., 2018). Despite their small numbers, they must
have been able to produce enough metals to eventually allow their halos to begin forming

the more traditional Population II (Pop II) stars in a reasonably short amount of time.

There have been many attempts to study the formation and properties of these Pop III stars
through the use of detailed numerical simulations (e.g., Machacek et al. 2001; Wise & Abel
2007; O’Shea & Norman 2008; Xu et al. 2016; Stacy et al. 2012; Hirano et al. 2015; Maio
et al. 2010; Sarmento et al. 2018), analytic arguments (e.g., McKee & Tan 2008; Kulkarni
et al. 2013), and semi-analytic models (e.g., Trenti et al. 2009; Crosby et al. 2013a; Jaacks
et al. 2018; Visbal et al. 2018). Simulations of their supernovae (Heger & Woosley 2002 and



Heger & Woosley 2010) have found that such stars are able to produce a very high mass
of metals that will eventually be used to cool gas more efficiently and form stars from a
more traditional initial mass function (IMF). In some simulations, Pop III stars are found to
form often in binaries (Turk et al. 2009), which could potentially produce a cosmologically

relevant abundance of Pop III high-mass X-ray binaries.

While there has been much work done to study the properties of Pop III stars, we have yet to
directly observe a Pop III halo. There has been one candidate at z ~ 7 described in Sobral
et al. (2015), although there are still many other possible explanations (e.g., Bowler et al.
2017 and Agarwal et al. 2016), and recent ALMA observations have detected [CII| consistent
with a normal star-forming galaxy (Matthee et al., 2017). Unfortunately, since it is thought
that Pop III stars form in very low mass halos at high redshift, it may prove incredibly
difficult to directly observe a Pop III source. If the mixing of metals in Pop III halos is very
inefficient, as in Sarmento et al. (2018), Pop III stars may be able to coexist with metal-
enriched Pop II stars to late times, allowing for a better chance of observation. Even if these
halos are too faint to observe with the James Webb Space Telescope (JWST), however, we
may be able to detect their supernovae with an instrument such as the Wide-Field Infrared
Survey Telescope (WFIRST) (Whalen et al. 2013), or we could potentially see their effect
on the cosmological 21-cm background (Mirocha et al. 2018). All of these measurements are
very sensitive to the overall shape of the Pop III star formation rate density and the timing

of the transition to Pop II star formation.

In order to understand how Pop III halos make the transition to Pop II star formation, we
must focus on both internal and external processes. In a particular halo, star formation
produces important feedback effects such as supernovae and photoionization (see Bromm
et al., 2003; Whalen et al., 2008a,b). These effects can either limit or completely cut off

Pop III star formation based on the size of the halo and its growth due to mass accretion.

But the Pop III phase is also sensitive to large-scale radiation fields generated by those



stars and their successors. The evolution of Pop III star formation in the presence of global
feedback driven by Pop II star formation is not well understood and is a key interest to this
work. In particular, UV photons in the Lyman-Werner band emitted by Pop II stars can
destroy the molecular hydrogen in Pop III clouds necessary for cooling (Haiman et al. 1997).
This sets the minimum halo mass at which molecular hydrogen can self shield in a halo and
cool to form stars (Visbal et al. 2014). This minimum mass is a crucial physical quantity,
as the halo mass function is very steep. The properties of even the Pop II halos at these
redshifts are unknown, however, so studying their effects on the formation of Pop III stars

in a flexible model is of much use.

In this work, we employ an efficient and flexible semi-analytic model that allows us to
model the formation of Pop III stars over a wide range of parameters and assumptions.
While our model is certainly simpler than numerical simulations with similar goals, we are
able to compare many different models while still self-consistently computing the effects of
a wide range of feedback processes including a meta-galactic Lyman-Werner background,
supernovae, photoionization, and chemical feedback. As described below, we use many
results from observations, simulations, and analytic arguments to simplify our model and

justify our assumptions.

Pop III star formation is a complex process that can proceed through different channels.
In this work, we will focus on the “classical" process through which primordial gas remains
neutral while it accretes onto a dark matter halo and then cools purely through Hs line
emission (Bromm et al., 1999; Abel et al., 2002). The resulting star-forming regions are
relatively hot and thus have Jeans masses of = 100 M, which likely leads to massive stars
(though their actual masses are the subject of intense debate; e.g., Bromm et al. 1999; Abel
et al. 2002; Clark et al. 2011; Hirano & Bromm 2017). In this paper, we distinguish this
“minihalo" mode from star formation in halos with virial temperatures > 10* K: in that

case, the chemistry differs from the classic case (e.g., HD cooling becomes significant; Oh



& Haiman 2002; Johnson & Bromm 2006; Yoshida et al. 2007b; McGreer & Bryan 2008),
and the resulting stars, even if they remain metal-free, form in very different environments.
Moreover, as we show below, in this regime halos become more stable to supernova feedback
and are likely to develop quasi-equilibrium interstellar media, inside which metal mixing
will become significant. Our model will therefore focus primarily on Pop III star formation
inside “minihalos" below the atomic cooling threshold. We will study how long this mode
can persist through the early generations of galaxies. Several other studies consider the
possibility of Pop III star formation in more massive halos, including the mixing of metals

throughout the interstellar medium (e.g., Sarmento et al. 2018).

In Section 2.2 we describe the properties of dark matter halos in our model, including the
halo mass function and the growth of halos. In Section 2.3 we discuss our treatment of
the first minihalos which will form metal-free Pop III stars. In Section 2.4 we describe the
properties of the Pop II halos which form the very first generations of metal-enriched stars.
We present our results in Section 2.5, caveats to our model in Section 2.6, a discussion of
their implications for observations of star formation in the early universe in Section 2.7, and

conclude in Section 2.8.

In this work, we use a flat, ACDM cosmology with €, = 0.28, €, = 0.046, Q, = 0.72,
og = 0.82, ng = 0.95, and h = 0.7, consistent with the results from Planck Collaboration

et al. (2015). Any distances presented are shown in comoving units.

2.2 Halo Properties

Our model will follow the growth of a set of dark matter halos from very early times to
z = 6. To begin, we choose a set of halos with z = 6 masses from 10°M, to 10 M, in
10,000 logarithmically spaced bins. These halos are then tracked backwards to z = 50 using
the abundance matching technique described in section 2.2.2 in 1 Myr timesteps. With these
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mass histories in hand, we then track each halo individually, applying the semi-analytic model
discussed in future sections to determine the feedback-limited star formation histories of both
Pop III and Pop II stars. Global quantities (to be discussed in the following section) such as
the star formation rate density and Lyman-Werner background are found by averaging all

halos over the mass function.

2.2.1 The Halo Mass Function

The first component of our model is the number density of dark matter halos. We assume
that all halos which can accrete gas will form stars, so knowing their abundance is of vital

importance.

The halo mass function can be written as

dlogo
dM

: (2.1)

(o) = £ 110)|

where o is the density variance, p is the matter density, and f(o) depends on the particular
form of the mass function. In general, f(o) can be found through fits to simulations or
through analytic arguments. We test the dependence of our model on the chosen mass
function by examining a Sheth-Tormen mass function (Sheth & Tormen, 1999) and the mass
function of Trac et al. (2015), which is a fit to high redshift simulations. These two choices do
not lead to any significant differences in our results, especially given the wide uncertainty in
the other model parameters (see Fig. 2.1). We employ the Trac et al. (2015) mass functions

throughout the rest of this paper.

2.2.2 The Growth of Dark Matter Halos

There have been many attempts to model the overall mass accretion rates of dark matter

halos following simulations or analytic arguments (e.g., McBride et al., 2009; Behroozi et al.,
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2013; Dekel & Krumbholz, 2013; Goerdt et al., 2015). For example, Dekel & Krumholz (2013)

write the overall mass accretion rate as
M = AM* (1+2)”, (2.2)

where M is the halo mass, A is a normalization, 2 1 from simulations (see McBride et al.
2009 and Trac et al. 2015), and g = 2.5, which is consistent with analytic arguments (e.g.,
Neistein & Dekel, 2008). By fitting to numerical simulations, Trac et al. (2015) found that
i = 1.06 for M ~ 103103 M, at z ~ 6-10, which overlaps with the mass and redshift range

we need but does not probe the full range we require.

While these accretion rates have been tested in simulations at moderate mass ranges and
redshifts (z ~ 6), it is unclear whether they are valid for the smallest halos which begin
forming stars at very high redshift. Since the focus of our model is on Pop III star formation,

we use another model for the growth of halos.

We make the simple assumption that halos maintain their comoving number densities through-
out time. This allows us to determine the mass histories of halos directly from the halo mass
function by matching their abundances given by the mass function over a range of redshifts
(see Furlanetto et al. 2017 for a more detailed description of this technique). The mass
histories for a number of halos in our model found through abundance matching are shown
in Fig. 2.1. Results with our two mass functions only differ by a factor of ~ 2 at the highest
redshifts, so our analysis does not depend strongly on its exact form. The dotted curves
use the Trac et al. (2015) simulation fit to eq. 2.2, which has a much larger discrepancy.
However, it is only off by a factor of order unity for low mass halos and does not have a large

effect on persistence of Pop III star formation in minihalos(see section 2.6.1).

We note that our model for the growth of dark matter halos only follows the average growth,
and thus we ignore the effect of mergers. Behroozi & Silk (2015) found that the majority of

accretion onto dark matter halos at high redshift occurs as smooth accretion from the IGM,
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though we will revisit the effects of mergers in section 2.6.2.

2.3 Properties of Pop III Halos

The first star-forming minihalos were very small and likely contained only a handful of
very massive, metal-free stars. These stars formed in molecular clouds that were cooled by
molecular hydrogen, rather than the metal-line cooling which occurs in star-forming regions
today. Correctly modeling the growth of these halos and the time at which the first stars
form is of vital importance to this work so that we can self-consistently model the feedback-
limited star formation in the early universe and the transition to more typical, Pop II star
formation. In this section, we will describe the properties of these halos and the processes

by which minihalo Pop III star formation began.

2.3.1 The Minimimum Mass

In our model, we allow a new halo to begin forming stars only when it passes a minimum
mass determined by the time-weighted Jeans mass (filtering mass) and the physics of Hy
cooling. Tegmark et al. (1997) found that a halo must exceed a certain fraction of molecular

hydrogen in order for cooling to become efficient, which is given by

—1
AT 1077/? 512K
fcrit, H, ~ 1.6 x 10 4 <W) 1+ 60 —|—3T§L exXp <T), (23)

where T is the virial temperature of the halo and T3 = T/10°K. In these halos, molecular

hydrogren is formed primarily through the process

H+e —H +ho (2.4)

H +H— H2 + e_, (25)
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Figure 2.1: Mass histories of halos in our model. Halo growth is determined by abundance
matching, where we assume halos remain at a constant comoving number density throughout
time and find their mass by comparing mass functions at each time step (see section 2.2.2).
The solid and dashed lines use mass functions from Sheth & Tormen (1999) and Trac et al.
(2015), respectively. The dotted line is made using the Trac et al. (2015) fit to eq. 2.2. Halos
are initialized at the same mass at z = 6, and their masses are then tracked backwards to

z = 50.
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where free electrons catalyze the reaction. At high redshifts, H™ can be easily destroyed by
cosmic microwave background (CMB) photons, so we must balance the formation rate with
the destruction rate to get the overall Hy fraction in a halo. Tegmark et al. (1997) found

this fraction to scale with a halo’s virial temperature as
fi, = 3.5 x 107+ T2, (2.6)

Once fu, > ferit, n,, molecular hydrogen cooling will become efficient enough to cool gas
into the first star-forming molecular clouds. In our model, we assume star formation begins
immediately after this criterion is met, with no delay. This occurs in very small halos with

masses ~ 10° My, at the highest redshifts in our model (z ~ 50).

After the first stars form, however, the minimum mass will instead be set by the metagalactic
Lyman-Werner background. The Lyman-Werner (LW) band consists of photons in the energy
range 11.5-13.6 eV that photodissociate molecular hydrogen through the Solomon process
(see Stecher & Williams, 1967). If a halo is present in a high enough background of Lyman-
Werner photons, it can lose all of its molecular hydrogen and no longer be able to cool gas in
star-forming regions. Therefore, a self-consistent calculation of this background is required
to determine the minimum masses of Pop III halos (see Haiman et al., 1997; Holzbauer &

Furlanetto, 2012; Visbal et al., 2014).

Following Visbal et al. (2014) the background can be written as

c [ dt
Jow(z) = yym / o (14 2)%e(2)d?, (2.7)

where €(z) is the specific Lyman-Werner comoving luminosity density and z,, is the maximum
redshift at which Lyman-Werner photons can be emitted before they redshift into a Lyman
line. For simplicity, we assume that all photons can be redshifted by a maximum of 4%
(Visbal et al., 2014) before being absorbed by a Lyman resonance of neutral hydrogen in the

IGM. This can be found from a simple fit to calculations of the redshifting of these lines.
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We calculate €(z) as

> Oy, M, ( NowErw
= M)— — | dM 2.8
)= [ ningh (S ay (25)

where M, is the minimum mass at which a halo can form stars, M, is the star formation
rate in a halo of mass M, Npw is the number of LW photons produced per baryon in stars,
Erw is the average energy of a LW photon, and Avyy is the frequency range of the LW band.
We take Niw = 1x 10°, which is roughly constant for massive Pop III stars (Schaerer, 2002),
Nrw = 9690 for Pop II stars (Barkana & Loeb, 2005), Epw = 11.9 €V, and Avy = 5.8 x 101
Hz. We compute M, individually for each halo in both the Pop II and Pop III phases.

In order to determine which halos can form stars under a given LW background, we look
to hydrodynamical simulations (e.g., Machacek et al., 2001; Wise & Abel, 2007; O’Shea &
Norman, 2008). Visbal et al. (2014) find that the critical mass above which halos can form

stars under a given LW background can be approximated by

1+ 2
26

—-1.5
M = 2.5 x 10° ( ) (1 + 6.96 (47 Jrw)™*7) . (2.9)

Once we calculate Jp from our model, we can determine which minihalos will form Pop 111

stars by only considering masses where M > M.

For a halo to obtain enough gas to begin star formation, its gas mass must exceed the time-
weighted Jeans mass, known as the filtering mass (see Gnedin & Hui, 1998). We enforce this
in our model, only allowing stars to form in halos where the gas mass exceeds the fit to the
filtering mass found in Naoz & Barkana (2007). In practice, this mass is always below the
minimum mass from the Lyman-Werner background after the first stars form, and it only
exceeds the Tegmark et al. (1997) mass at redshifts much higher than we are interested.

Therefore, the filtering mass does not have a noticeable impact on our results.

In this work, we neglect the potential feedback effects of X-rays, which can catalyze Hs

formation by enhancing the free electron fraction and thus act as a source of positive feedback,
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or, could alternatively heat gas and prevent further fragmentation and star formation (e.g.,
Machacek et al., 2003; Kuhlen & Madau, 2005). The importance and sense of the feedback
(i.e., positive or negative) will depend on the interplay between the Lyman-Werner and X-ray
backgrounds, which in turn depends on the detailed properties of sources and their number
density as a function of redshift (e.g., Ricotti, 2016). For now, we neglect these effects and

defer a more detailed consideration to future work.

We also neglect potential H~ photodetachment triggered by an infrared background (as
discussed in  Wolcott-Green et al., 2017) which can halt the formation of Hy. To test this
assumption, we calculate the photodetachment rate, ky-, using the conversion rate presented
by Agarwal et al. (2016) and our model Lyman-Werner backgrounds. We find that, even in
the case where this effect should be most important (i.e., only Pop II star formation at lower
redshifts with a high star formation rate density), ky- is well below the threshold for H™
photodetachment to dominate over the Lyman-Werner background (Wolcott-Green et al.,
2017) . We note, however, that the calculation in Wolcott-Green et al. (2017) is for halos at
the atomic cooling threshold, while our Pop III halos are generally at lower mass. We defer

a detailed calculation of this effect for lower mass halos to the future.

2.3.2 The Pop III Initial Mass Function

Once a halo has exceeded the minimum mass required for Pop III star formation, we begin to
add the first stars. Since the gas clouds forming these stars cool primarily through molecular
hydrogen, which is less efficient than metals, these kinds of Pop III stars were likely very
massive (Bromm et al.; 1999). The Pop III IMF is very uncertain, however, so we leave this
as a parameter in our model (see Table 2.1). Stars are randomly sampled from the chosen

IMF and placed in isolation in each star forming region.

The simplest IMF we consider is a delta function, where all Pop III stars form at a single
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mass. The prefered mass is not known a priori, but one well-motivated choice is to follow
McKee & Tan (2008), who find the maximum mass of a massive Pop III star by calculating
the mass at which radiation pressure will stop accretion. McKee & Tan (2008) find this
maximum mass to be

25 0.24
M~ 145Mo | 7 ) - (2.10)
3

If Pop III stars form in isolation in minihalos, then it is possible that all stars eventually
reach this mass. In this case, we simply set the mass of every Pop III star to this maximum
mass. This case is especially interesting as it is just above the minimum mass at which
pair-instability supernovae occur, so small details in the stellar masses are actually quite

important.

We also allow for both lower mass and higher mass cases compared to the McKee & Tan
(2008) model. In these cases we use a Salpeter-like IMF in various mass ranges. For the
low-mass case, we use a minimum mass of 20 M, and a maximum mass of the McKee &
Tan (2008) mass (see Bromm et al. 1999 for a discussion of the fragmentation of protostellar
disks and its effect on stellar masses). As an extreme high-mass case, we use a minimum
mass of 200 M and a maximum mass of 500 M. As we will discuss in section 2.3.4, the
choice of IMF has great implications for supernova feedback and its effects on these growing

halos.

We note that our Pop III model assumes a single star or binary system per site of star
formation, with a mass drawn from the IMFs described above. This differs from other
treatments (e.g., Jaacks et al., 2018; Visbal et al., 2018), which often utilize a fixed mass of
star formation or a mass-dependent star formation efficiency. We compare to these similar

works in section 2.5.5, as well as test the dependence of our results on this assumption.

It is thought that these massive stars may often form in binaries (Turk et al., 2009), so
we also investigate the case of a non-zero binary fraction. Mirocha et al. (2018) find that

high-mass x-ray binary systems can produce a unique signature in the global 21-cm signal
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although, in this work, a nonzero binary fraction only serves to increase the overall star

formation efficiency.

2.3.3 Photoionization Feedback from Pop III Stars

In order to determine how many Pop III star forming regions should form in a single halo,
we appeal to photoionization feedback. Since Pop III stars were likely very massive and
luminous, they would be able to ionize much of their surrounding material, making it unable
to cool and form stars. Assuming a massive Pop III star emits like a blackbody with effective

temperature T (see Stacy et al., 2012), the number of ionizing photons produced is given

by
. mL >~ B
N=—— —“d 2.11

0Ty /umin hv v ( )

where L is the star’s luminosity, ¢ is the Stefan-Boltzmann constant, vy, is the minimum
photon frequency required for ionization, and B, is the blackbody spectrum of the star.
We approximate the luminosity of the star over its lifetime as the zero-age main sequence
(ZAMS) luminosity, and we calculate Toq assuming the star emits like a blackbody. We use

the ZAMS stellar radius and luminosity given by Stacy et al. (2012) as

M 2
L M) =14 x 10*L 2.12
zams (M) x 10 ®(10M®>’ (2.12)
M 0.55
= 3. . 2.1
Ryawms 39R®<10M@> (2.13)

Once a minihalo Pop III star is formed, it will begin to ionize the surrounding gas in its birth
cloud. If this radiation is able to ionize all of the gas available for star formation, then no

more stars will form. The size of the ionized region around a star is given by the Stromgren

3N
= | —— 2.14
fs (4#71%043) ’ ( )
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where N is given by equation (2.11) and ny is the hydrogen number density. Bromm &
Larson (2004) find that Hy cooling tends to drive gas in these halos to densities of around
nu ~ 10* em™ at T~ 200 K.

We then assume that the maximum number of stars allowed in a halo can be found by simply
packing the halo with Stromgren spheres. Under these assumptions, we find that a single star
is able to ionize most of the gas in a minihalo at the masses and redshifts relevant to Pop III
star formation. Halos above the atomic cooling threshold would be able to accommodate
multiple star formation locations, but they are outside the scope of our model, as we have
already assumed that they have transitioned to stable star formation. We note that a single
star is still able to ionize the majority of its surrounding gas even if we utilize a more complex
model for the distribution of gas in a halo, such as the disc model described in Munoz &

Furlanetto (2013).

We note that Whalen et al. (2008a) also find similar results for the destruction of Hy in halos
forming massive Pop III stars. In their simulations, a 120 My star is able to completely
photodissociate all Hy in a halo during its lifetime. As these stars form primarily through
Hs cooling, it is unlikely the gas in such a minihalo could cool and form stars near another

Pop III star.

It is also possible that internal Lyman-Werner feedback from a Pop III star could dissociate
H, and stop star formation in a single halo (see Glover & Brand 2001). We neglect this
process because ionizing feedback from the same star is already able to ionize the majority

of the gas.

2.3.4 Pop III Supernovae

When a massive Pop III star reaches the end of its life, taken to be 5 Myr in this model as

stellar lifetimes do not vary appreciably at high mass (Schaerer, 2002), the star will either
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explode in a supernova or collapse directly into a black hole. Stars with a mass between 40
Mg, and 140 M and those with masses above 260 M, will not end their lives in a supernova,
but they will rather collapse directly into a black hole. Stars below this range will explode
in a typical core-collapse supernova, while stars in the intermediate range will end with a
pair-instability supernova. We therefore only take into consideration supernovae from stars
which fall into these two categories. We assume that core-collapse supernovae release a
kinetic energy of 105! ergs, while pair-instability supernovae release 1052 ergs (see Wise &

Abel 2008 and Greif et al. 2010).

Supernova feedback is particularly important in the early universe, as the typical kinetic
energy released in a supernova could be orders of magnitude larger than the binding energy
of the gas in a halo, which is of order (Loeb & Furlanetto, 2013):

Q 1/3 M 5/3 1+Z
E, ~ 2. 10°0 ( i — 2 ) h¥3erg. 2.1
20t (o) () (o) ites @)

Every time a supernova explodes in a halo, we assume that the kinetic energy released
is distributed throughout the remaining gas and calculate the corresponding temperature,
assuming ionized, primordial gas. We then assume that the velocities of particles in this
gas follow a Maxwell-Boltzmann distribution. This allows us to calculate the fraction of
gas remaining in the halo and the fraction exceeding the halo’s escape velocity. We then
eject this gas, adding it to a reservoir that we later allow to re-accrete onto the halo over a

time-scale equal to the halo’s free fall time at the moment the gas is ejected,

1 3
tg = —4/ 2.1
f 4 2G’ﬁvir7 ( 6)

where py;; is the average density of the halo (see Yoshida et al. 2007a for a simulation of the

re-incorporation of gas into a halo at these redshifts). Note that this can be a significant
fraction of a Hubble time as the highest redshifts considered here. If the velocity of the
expelled gas is greater than /10v.., we assume that the gas has completely escaped and will

never re-accrete. We discuss the importance of this assumption on our model in section 2.6.4.
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This model for gas ejection has strong implications for a halo’s transition to Pop II star
formation. We assume that the metals released by a supernova follow the gas, so the fraction
of metals expelled is the same as the fraction of total gas expelled. This is discussed further
in section 2.6.3, where we investigate the fraction of metals which must be retained after a

supernova in order for a halo to transition quickly.

2.3.5 Transitioning out of Pop III Star Formation in Minihalos

One very important aspect of our model is the transition between metal-free, minihalo Pop I1I
star formation and metal-enriched Pop II star formation. The minihalo Pop III stars we have
discussed are likely born in only one star-forming region per halo (see section 2.3.3), whereas
Pop 1T stars form from a more traditional, low-mass IMF (i.e., a Salpeter IMF). In order to
determine at what point halos switch to Pop II star formation, we must look at how gas is

cooled to form each type of star.

Once a halo reaches a virial temperature of Ti;, = 10* K, atomic line emission begins to
dominate the cooling. This is, coincidentally, also the point where the gas in a halo tends to
reach a binding energy of ~ 10°! erg (the typical kinetic energy released in a core-collapse
supernova) and becomes more stable to supernovae. At this point, we assume that enough
gas will be left behind after a supernova for the halo to develop an ISM regulated by internal
feedback. We then transition to the model described in Furlanetto et al. (2017). If a halo
reaches this point but has yet to retain any metals, we track the first generation of stars
formed after this point as a separate population of metal-free stars. As seen in Fig. 2.7,
this mode of star formation tends to occur at significantly lower rates than both our fiducial
Pop III treatment and metal-enriched Pop II star formation. Note we assume that, after
this initial burst of metal-free star formation, metals immediately mix through the halo gas,
so that subsequent star formation is Pop II. The transition will be much slower if mixing is

inefficient, but we refer the reader to models focusing on that process (e.g., Sarmento et al.
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2018).

Before a halo reaches the atomic cooling threshold, it can only transition to Pop II star
formation if it has retained enough of the metals released in supernovae. Bromm & Loeb
(2003) find that the most important metal transitions to consider when looking at this
critical point are CII and OI. In particular, they find the metallicities at which metal line
cooling will become more efficient than molecular hydrogen cooling to be [C/H]|qi ~ —3.5
and |O/H|qi ~ —3.05, where [A/H| = log (Na/Ng) —log (Nao/Nue). Once a halo’s mean
metallicity surpasses one of these criteria, we then make the switch to the Pop II star-forming
regime. Dust cooling may also be efficient down to metallicities as low as [O/H| ~ -5, so we
include a model using this phase of cooling for comparison (see Schneider et al. 2006 and

Omukai et al. 2010).

We take our metal yields of Pop III stars from Heger & Woosley (2010) and Heger & Woosley
(2002), which provide yields for core-collapse and pair-instability supernovae, respectively.
Even though a single supernova may produce enough metals for the halo to reach the critical
metallicity, this may not necessarily cause the halo to immediately begin forming Pop II
stars since not all metals will be retained. As discussed in section 2.3.4, if metals are ejected
from the halo, we must either wait until they re-accrete, until a later period of star formation
where the halo is more stable to supernovae feedback, or until enough metals are retained in
the presence of supernova feedback.! If the binding energy of the halo is small enough that
the material is never re-accreted or the halo grows enough during the re-accretion time that
the metal mass is insignificant, a minihalo may “forget” about its earliest periods of Pop III
star formation and require another burst of star formation before it can make the transition

to metal-enriched stars.

Our model assumes that the mean metallicity of the halo is the deciding factor in the

INote that we do not assume that the metals have thermalized; rather, we assume that they are entrained
in the outflow from the halo.
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transition to Pop II star formation, although this may not necessarily be the case. If metals
can be more concentrated in certain regions of the halo, it is possible that Pop II stars
could begin to form even if the halo does not meet our critical metallicity requirements. We
discuss the effects of this assumption in section 2.6.3 and leave a more detailed model of

inhomogeneous mixing to a future work.

We also do not include the effects of external enrichment from nearby halos which could
allow these massive halos to transition more quickly and also allow low mass halos to skip
the Pop III phase altogether (see Smith et al. 2015). Jaacks et al. (2018) find that the total
metals produced in their model is not enough to raise the volume averaged metallicity in
their simulations above the critical metallicity, indicating that, while a single halo may be
able to produce enough metals to cut off star formation locally, it does not affect global

Pop III values.

2.4 The Properties of Atomic Cooling Halos

Above Ty, ~ 10* K, halos are far more stable to supernova feedback, and their cooling
channel changes significantly (especially if they are able to retain metals). We therefore
assume that star formation proceeds smoothly beyond this point, and we shift our stellar
parameters to those appropriate to Pop II stars. In our model, we use a Salpeter IMF and
break the assumption that stars form in isolation. We also stop tracking individual stars and
simply prescribe the star formation efficiency in each halo. We assume a feedback-regulated
star formation efficiency, as in Furlanetto et al. (2017) and Sun & Furlanetto (2016), where

star formation is regulated by supernovae through either energy or momentum conservation.

We note that our treatment of star formation above the atomic cooling threshold is much
simpler than that of Pop III stars in minihalos. We are mostly concerned with the minihalo

stage of halo growth, so our model for more massive halos is only used to calculate the
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radiation backgrounds that may contribute to limiting Pop III star formation in minihalos.
For simplicity, we will mostly assume that star formation in these massive halos is Pop II,

and we will refer to this stage as “Pop 11."

In our fiducial model, we find the star formation efficiency in a halo by balancing the kinetic
energy released by supernovae with the binding energy of the halo. We follow Furlanetto
et al. (2017), who parameterize the star formation efficiency (defined here as the fraction of

accreting material which turns into stars) as

1
~ 1—|_TI(]\4}7,7Z>7

where 7 relates the rate at which gas is ejected due to feedback to the star formation rate,

Mej = T]M*

[ (2.17)

For energy-regulated star formation, we balance the rate at which supernova energy is re-
leased with the rate at which the binding energy of a halo is growing through newly accreted
material,

1 . .
§Mw2:M&mN (2.18)

esc
Here, e is the escape velocity from the halo, M, is the star formation rate, € is the fraction
of a supernova’s kinetic energy used to drive a wind and lift gas out of the halo, and wgy is the
kinetic energy released in supernovae per unit mass of stars. With this in mind, Furlanetto

et al. (2017) find 7 to be

10150, \ > (9
=10 _ . 2.19
e €xW49 < M, > <1 T z> ( )

Here, wsy = 10wy erg M3' and €, = 0.1 in our fiducial model.

We also consider the case where momentum is conserved, and we balance the star formation
efficiency by comparing the momentum released in supernovae to the momentum required

to eject gas from the halo. In this case, Furlanetto et al. (2017) find 7 to be of the form

10150 f 1/3 9 1/2
Np = €pThd (Th®> <1 — z) ’ (2.20)
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where €, is the fraction of the momentum released in a supernova which drives the winds
(taken here to be €, = 0.2 in our fiducial model) and 7mgq defines the momentum injection

rate from stars formed from a given IMF, defined as

P= 7TﬁdP0 (M /yr) . (221)
O]

Here, PO = 2 x 10*® g cm/s? and mgq is of order unity for a Salpeter IMF (see Furlanetto

et al. 2017 for a more detailed discussion of this model).

In both of these cases, we impose a maximum value on the fraction of accreted mass that will
form stars, f.. In our fiducial models, we assume f,.x = 0.1 in the energy-regulated case
and fimax = 0.2 in the momentum driven case as in Furlanetto et al. (2017). We also assume
that some fraction of newly accreted gas may be virial shock heated and be unavailable for
star formation. We follow Faucher-Giguére et al. (2011), who find the fraction of accreted

material that will be able to cool onto the halo and form stars to be

1+ 2 0.38 Mh —0.25
fcool =047 ( 4 ) (W) . (222)

This fraction is only less than 1 in the case of very massive halos at relatively low redshifts,

so we find that this process does not have a large effect on our results.

We compare our results to to the observed luminosity functions of Bouwens et al. (2015)
in Fig. 2.2.2 We find reasonable agreement for our models at z = 7, although our model
overpredicts the abundance of halos at z = 10. This was seen as well in Furlanetto et al.
(2017), who alleviated this discrepancy by including a redshift independent model of Pop II

star formation which fits the data better. We also include this model, which is identical to

2We note that other groups have produced luminosity functions at these redshifts (e.g., McLure et al.,
2013; Oesch et al., 2013; Schenker et al., 2013; Bowler et al., 2015; Finkelstein et al., 2015) that are generally
consistent with our results. The Finkelstein et al. (2015) data has a lower amplitude than our results and
those of Bouwens et al. (2015), although their shape is similar so this does not affect the model significantly
as the amplitude is degenerate with our assumptions on the star formation efficiency. See Mirocha et al.
(2017) and Mason et al. (2015) for more detailed comparisons.
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Figure 2.2: Luminosity functions for Pop II stars in our fiducial model compared to the
observed luminosity functions of Bouwens et al. (2015). We do not include the luminosity
functions for Pop III stars as they are far too dim. In general, our results agree reasonably
well with the data at z = 7, but the energy- and momentum-regulated models overpredict
the abundance of halos at z = 10. We therefore also include a redshift-independent model
which fits the data better. Finally, we include an energy-regulated model with ¢, = 1 (i.e.,

all of the kinetic energy released by supernovae couples to a halo’s gas to drive a wind).

the energy-regulated model at z = 8 with ¢, = 0.2 but ignores the redshift dependence in

equation (2.19).

2.5 Results

With all the components of our model in place, we now consider how our ensemble of halos

evolves through the Pop III era. In our fiducial model:
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Figure 2.3: Star formation rate density of minihalo Pop IIT and Pop II star formation in our
fiducial model. This mode of Pop III star formation ends in our model once the minimum

mass for star formation rises above the atomic cooling threshold (see Fig. 2.8).
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1. We assume a Salpeter IMF from 20 M, up to the limit in equation (2.10) (henceforth

referred to as “low-mass" in comparison to more extreme models; see Table 2.1).
2. We set the gas re-accretion time equal to the halo free-fall time.

3. We assume that each star formation event generates just a single star or pair of stars,

and we set the binary fraction to 0.5.
4. We assume energy regulation (eq. 2.19) for the Pop II phase.

5. We take the Trac et al. (2015) halo mass function and set the halo growth rate via

abundance matching.
We also consider a broad set of variations around these fiducial values.

Fig. 2.3 shows the total, minihalo Pop III, and Pop II star formation rate densities of our
fiducial model.® We see that Pop III star formation in minihalos gradually rises until z ~ 25,
when the Lyman-Werner background has grown enough to narrow the allowed mass range
of Pop IIT halos sufficiently to begin the decline in star formation (see Fig. 2.4). Note how
minihalo Pop III stars are able to dominate the Lyman-Werner background for a relatively
long (z ~ 20 instead of z ~ 25) time, even though Pop II star formation has come to
dominate the star formation rate densities much earlier (Fig. 2.3). Since massive Pop III
stars produce more UV photons per unit mass, small star formation rates can still create
a large Lyman-Werner background. As this is happening, Pop II star formation continues
to rise as more Pop III halos retain enough metals to make the transition, continuing until
z ~ 25 where Pop II star formation finally begins to dominate the total star formation in the
Universe. After this, minihalo Pop III star formation still continues on until z ~ 12, albeit at

a much lower level than the total star formation. It is at this point that the minimum mass

3The fluctuations in these curves are caused by our finite number of mass bins. Since the mass range
in which halos are actively forming Pop III stars is relatively narrow, individual halos turning their star
formation on or off are seen as features in the star formation rate density.
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for Pop III star formation rises above the atomic cooling threshold, cutting off the formation

of any new Pop III stars in minihalos.

We next explore the origins of these features and their robustness in different scenarios of

early star formation.

2.5.1 Pop III Star Formation in Individual Minihalos

To that end, we next consider the star formation histories of single halos. These are seen
in Fig. 2.5, which shows the total Pop III stellar mass formed in example halos of three
different masses. The burstiness of star formation is reflected in the discrete increases in the
total mass when new stars are formed. Note that the halos which form latest — and hence
in our prescription have the smallest masses — produce a larger number of minihalo Pop III
stars than their more massive counterparts, even though the latter began forming their stars
much earlier. This is due to the redshift dependence of the binding energy of a halo: at fixed
halo mass, E, (1 + z) from eq. (2.15). This allows a halo that forms earlier to become
stable to supernovae feedback much more quickly, and it can therefore retain its metals after

fewer periods of star formation.

Typically, minihalos go through no more than ~ 10 periods of Pop III star formation, with
a delay which depends on the accretion rate of the halo. In a halo with a smaller accretion
rate, it may take a few million years to accumulate enough mass to form a single cloud
above the local Jeans mass if supernovae from previous episodes have cleared out the halo.
In halos with large accretion rates, however, star formation may be able to begin again with
virtually no delay. There is much stochasticity in this relationship, however, as can be seen
in Fig. 2.6. This is due to our Monte-Carlo treatment of the minihalo Pop III star formation,
where stars are randomly sampled from an IMF. If the IMF produces a significant number

of stars which will not end their lives in a supernova (such as in the low-mass IMF model
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Figure 2.4: Lyman-Werner background for our fiducial model. Note how the contribution
from Pop III stars in minihalos is dominant for longer than the star formation rate densities
in Fig. 2.3. This is because these Pop III stars are able to produce UV photons more
efficiently than their Pop II counterparts, so even a small amount of Pop III star formation

can continue to produce a high Lyman-Werner background.
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shown here), a halo can “forget” about earlier generations of Pop III star formation as any

metals produced will be lost to the black hole.

We find that halos in our model generally tend to become stable to supernovae shortly before
reaching the atomic cooling threshold. In fact, most halos which transition by reaching the
critical metallicity will end up crossing this threshold within the next ~10 Myr, causing the
minimum mass for Pop II star formation to be very close to the atomic cooling threshold. Our
results therefore generally support assumptions made in previous works that metal-enriched

star formation will only occur in halos above the atomic cooling threshold.

Our model allows for a minihalo which has formed Pop III stars in the past to fall below
the minimum mass and cease star formation. This could, in principle, allow halos to stay
dormant after a few earlier periods of star formation. In practice, however, we find that
this does not happen, as halos tend to grow faster than the minimum mass, at least until
the Lyman-Werner background has grown large enough to completely shut off Pop III star

formation in minihalos.

2.5.2 The Duration of Pop III Star Formation in Minihalos

The key question we wish to address in our models is how long Pop III star formation in
minihalos persists under a variety of physics assumptions. Figure 2.7 shows this for our
suite of models. We find that, generically, the star formation rate density increases rapidly
at early times before slowing dramatically or flattening. This “plateau" period is typically
comparable to the age of the Universe at that time before minihalo Pop III star formation
ends entirely. Extended Pop III star formation such as this is also seen in the Renaissance

Simulations (see Xu et al., 2016).

We also track the formation of the first generation of Pop III stars in atomic cooling halos

(see section 2.3.5). This “Pop II1.2” star formation is shown for our fiducial model in Fig. 2.7,
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Figure 2.5: Total minihalo Pop III stellar mass for three example halos of different masses.
In general, halos that form later have more periods of star formation, which leads to a higher

total mass produced. Masses shown are the final masses at z = 6.
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Figure 2.6: Total mass of Pop III stars formed in halos by z = 6 as a function of mass. Each
point corresponds to a halo in our fiducial model. Note that, since stars in our model form
in isolation and will always die before the next period of star formation, this mass is not the
total mass of Pop III stars at z = 6. Rather, this is the total mass that has formed in the
halo, as most of the stars will have either exploded in a supernova or collapsed to a black

hole.
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and we see a similar result for all other models. This mode of star formation tends to occur
at least an order of magnitude below the Pop III star formation in minihalos, although it
has a much longer tail as new halos which have yet to form stars cross the atomic cooling
threshold and become more stable to supernovae. Of course, this ratio is a result of our
assumption that only the first burst of star formation in these halos is Pop III, and the

SFRD could be much larger if the metals mix inefficiently (see Sarmento et al. 2018).

The reason for the decline and end of minihalo Pop III star formation is seen in Figs. 2.4
and 2.8. As the Lyman-Werner background begins to build up at a faster rate when halos
transition to Pop II star formation, the minimum mass rises. As it gets closer to the atomic
cooling threshold, the mass range in which minihalos are able to form Pop III stars narrows,
causing the star formation rate density to begin to plateau. Once the minimum mass rises

above the atomic cooling threshold, this mode of Pop III star formation ends.

2.5.3 The Importance of Pop II Stars for Minihalo Pop III Star Formation

As seen in the bottom panels of Fig. 2.7, the Pop III star formation rate densities in models
with momentum regulated Pop II star formation are quite distinct from those with energy
regulated Pop II star formation. Because the star formation efficiency is higher in low mass
halos (which are very abundant at these redshifts) under momentum regulation, the Lyman-
Werner background and minimum mass of Pop III halos rise much more quickly. This is
seen in the plots of star formation rate density as a much earlier transition to Pop II star
formation, which generally occurs at around the same time as the plateau. Also, since we
transition away from Pop III star formation once minihalos pass the atomic cooling threshold
and become more stable to supernova feedback, all new halos will skip this phase of star
formation and begin forming stars following the Furlanetto et al. 2017 model at this point

(see Fig. 2.8).
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Figure 2.7: Star formation rate density of minihalo Pop III stars for a variety of our models.
Symbols indicate where Pop II star formation overtakes Pop III star formation. The upper
panel shows our results for a low mass Pop III IMF under a variety of different assumptions
for the Pop II and III star formation prescriptions. The bottom panels show a comparison
between three different Pop III IMFs using energy- and momentum-regulated Pop II star
formation, respectively. Note that models which employ momentum-regulated Pop II star
formation will form stars more efficiently in low-mass halos, raising the minimum mass above

the atomic cooling threshold faster and transitioning from the minihalo Pop III phase sooner.
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Figure 2.8: Minimum mass for Pop III star formation for a variety of our models. The

atomic cooling threshold is shown as the dashed line. The top panel shows our results for

the low mass Pop III IMF under a variety of different assumptions for the Pop II and III star

formation prescriptions. The bottom panels compare our results for different Pop III IMFs

using the energy- and momentum- regulated Pop II star formation prescriptions. Once the

minimum mass crosses the atomic cooling threshold, any new halos will begin forming low-

mass stars, even if they form out of primordial gas. This is why the Pop III star formation

rate density vanishes so quickly in the momentum regulated models.
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Figure 2.9: Maxmimum Pop III star formation rate densities and important redshifts for
a number of different Pop II star formation prescriptions. Points correspond to the ending
redshift of Pop III star formation in the left panel, and crosses correspond to the redshift
at which Pop II star formation overtakes Pop III in the right panel. Scatter for each model
is caused by varying IMFs as well as our Monte Carlo approach to model Pop III star
formation. Note how there is very little scatter in the Pop III end redshift within each
Pop II model. By the time Pop III star formation ends, the Lyman-Werner background is

completely dominated by Pop II star formation, so all models typically end at the same time.
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The IMF appears to have a more pronounced effect in the cases with energy-regulated star
formation. In the case of the mid- and high-mass IMFs, the minimum mass follows the atomic
cooling threshold before finally crossing it when Pop II star formation is high enough. With
more massive stars, the contribution to the Lyman-Werner background from minihalo Pop III
stars is larger, allowing these stars to more effectively regulate themselves near the atomic
cooling threshold. Pop III star formation inside minihalos does not entirely cease, however,
until Pop II stars contribute enough to the Lyman-Werner background to completely shut

off star formation by themselves.

Figure 2.9 illustrates these points for a wide range of model parameters. It shows two key
transition points for several of our models. The left panel shows z..q, the times at which
Pop III star formation in minihalos ends for each model. The right panel shows zj, the
moments at which the Pop II SFRD overtakes the Pop III SFRD in each model. Within a
given Pop II model, there is very little spread in the redshift at which minihalo Pop III star
formation ends. This is due to the fact that, by the time this happens, the Lyman-Werner
background is completely dominated by Pop II stars. Fig. 2.8 shows this as well: for a
given Pop II prescription, all the minimum mass curves cross the atomic cooling threshold
at the same time, which marks the final endpoint of Pop III star formation in minihalos.
However, there is quite a bit of scatter in the maximum star formation rate density at this
time, because that depends more sensitively on our assumptions about the Pop III stars.
In fact, there appear to be two distinct “clouds” for each Pop II star formation prescription
in the plot. This is caused by our choice of IMF models, which separate (relatively) low-
and (extremely) high-mass stars into contrasting cases. Because the prescriptions both form
individual stars, the high-mass case produces about an order of magnitude more stellar mass
per event, which directly affects the maximum star formation rate density. If we utilized
a wider range of IMF models which uniformly spanned the relevant ranges in stellar mass,

these “clouds” would be connected.
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The transition redshift z;; also has a moderate amount of scatter, because it depends upon the
amplitude of the Pop III star formation rate density, which is sensitive to our assumptions.
It is apparent that, in all of our models, the minihalo Pop III era never reaches more than
~ 1073 Mg, Mpc=2 yr~!, and in most cases much less. This is comparable to the measured
SFRD at z ~ 10 from bright galaxies (Zheng et al., 2012; Coe et al., 2013; Oesch et al., 2014;
McLeod et al., 2015; Atek et al., 2015), although in our models the total Pop II SFRD is
always much larger by z ~ 10. This illustrates the difficulty of detecting the extremely faint
Pop IIT halos, if they exist.

Figures 2.7 and 2.9 also show that the redshift independent case (which matches the ob-
servations best at z = 10) yields a slightly more extended Pop III star formation history,
as it produces a smaller rate of star formation in low mass halos. As an extreme case, we
also include in Figure 2.7 a model with energy regulated Pop II star formation, but with
ex = 1. In other words, all of the kinetic energy released by supernovae in this model is able
to couple to the gas and work to lift it out of the halo. Since feedback is stronger in this
case, we see a smaller Pop II star formation efficiency in halos, and therefore a lower Lyman-
Werner background. As a result, the minimum mass to produce Pop II stars never crosses
the atomic cooling threshold. Because of this, Pop III star formation in minihalos is able to
continue on until at least z = 6. However, Figure 2.2 shows that this model substantially
underpredicts the observed luminosity function at z ~ 7. We include it only to emphasize
that the longevity of the minihalo Pop III phase is very sensitive to the details of Pop II star

formation in low-mass halos.

2.5.4 Self-Regulation of Pop III Star Formation

In order to test the ability of Pop III stars in minihalos to self-regulate themselves, we next
consider a model in which Pop III stars do not contribute to the Lyman-Werner background

by setting Npw = 0 for Pop III stars. The minimum mass of Pop III halos for this case is
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shown in Fig. 2.10. The Lyman-Werner background and therefore minimum mass will be
lower at early times when Pop III star formation is dominant. Without a Lyman-Werner
background, halos form Pop III stars earlier. But the time at which the minimum mass
crosses the atomic cooling threshold is unchanged, because it is feedback from Pop II stars
which eventually causes Pop III star formation to end inside minihalos. Because of this,
while Pop III stars may be able to regulate their own minimum mass at early times, global

Pop III star formation will not be terminated by feedback from Pop III stars.

2.5.5 Comparison to Other Works

Our model can be compared to similar models of Pop III star formation which use different
approaches and study the effect of other parameters. Because this phase of star formation
has yet to be observed, there are many uncertainties, and it is important to consider a wide
range of models. We find that many of our results generally agree with the numerous other
models of similar nature, although there are some distinct differences due to our specific

assumptions.

For example, Jaacks et al. (2018) run a hydrodynamical simulation where Pop III supernova
remnants are “painted” onto the fluid with their properties calibrated from simulations and
analytical arguments. They assume a fixed mass of ~ 500 M per star formation event once
a gas particle passes the thresholds of n = 100 cm ™2 with 7' < 103 K. They find, like us, that
Pop III star formation is not a self-terminating process. However, we come to this conclusion
differently. They find that halos are simply not able to produce enough metals to raise the
volume-averaged metallicity of their box above the critical metallicity required for Pop II
star formation. In our models, we find instead that Pop III stars in minihalos never form
rapidly enough to raise the Lyman-Werner background high enough to completely cut off
star formation in halos below the atomic cooling threshold on their own. We must instead

wait until Pop II star formation begins to dominate. We also find that, even if minihalo
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Figure 2.10: Minimum masses for Pop III star formation for varying values of Npw. The
minimum mass is higher in the case where Pop III stars contribute to the Lyman-Werner
background, although all cases rise above the atomic cooling threshold at the same time.
This indicates that global feedback from Pop II star formation is really what ends the Pop III

phase in the universe.
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Pop III stars do not contribute at all to the Lyman-Werner background, star formation will
still end at the same time (see section 2.5.4). They also find a maximum star formation
rate density of around 1073 Mg, yr~! Mpc—3, however, which is about an order of magnitude

higher than the star formation rate densities found in most of our models.

In order to fully compare with their results, we include a model which also forms a fixed
mass of 500 M, per star formation episode. We note that, even under this assumption, we
still find a star formation rate density about an order of magnitude smaller than theirs. This
model is shown in Figs. 2.7 and 2.8. In this case, the minimum mass is higher before Pop III
star formation ends, because more stars form and the Lyman-Werner background is larger.
However, the redshift at which minihalo Pop III star formation ends is virtually unchanged,
because by that point Pop II star formation dominates by far. Thus this model can lead
to a slightly larger Pop III star formation rate density in minihalos (though still about an
order of magnitude smaller than that of Jaacks et al. 2018) but does not affect our major
conclusions. Halos in this model tend to have a similar number of minihalo Pop III star
formation episodes as halos in our fiducial models, as the increased star formation results
in more energy injected into the system from supernovae. While more metals are produced,
they are much more easily ejected out of the halo, causing halos to be unable to transition
due to reaching the critical metallicity. Thus, these halos tend to transition away from

minihalo Pop III star formation simply by reaching the atomic cooling threshold.

The differences between our models and those of Jaacks et al. (2018) are mainly caused
by different assumptions about the Pop II star formation rate density. Their models have
systematically lower star formation in the Pop II phase than ours (their eq. 21), causing a
lower Lyman-Werner background and therefore minimum mass. They also assumed lower
values of Npw for both Pop II and Pop III stars (by factors of 5 and 10, respectively),

exaggerating the decline in the Lyman-Werner background.

Visbal et al. (2018) apply a semi-analytic model to N-body dark matter simulations, allowing
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them to take into account any processes which require spatial information such as clustering
and mergers. They allow stars to form at a specific fraction of a halo’s baryonic mass,
fiducially taken to be 1072 (we find ~ 5 x 10™* for the total Pop III stellar mass formed
in a minihalo in our fiducial, low-mass model). They find star formation rate densities
consistent with ours, although their models only run to z ~ 20 so it is difficult to compare
any results which rely on feedback from Pop II stars, such as the duration of Pop III star
formation in the universe. They do find that the effects of external metal enrichment may
be important only if metals are allowed to travel far from their original halos. This is similar
to Jaacks et al. (2018), who find that small halos which are externally enriched exhibit much
lower metallicities than more massive halos which are internally enriched by their own star
formation. While we do not include the effects of external enrichment in our model, we note
that it would work to transition halos faster, potentially turning the plateau seen in many

of our star formation rate densities into a more gradual decline.

Trenti & Stiavelli (2009) use a semi-analytic model similar to ours with dark matter halos
from the Press-Schechter formalism (Press & Schechter 1974). They find star formation rate
densities comparable to ours in cases where Pop III stars form in isolation. They also study
the importance of Pop III stars forming in halos above the atomic cooling threshold. This
form of star formation was only important when Pop III stars were allowed to form with
efficiencies much larger than what is found in our models, even in the cases where multiple

generations of Pop III stars can form per halo.

Crosby et al. (2013b) carry out a semi-analytic model based on dark matter halos from
numerical simulations. They use a similar model for the ejection of metals produced by
Pop III supernovae as in this work, although they find, in contrast to us, that halos are
generally able to retain enough metals to transition to Pop II star formation after the first
supernova. This is because they assume a substantially smaller fraction of a supernova’s

total energy is used to drive outflows from a halo. Their star formation rate densities are
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therefore lower than our fiducial model by about an order of magnitude.

Maio et al. (2010) use a detailed set of numerical simulations spanning a wide range of
parameters to study the onset of metal-free Pop III star formation and the transition to
metal-enriched Pop II stars. They find star formation rates densities that plateau to values
comparable or less than ours for their range of models. Similar to us, they also explore
the effects of different Pop III IMFs which may drastically change the relative number and
energy of their supernovae. They find that high mass IMFs generally result in a lower star
formation rate density as these stars will produce more supernovae quicker and enrich their
halos faster. As shown in the bottom panels of Fig. 2.7, we find the opposite result as higher
mass stars will be able to blow out metals easier due to their higher supernova energies,

therefore allowing Pop III star formation in minihalos to persist for longer.

Many of these models make the assumption that only one Pop III star forms per halo before
making the transition to Pop II star formation. We include a model with this feature for
comparison (see Fig. 2.7). Since halos in our fiducial model generally have ~ 10 periods of
Pop III star formation, the resulting star formation rate density is lower by around an order

of magnitude.

2.6 Caveats

In this section we describe some of the simplifications of our model and their consequences.

2.6.1 Mass Growth Rates

In Fig. 2.1 we compare not only halo growth from our abundance matching technique, but
also growth histories from the Trac et al. (2015) fit to eq. 2.2. In this case, halos which will

end up with the same mass at z = 6 will be less massive by a factor of order unity at z = 50.
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These halos will therefore take slightly longer to cross the minimum mass and form their
first Pop III star. For example, in models using these accretion rates, the first Pop III star
will form at z ~ 40, compared to z ~ 45 in our fiducial models. Once Pop III star formation
begins to plateau, however, the two models become very similar. Because this assumption
does not affect Pop II star formation, the Lyman-Werner background is the same at later

times, causing minihalo Pop III star formation to end at the same time in both cases.

2.6.2 Mergers

Our fiducial model assumes that halos grow primarily through smooth accretion from the
IGM. While Behroozi & Silk (2015) have shown that this is the primary source of growth for
halos at high redshift, it is possible that mergers could also play an important role. In our
model, the primary way in which mergers could change our results is if combining the metals
produced in two merging halos allowed the halo to transition to the Pop II phase sooner than
it would have on its own. However, we find that only a narrow range of minihalos are able
to form Pop III stars at any given time. Thus, with the exception of major events, only the
larger mass progenitor would have been capable of creating stars in the past, so the smaller
halo would have no metals to contribute. Even if it did, merging two halos currently forming
Pop I1II stars would still not cause a halo to exceed the critical metallicity unless one of the
halos had already transitioned, as both the halos’ gas and metals would be mixed. Because
of this, we neglect the effect of mergers in our model. Nevertheless, we plan to investigate

the effects of mergers in more detail in the future.

2.6.3 Metal Retention and the Critical Metalicity

In order to test the importance of our Maxwell-Boltzmann treatment of the ejected gas as

discussed in section 2.3.4, we include an alternate prescription in which we fix the fraction
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of metals left behind after supernova feedback. Since Pop III stars are able to produce such
high masses of metals (see Table 2.1), we find that even if only a very small fraction (~5%)
of metals remain inside the halo after a supernova event, halos will immediately transition
to Pop II star formation. This is shown in Fig. 2.11, where a halo that retains 1% of its
metals is able to stay in the Pop III phase for multiple episodes of star formation, while a
halo with 5% will transition much more quickly. This has the biggest effect in models which
use a Pop III IMF where every star ends its life in a supernova. In our low- and high-mass
models, for example, some fraction of stars will directly collapse into a black hole, adding
no metals to the halo itself. In this case, no matter how high the metal retention fraction is,
a minihalo could go through many periods of Pop III star formation if it happens to have

formed a number of stars in mass ranges which do not produce supernovae.

As discussed in section 2.3.5, we also include a case where dust cooling is efficient. In this
model, halos can transition to Pop II star formation at a much lower metallicity. We find
that this causes individual halos to transition quicker as they do not need to retain as many
metals after a supernova. This shows up in Fig. 2.7 as a lower total star formation rate

density, although the timing of the Pop III phase remains the same.

2.6.4 Gas Re-accretion

In our fiducial model, we assume that ejected gas re-accretes after one free-fall time, tg,
calculated at the time the gas is ejected. In order to test this assumption, we ran models
where this time was set to 1/10tg and 10tg. In each case, we found results almost identical
to our fiducial model. This indicates that re-accreted material is not important for the
transition to Pop II star formation, and halos which transition before the atomic cooling
threshold do so when they become more stable to supernovae feedback and are able to retain
metals produced in current periods of star formation. This is because halos grow very quickly

during the early phases of the Pop III era, so they quickly transition from being so fragile
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Figure 2.11: Star formation histories of a 10° M, halo with various metal retention fractions.
Note that the results shown here are for the “mid” IMF in order to ensure every star will

supernova and release metals.
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that they are completely blown apart by a supernova (with no re-accretion) to being able to

retain a fair fraction of their metals.

2.6.5 Photoionization Heating

Although we consider photoionization feedback inside each source’s halo, assuming that
it limits each halo to a single star forming region at any given time, we do not consider
the effects of the photoionization on the gas surrounding the halo. Because the excess
energy from ionizing photons typically heats gas to ~ 10* K, the resulting H II regions will
be much hotter than the average IGM. Even if the gas recombines, it will retain excess
entropy, which will reduce the rate at which gas accretes onto the host halo (Oh & Haiman,
2003). For simplicity, we ignore the potential of photoheating to suppress accretion onto the
small minihalos in which our Pop III stars form, which amounts to assuming that most of
the accretion occurs through dense filaments that self-shield from the stellar radiation. If
photoheating does suppress accretion, Pop III halos will experience longer delays between
star formation episodes. In the most extreme case, accretion would halt until the halos
surpass a virial temperature of ~ 10* K, which we have shown is also approximately the
point at which they become stable to supernova feedback. At that point, star formation will

likely proceed similarly to our Pop II prescription.

2.7 Observational Implications

2.7.1 Observing Pop III Halos Directly

Unfortunately, the luminosities of Pop III minihalos in our model are very small and well
below the capabilities of any current telescopes. We find that the absolute magnitude of

these halos can vary between Mag ~ —5 for the lower mass Pop III models to ~ —10 for
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the higher mass IMFs. Our models with a fixed mass of Pop III stars are only slightly
brighter, reaching Map ~ —10.5. While these halos are faint, though, they are actually
quite abundant. Fig. 2.12 shows the number density of Pop III minihalos for a variety of
models. In the cases where Pop III halos are around for the longest, their abundance is
actually comparable to that of Pop II galaxies (Fig. 2.2). Unfortunately, Pop III minihalos
in our model are far too dim to be detected by any forthcoming instruments, and they would

likely require the use of lensing or an even more advanced generation of telescope to detect.

Observations of the luminous Ly emitter CR7 by Sobral et al. (2015) have indicated the
potential presence of a Pop III halo at z = 6.6 with a stellar mass of ~ 10°M. In order
to find a halo with these properties in our model, we would have to break our single star-
forming region assumption, as it is not possible for us to reach this mass with only a handful
of Pop III stars. We would also have to allow halos to form massive Pop III stars in halos
above the atomic cooling threshold, as it would otherwise be impossible for a halo to form
such a high mass in stars (see Fig. 2.8). Recently, however, ALMA observations of this object
have detected |[CII] consistent with a normal star forming galaxy, so it is unlikely that CR7
actually contains 107 M, in Pop III stars (Matthee et al., 2017).

2.7.2 Pop III Supernova Rates

While it is very unlikely that we will be able to directly observe a Pop III minihalo in the
near future, it may be possible to observe their supernovae. When a Pop III star with
a mass between 140M. and 2600, reaches the end of its life, it will likely explode in a
pair-instability supernova. If Pop III halos form many of their stars in this range (as in our
model using McKee & Tan 2008 masses or the high-mass, Salpeter-like IMF), then it may
be possible to observe them with JWST or WFIRST. In particular, Whalen et al. (2013)
find that Pop III supernovae will be detectable out to z = 30 for JWST and z = 20 for

WFIRST, which is in the redshift range in which our model produces the most supernovae.

o1



—_
)
DO

- —  momentum-regulation |
o i .
IQ 101 .y en.ergy—regulatlon |
o, »1"'."“‘:'\."'."1 F R INUE z-independent
=, " A, ce =1
LT *-
.:é‘ 100 2 ,"f ]
0 | I
% 1
2 107! .' :
— 1
<B)
= I
= 10_2 ! 1
- I
©)
< 103 : |
s : -
—_ 1
— 1
o, 1074 : :
o 1
O_‘ 1
osb— 1 - . . .
10 15 20 25 30 35 40 45 50

Figure 2.12: Number densities of Pop III halos for a variety of models. This is calculated as
the number of halos which are currently forming Pop III stars (i.e, halos in the allowed mass
range which have formed a Pop III star in the past and have yet to make the transition to

Pop II star formation.)

o2



The Pop III supernova rates from various models are shown in Fig. 2.13. At z = 20, an
event rate of ~ 107% Mpc=3 yr~! translates to ~ 3 events per year per square degree per unit
redshift. Thus, provided minihalo Pop III stars produce luminous supernovae, these events

may be within reach of large-scale surveys.

2.7.3 The 21cm Global Signal

Pop III stars will also affect the surrounding intergalactic medium (IGM) through their
radiation fields. The sky-averaged (“global”) 21-cm signal is a particularly appealing tracer
of the IGM as it is sensitive not just to the ionization state, but the temperature and Lyman-
« intensity as well. Its sensitivity to the thermal history of the IGM opens up the possibility
that X-rays from Pop III remnants could leave traces of their existence, in addition to the

impact of Pop III stars themselves.

In Mirocha et al. (2018), we indeed find that the remnants of Pop III stars have a unique
impact on the signal. While in general the addition of new sources of X-rays reduces the
contrast between otherwise cold neutral regions and the CMB and thus weakens the 21-cm
background, Pop III minihalos also give rise to a characteristic asymmetry due to the generic
rise and fall of the Pop III SFRD from minihalos. In contrast, models neglecting Pop III

sources tend to be quite symmetrical (Mirocha et al., 2017).

2.8 Conclusions

We have presented a simple, semi-analytic model investigating the formation of Pop III stars
in minihalos in the early universe and the subsequent transition of their halos to the more
traditional Pop II star formation. Our model works by combining the results of a number

of numerical simulations and analytic arguments with our self-consistent calculations of im-
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Figure 2.13: Pop III supernovae rates for three of our fiducial models with energy-regulated
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shown as an example of a model which produces Pop III supernovae out to at least z = 6.
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portant feedback processes such as a meta-galactic Lyman-Werner background, supernovae,
photoionization, and chemical feedback. From our results, we conclude that the star forma-
tion rate density of minihalo Pop III stars increases rapidly as structure formation generates
more halos at very high redshifts, until the stellar population increases enough to generate
a substantial Lyman-Werner background, which slows the rate of star formation relative to
halo formation. However, because Pop III star formation is limited in each halo by chemical
feedback, minihalo Pop III stars are never able to self-terminate globally by generating a
dominant Lyman-Werner background. Instead, more massive galaxies forming Pop II stars

are ultimately responsible for choking off Pop III star formation in minihalos
More specifically:

1. Depending on our choice of Pop II star formation prescription, Pop III stars can con-
tinue to form in minihalos at a low level for an extended period of time, in principle
until z ~ 6 at rates of around 107* — 107° My yr~! Mpc=3. In general, models with
efficient star formation in low mass galaxies (i.e., our momentum-regulated model) will
cut off minihalo Pop III star formation much earlier by raising the minimum mass
required Pop III star formation to occur. Alternatively, inefficient star formation in
low mass galaxies (i.e., our energy-regulated model) will allow Pop III star formation

in minihalos to last longer.

2. The key parameters driving our results are the Pop II star formation prescription and
the Pop III IMF. Secondary effects are the binary fraction, halo mass function, and

Lyman-Werner yield of Pop III stars.

3. Supernova feedback is the most important feedback process in a single halo, because
efficient expulsion of metals allows Pop III star formation to persist in single minihalos
for several generations. On a cosmological scale, the Lyman-Werner background dic-

tates the halo masses at which Pop III stars can form, and it is responsible for stopping
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the formation of new minihalo Pop III stars once it causes the minimum mass to exceed

the atomic cooling threshold where halos are also more stable to supernova feedback.

. If metal mixing is inefficient in Pop III halos, metal-free star formation may persist in
halos with masses above the atomic cooling threshold. They may from from a different
IMF, however, as the cooling channels will be different than in the minihaloes that are

the focus of this work.

. While it may be possible to observe the presence of Pop III stars in minihalos through
their supernovae or through cosmological 21-cm experiments, it is very unlikely that we
will be able to directly observe a Pop III halo in the near future. Our model produces
Pop III minihalos with magnitudes in the range of Mag = —5 to —10 depending on our

assumptions of the IMF, which is well below the capabilities of any current instruments.
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CHAPTER 3

The Effects of Population III Radiation Backgrounds on

the Cosmological 21-cm Signal

3.1 Introduction

The first generation of stars was formed from pristine gas with zero metallicity, and their
properties were likely very different from the stars that form today. These early stars, known
as Population III (Pop III) stars, are thought to have been very massive and luminous due
to the decreased efficiency of molecular hydrogen cooling in metal-free minihalos (Bromm
et al., 1999; Abel et al., 2002; Bromm, 2013). Since their birth halos were likely very small
with relatively low binding energies, feedback from this form of star formation likely played a
crucial role in limiting them to only form in very small clusters or even in isolation (Machacek
et al., 2001; Wise & Abel, 2007; O’Shea & Norman, 2008; Shapiro et al., 2004; Visbal et al.,
2018). Despite this, however, they must have played a vital role in the evolution of early

galaxies as they were the first sources of metals required for more traditional star formation.

As there have been no observations of a Pop III star forming halo, most studies have been
in the form of analytical models (e.g., McKee & Tan 2008; Kulkarni et al. 2013), numerical
simulations (e.g., Machacek et al. 2001; Wise & Abel 2007; O’Shea & Norman 2008; Xu
et al. 2016; Stacy et al. 2012; Hirano et al. 2015; Maio et al. 2010; Sarmento et al. 2018), or
semi-analytic models (e.g., Trenti et al. 2009; Crosby et al. 2013a; Jaacks et al. 2018; Visbal
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et al. 2018; Mebane et al. 2018). The parameters of this mode of star formation are largely
unconstrained, and many models predict that it will be nearly impossible to directly observe
a Pop III star, even with the next generation of space telescopes such as JWST. Because of
this, we may have to look to indirect observations such as their supernovae or their effect on

the cosmological 21-cm background.

The prospect of indirectly detecting Pop III stars through the cosmic 21-cm signal is strength-
ened by the recent claimed first detection of such a signal by the EDGES experiment last year
(Bowman et al., 2018). Their claimed detection was somewhat anomalous when compared to
current theoretical predictions of the 21-cm signal. In particular, the trough was deeper than
expected, and the timing of the signal was inconsistent with empirically-calibrated models of
high-z galaxies extrapolated down to the atomic cooling threshold (Mirocha & Furlanetto,
2019). There has been much discussion of this signal, and potential explanations include,
for example, exotic physics, a radio background in excess to the CMB at these redshifts,
and new modes of star formation such as metal-free Pop III stars (see, for example Barkana,
2018; Slatyer & Wu, 2018; Hirano & Bromm, 2018; Munoz et al., 2018; Berlin et al., 2018;
Kovetz et al., 2018; Cheung et al., 2019; Moroi et al., 2018; Chianese et al., 2019; Falkowski
& Petraki, 2018; Lawson & Zhitnitsky, 2019; Jia, 2019; Costa et al., 2018). One intriguing
explanation is that there is a previously unexplained radio background present at high red-
shift that dominates over the CMB (Feng & Holder, 2018), which requires that only 10% of
the excess radio background reported by the ARCADE 2 experiment in Fixsen et al. (2011)
is produced at very high redshifts (e.g., Ewall-Wice et al., 2018; Fialkov & Barkana, 2019).

In this paper we investigate the effect of Pop III stars on the global 21-cm signal by combining
the Pop III semi-analytic model described in Mebane et al. (2018) with the 21-cm global
signal simulation code ARES (Mirocha, 2014). In particular, we consider the potential effects
of Pop III stars on the timing, shape, and depth of the 21-cm absorption trough. We ask

when UV emission from the stars themselves can naturally trigger the absorption trough,
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how rapidly X-ray emission from accreting Pop III remnant black holes can heat the gas and
transform the absorption into emission, and finally whether radio emission from these black
holes can raise the radio background temperature far enough to affect the amplitude of the
absorption. We also examine the differences between various Pop III models and how the

environments around their birth halos may alter their effect on this signal.

In Section 3.2 we outline the details of our Pop III semi-analytic model (explained in more
detail in Mebane et al., 2018). We describe the details of the global cosmic 21-cm signal in
Section 3.3, and we examine the emission properties of Pop III remnants in Section 3.4. We
present the results of our model, including our best fits to the EDGES signal, in Section 3.5,

and we conclude in Section 3.6.

In this work, we use a flat, ACDM cosmology with Q, = 0.28, , = 0.046, Q, = 0.72,
og = 0.82, ng = 0.95, and h = 0.7, consistent with the results from Planck Collaboration
et al. (2015).

3.2 Semi-Analytic Model

In this section, we briefly summarize the details of our semi-analytic model for Pop III star
formation, which is detailed further in Mebane et al. (2018). We initialize a set of halos in
which stars will eventually form at z = 50 and evolved until z = 6. Halo masses are chosen
to span the range of 106M, to 1013 M, at z = 6. The growth rate of these halos is calculated
through abundance matching, where we assume that halos maintain their comoving number
density throughout cosmic time. To do this calculation, we use mass functions found from
fits to high redshift simulations of dark matter halo growth by Trac et al. (2015). We note

that these assumptions only track the average growth of halos, and thus we do not include the

'We note that increasing the maximum halo mass has a trivial effect on our results as halos above this
mass are very rare.
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effects of mergers. This is consistent with Behroozi & Silk (2015), who find the majority of
halo growth at these redshifts comes from smooth accretion of material from the intergalactic

medium (IGM).

3.2.1 Pop III Star Formation

Once we have a collection of dark matter halos and their mass histories, we then begin
to model their star formation. Because the first star-forming halos were very small and
consisted only of pristine gas, Pop III stars were likely very massive and formed in isolation.
As they formed and subsequently died, they released metals into their birth halos that would
eventually allow for the formation of more traditional Pop II stars. Flexibly modeling this
transition is a main goal of this model, as these Pop II halos will be much easier to observe

than their Pop III counterparts.

The first step in our semi-analytic Pop III star formation model is to determine the minimum
halo mass at which molecular hydrogen cooling becomes efficient enough to allow gas clouds
to collapse and form stars. Before the first stars form, this is determined by the amount of
H, that a halo can form. Tegmark et al. (1997) found the required fraction of Hy in a halo
at high redshift for cooling to be efficient is given by

-1
AT 10772 512K
ferit, 1, ~ 1.6 x 107* (W) 1+ 5 +3T§ exp | —— . (3.1)

Here, T is the virial temperature of the halo and Ty = T/103K. In such a halo, molecular
hydrogen is formed through the process
H+e —H +hv (3.2)
H +H—->Hy+e, (3.3)
where free electrons catalyze the reaction. At these redshifts, cosmic microwave background

(CMB) photons can easily destroy H™, so a halo’s Hy abundance depends on the balance of
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the formation and destruction rates of the intermediate ion. Tegmark et al. (1997) showed

the fractional abundance to be a function of the halo’s virial temperature (and hence mass)
fi, = 3.5 x 1074 T2, (3.4)

Once a halo’s Hy has exceeded the critical fraction shown in eq. 3.1, Pop III star formation

can begin.

After the first halos begin star formation, however, the minimum halo mass to form Pop III
stars is instead determined by the Lyman-Werner (LW) background. The LW band consists
of photons in the energy range of 11.5 to 13.6 eV, which can photodissociate Hy through the
Solomon process (see Stecher & Williams, 1967). Once star formation begins, a large enough
LW background is quickly built up to limit Pop III star formation to only halos massive
enough to form enough molecular hydrogen to shield themselves from this background and

allow cooling in their inner regions. Visbal et al. (2014) find this critical mass to be

1+ 2
26

—-1.5
Mipin = 2.5 x 10° Mg, ( ) (1 + 6.96 (47 Jpw)™*") . (3.5)

We calculate the specific intensity of the LW background self-consistently from star formation
in our model, and we require halos to exceed this critical mass before they can begin forming
Pop III stars. We note that Pop III stars are expected to emit approximately an order
of magnitude more total LW photons per baryon than Pop II stars (see Schaerer, 2002;
Barkana & Loeb, 2005). Due to the increased UV photon yield, we might expect Pop III
stars to have an early, noticeable effect on the cosmological 21-cm background through the

Wouthuysen-Field effect (see section 3.3).

We note that there have been other studies that find the minimum mass required for Pop III
star formation to instead be set by the relative streaming velocity between baryons and dark
matter (e.g., Schauer et al., 2019). In general, we find that the minimum mass calculated
from the Lyman-Werner background is always higher than the minimum mass from this

streaming effect in our models so we do not include the effects of velocity offsets in our
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study. In comparison to Schauer et al. (2019), our models (including the LW background)
have minimum masses comparable to their “v3" simulation, which corresponds to offset
velocities three standard deviations from the mean. Thus only in very rare volumes, or
in the very earliest epoch of star formation (well before the absorption trough becomes

significant) do streaming velocities significantly affect the minimum mass.

Once we determine the mass range of halos that can form Pop III stars, we then make the
assumption that Pop III stars form in isolation in these halos due to their feedback and begin
to add them to the halo. The mass of each star is individually drawn from the chosen IMF,
and a new star can only form after the old star dies. If this star ends in a supernova that
blows out most of the gas, we must wait for the halo to accrete enough new material for star
formation to begin again. This typically causes a delay of a few million years between star

formation episodes in models where supernovae are common.

We allow for a number of different initial mass functions (IMF) for Pop III stars. Because
there have yet to be any observations of this mode of star formation, the IMF is largely
unconstrained. McKee & Tan (2008) calculate the maximum mass of a Pop III star by
stopping its growth once radiative feedback from LW photons, Lyman-« pressure on infalling
material, and ionization becomes strong enough to limit accretion. They find this maximum
mass to scale with the virial temperature of a halo as

My ~ 1450, (%)0'24. (3.6)
In our fiducial models we test the case of three separate IMFs. The first, referred to as
our “low” IMF in the rest of this paper, is a Salpeter-like IMF with a minimum mass of 20
Mg and a maximum mass given by eq. 3.6. Our “mid” IMF assumes that, since Pop III
stars grow in isolation, they will all be able to reach the maximum mass in eq. 3.6. Finally,

our “high” IMF allows for the possibility of very massive Pop III stars which form from a

Salpeter-like IMF spanning the range of 200 M, to 500 M.
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Because the halos forming Pop I11I stars are so small (we find they can be as small as 10° M, at
the highest redshifts) feedback from Pop III star formation is very important. In particular,
supernova feedback plays a vital role in regulating this mode of star formation, as the binding

energies of these halos are of the order (Loeb & Furlanetto, 2013):

Q 1/3 M N\ (1+z
Ey, ~ 2. 10°0 [ ——— —_— — ) h¥Berg. .
=2 (o) () (Gr)res 60

Since a core-collapse supernova can release kinetic energy on the order of 10°! erg and a
pair-instability supernova can exceed that by an order of magnitude (see Wise & Abel 2008
and Greif et al. 2010), a single supernova from a Pop III star can potentially unbind all of
the gas in its birth halo (assuming ~1 to 10% of this kinetic energy is able to bind to the
gas). This has implications for the transition to Pop II star formation as any metals released
in a supernova can potentially be carried out of the halo. We use metal yields of Pop III
stars from Heger & Woosley (2010) and Heger & Woosley (2002), which provide yields for
core-collapse and pair-instability supernovae, respectively. In general, the specific yields of
supernovae are not very important, as a single supernova provides more than enough carbon
and oxygen to allow for efficient metal-line cooling assuming at least a few percent of the

metals are retained by the halo.

Whenever a supernova occurs in a halo (typically ~ 5 Myr after the Pop III star forms),
we assume 10% of the kinetic energy released binds to the gas in that halo. We then track
this ejected gas’s mass and metallicity, allowing it to reaccrete after a free-fall time. In
the intervening time, pristine material from the IGM is still allowed to accrete onto the
halo. This means that, in our model, multiple generations of Pop III stars are allowed to
form before a halo becomes massive enough to retain the metals released in a supernova
and transition to Pop II star formation. We find that halos typically form ~ 10 Pop III
stars before becoming tightly enough bound to retain enough metals and transition. This
typically occurs around the same time a halo reaches the atomic cooling threshold at a virial

temperature of 10* K.
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We note that our fiducial semi-analytic model differs slightly from similar models in that
we allow allow multiple generations of Pop III stars to form in a single halo and these stars
form in isolation. For example, Visbal et al. (2018) and Jaacks et al. (2018) only allow a
single generation of Pop III stars to form in a halo before transitioning to metal enriched star
formation. We investigate the differences between these two approaches as well as compare
a run of our model with only one generation of Pop III star formation per halo in Mebane

et al. (2018).

3.2.2 Pop II Star Formation

The formation of Pop II stars is also an important part of our model, as Pop II stars very
quickly begin to dominate the LW background and set the minimum halo mass for Pop III
star formation. We use the feedback-regulated models of Furlanetto et al. (2017) who test
models where either energy or momentum is conserved in supernova winds. In these models,
the star formation efficiency, f,, is defined as the fraction of accreting material that will turn

into stars and is written as
1

f*N 1+77(Mh72)’

(3.8)

where 7, defined as Mej = nM,, relates the star formation rate to the rate at which gas
is ejected from the halo due to feedback. In the energy-regulated case, n is determined by
balancing the rate at which kinetic energy is released into the halo by supernovae with the

rate at which the halo gains binding energy from accretion. This can be written as

10150, \ > (9
=1 _— .
e = 10€xwag < YA > <1 > z) ; (3.9)

where € is the fraction of a supernova’s kinetic energy which is used to drive a wind, and

wyg is the amount of energy released in supernovae per unit mass of star formation in units

of 10% erg M. In our fiducial model, wyy = 1 and ¢, = 0.1. In the momentum-regulated
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case we instead conserve momentum in this calculation and write 7 as

1015\ 1/3 9 1/2
Ty = €pThd <—Mh ®> <1 ~ Z> . (3.10)

Here, €, defines the fraction of the momentum released in a supernova that is used to

drive winds in the halo and is taken to be 0.2 fiducially. 7gq parameterizes the momentum
injection rate from stars formed from a given IMF and is of order unity for a Salpeter
IMF (see Furlanetto et al. (2017) for a more detailed derivation of these quantities). These
parameter choices match the observed luminosity functions at z 2 6 reasonably well but

offer contrasting extrapolations to higher redshifts and smaller halo masses.

In general, the momentum-regulated case allows for more efficient star formation in low mass
halos than the energy-regulated case, which yields a higher LW background. This cuts off

Pop I1II star formation at a much earlier time, as the minimum mass rises very quickly.

The results of our semi-analytic model are summarized in Fig. 3.1, which shows the star

formation rate density of Pop III stars for a variety of models.

3.3 The Global 21-cm Signal

The 21-cm differential brightness temperature can be written as (Furlanetto, 2006)

Quh2\ [ 015 1+ 2\"? [Ty — T
0Ty = 27wy (14 6) (0‘823> (Q 510 ) (%) mK, (3.11)

where ¢ is the overdensity, zy; is the fraction of neutral hydrogen in the universe, 7}.4 is the
temperature of the radio background (typically the CMB temperature), and Ty is the spin

temperature of neutral hydrogen,

T+ xaTOjl + :UCTIgl

Tt = —rad 3.12
S 1+ x4+ 24 ( )

Here, z. is the collisional coupling coefficient, T, characterizes the strength of the Lyman-

a background, and Tk is the kinetic temperature of the gas. z, is the radiative coupling
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coefficient quantifying the Wouthuysen-Field effect (Wouthuysen, 1952; Field, 1958) and is
defined as (Chen & Miralda-Escudé, 2004; Hirata, 2006)

To = 1.81 x 10" (1 + 2) 71y, (3.13)

where J, is the Lya flux computed from the Pop III and Pop II sources in our semi-analytic
model. We combine the semi-analytic model described above with the global 21-cm simula-
tion code ARES, which computes the relevant radiation backgrounds and temperatures and is
described in more detail in Mirocha (2014), to compute the effects of Pop III star formation

on the global 21-cm background.

Recently Bowman et al. (2018) reported the first detection of a cosmological 21-cm global
signal with the EDGES experiment. While this detection has yet to be confirmed by another
experiment, it shows some features inconsistent with previous theoretical predictions. Specif-
ically, it has an absorption feature centered around a frequency of ~ 78 MHz or z ~ 18. This
is earlier than the predictions of most models which study star formation in atomic cooling
halos (i.e., Mirocha et al., 2017), suggesting that an unknown source of star formation gen-
erated a Ly-a background at these early times. Also, the absorption feature appears to be
much deeper than predicted at ~500 mK, potentially implying that the gas had somehow
cooled faster than expected for adiabatic expansion or the existence of another radio back-
ground (over and above the CMB) against which the 21-cm absorption occurs. We note that,
due to the challenging nature of these observations, there are still concerns about the cosmic
origin of this signal due to systematics and foreground contamination (e.g., Hills et al., 2018;
Draine & Miralda-Escudé, 2018; Spinelli et al., 2019; Bradley et al., 2019; Sims & Pober,
2019).

The global 21-cm signal is determined by the factors xyy — likely near unity throughout the era
of Pop III star formation — and the temperature. The latter depends on: (1) the ultraviolet
background (through z,), and hence the star formation rate; (2) the X-ray background,

which likely determines T because X-rays can propagate large distances through the IGM;
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and (3) the radio background, if T,,q differs from the CMB. The first follows directly from
the Pop III semi-analytic model described in §3.2, but the other factors require us to follow
the growth of black holes in the early Universe. In the next section, we describe how we

supplement our semi-analytic model to do that.

3.4 Emission From Black Holes

In our semi-analytic model, we self-consistently model the production and growth of black
holes from Pop III stars as well as their X-ray and radio emission. Once the first Pop III
star of the appropriate mass in a halo reaches the end of its life, we form a black hole that
grows throughout the rest of the run of the model. This is where our choice of IMF has the
most effect, as it is thought that a star with mass between 140 M, and 260 M, will end its
life in a pair-instability supernova which will not leave behind a remnant. Similarly, a star
with mass in the range 40 M., and 140 M, and above 260 M will not result in a supernova
but will instead collapse directly into a black hole, in which case we form a black hole with

a mass equal to that of the star (i.e., Heger & Woosley, 2002, 2010).

The growth of a single black hole in a halo is governed by

Mgn = frdd faasMedad + Mah, new, (3.14)

where MEdd is the rate of Eddington-limited accretion, MBH’ new 18 the rate at which new
black holes are produced in the halo, and fgqq is the fraction of the Eddington limit at which
black holes are allowed to accrete (fiducially taken to be 0.1). Since we track the amount
of gas that is available inside a halo due to accretion and feedback, we do not allow black
holes to accrete if there is not sufficient gas in the halo. The factor fg.s is hence unity if
the halo has a gas reservoir available and zero otherwise. Halos typically contain more than
enough gas for accretion onto the central black hole, and it is only in the first few million

years after a supernova that fe,s = 0. Since halos in our fiducial model can form multiple
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Figure 3.1: Star formation rate densities of Pop III stars in minihalos for the models used
in this paper. The black dotted curve shows a model using momentum-regulated Pop II
star formation, while the other curves assume energy-regulation. Since our momentum-
regulated models produce a higher LW background, molecular hydrogen in minihalos is much
more easily destroyed and Pop III star formation ends much earlier. The three curves with
energy-regulated Pop II star formation compare our low-, mid-, and high-mass models for a
Pop III IMF'. Since the mid- and high-mass models typically produce stars around an order
of magnitude more massive than the low-mass IMF, the differences in the star formation rate
densities shown here can be attributed to the different stellar masses. While these models
may have similar star formation rate densities, the details of the IMF are very important for
determining the formation of black holes (see Fig. 3.2) which may cause a larger difference

in the 21-cm signal.
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generations of Pop III stars, we make the simple assumption that all new black holes will
eventually merge with the central black hole in the halo, so anytime a new black hole is
created its mass is added to that of the main black hole. Once a halo transitions to Pop II
star formation, all future growth is from accretion rather than the production of new black
holes. Note that we do ignore any new black holes that Pop II galaxies form; in the models
we examine, the IGM is already heated significantly by this point, so such black holes do

not affect our conclusions.

We show the resulting comoving black hole mass density, under several different assump-
tions in our model, in Fig. 3.2. In all cases, we assume that black holes accrete at 10% of
the Eddington limit. In general, creation of new black holes is dominant over growth via
accretion, especially during the early stages of growth when black holes are still small. We
note that the specific parameters governing black hole growth in the early universe are not
well known (i.e., our assumptions of frqq = 0.1 and that all Pop III black holes in a halo will
eventually merge), although our results are at least qualitatively the same for a large range

of black hole growth assumptions.

If there is a significant population of accreting Pop III remnants at high redshift, they should
emit in the X-ray as well as the radio. Both such backgrounds have strong implications for
the 21-cm signal: an X-ray background will serve to heat the neutral hydrogen in the IGM?,
decreasing the depth of the absorption trough, but a radio background can increase the
depth by raising the background radio temperature (Feng & Holder, 2018). Moreover, the
onset of both backgrounds — which grow roughly exponentially in the early phases, as shown
in Fig. 3.2 — will affect the timing of any 21-cm features. In the next two subsections we

explore our models for these backgrounds.

2We note that a strong X-ray background can also produce an extra Lyman-a background from recom-
binations in the IGM. We ignore this effect, however, as Mirocha et al. (2018) find that this effect is only
noticeable with X-ray backgrounds far greater than what is considered here. Moreover, if the X-ray back-
ground is high enough to substantially contribute to the Lyman-a background, the resulting heating of the
IGM would be so great that the 21-cm absorption signal would be completely eliminated.
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Figure 3.2: Black hole mass density with an accretion efficiency of 10%. The break at z~ 25
in the “mid” model is due to the slight redshift dependence on the maximum Pop III mass
from McKee & Tan (2008). At this point, Pop III stars in new halos are massive enough to
end in pair instability supernovae, so they do not leave behind a black hole, and any growth
in the black hole mass density is due to accretion. Note that these densities are, at their
maximum, at least an order of magnitude lower the mass density of black holes at lower

redshifts which have been found to be ~ 10° M, Mpc3(Aller & Richstone, 2002).
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3.4.1 X-ray Heating

To study this effect, we compute the X-ray background in ARES directly from the Pop III
remnant black hole mass densities calculated in our semi-analytic model. In our model, we
assume that individual accreting black holes emit X-rays with a multi-color disk spectrum

(Mitsuda et al., 1984) with luminosity

(M frda fos—s
Ly = 1.26 x 103 1 BH 1
pir = 1.26 X 107 f erg s <10M@ 01 ) \ost ) (8.15)

where fy5_g is the fraction of the energy emitted in the 0.5 keV to 8 keV band for a 10 M,
black hole. Here fx is an arbitrary scaling factor that allows us to vary the overall efficiency

of X-ray production during accretion.

We note that a significant portion of the X-ray background could be suppressed if halos
contain a large enough column density of neutral hydrogen and helium. Ewall-Wice et al.
(2018) find that a column density of ~ 10%3 cm™? is required to block X-ray emission from a
halo. We find that halos in our semi-analytic models can only reach these column densities
if they contain close to the cosmic baryon fraction of baryons and if all of these baryons can
quickly cool onto the center of the halo. While gas can cool fairly easily onto the halo, it
is difficult for haloes to keep enough gas in the halo without it being disrupted by Pop III
supernovae. Nevertheless, we explore the effects of local absorption more thoroughly in

section 3.5.2.

3.4.2 Excess Radio Background

We also include a calculation of the radio background produced by the accreting black
holes in our semi-analytic model using the ARES code. The brightness temperature of this

background at v = 1420.41 MHz for a given density of black holes is

CzJu(’Za fR)

Traa(2) = 20%kp

(3.16)
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where J,(z, fr) is the specific intensity of the radio background experienced by clouds of
neutral hydrogen at redshift z. The specific mechanism for the production of this radio
background from accreting block holes is not well understood, so we follow Ewall-Wice et al.
(2018) who use empirical trends to calibrate this background (see, for example, Merloni et al.
2003 for a discussion of a “fundamental plane” of black hole X-ray and radio emission). They

calculate J,(z, fr) as

c o0 142, dz
Ju(z, fr) = E(l + 2)3/2 € (y T, ,z,fR) T ) (3.17)

where v = 1420.41 MHz and ¢ is the emissivity of the radio background,

fr Pbh v —0.6 _ _
~12x102 ({2 ( ) W Hz 'A3Mpe 2. (3.18

Here pyy, is the black hole mass density computed from our semi-analytic model (see Fig. 3.2).
We also introduce a new dimensionless parameter, fr, which boosts the emissivity of radio
emission from accreting black holes relative to the empirical calibration. We vary this nor-
malization parameter to fix the excess radio background generated from the black holes. We
note Mirocha & Furlanetto (2019) require fr ~ 100 to match the amplitude of the EDGES

signal, although they do not include the effects of Pop III star formation.

Fig. 3.3 shows the brightness temperature of this radio background for a number of scenarios
generated using our model with fzr = 50.* Assuming accreting Pop III remnant black holes
are able to emit in the radio in this way, we find a temperature that can be as much
as ~ 100 times the CMB temperature at the relevant redshifts. Since the depth of the
primary absorption feature in the global 21-cm signal measures the difference between the

spin temperature of the neutral hydrogen gas and the brightness temperature of the dominant

3Note that we have simplified eq. 3.18 relative to the treatment of Ewall-Wice et al. (2018), as details
such as the duty cycle of accretion, fauty, are degenerate with our semi-analytic model (which natively tracks
when gas is available in a halo for accretion). Similarly, we have omitted factors relating to the fraction of
radio loud accreting black holes and absorbed this into fg.

4We show results for the apparently extreme choice of fr = 50 because we will find later that this is
roughly the value required to reproduce the depth of the EDGES signal.
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radio background, a background such as this would greatly enhance the strength of such a

feature.

Models which end Pop III star formation earlier, such as our momentum-regulated Pop II
models, tend to have a much lower radio background temperature that eventually begins
to fall like the temperature of the CMB due to redshifting. This is due to our assumption
that all Pop III black holes will eventually merge combined with the mass dependence of
Eddington-limited accretion. Since halos spend a significantly shorter time in the Pop III
phase in these models, their black holes do not reach a high mass early on due to mergers.
This causes them to grow very slowly through smooth accretion, as they do not get the
same “bump” in mass that Pop III black holes would get if their halos formed many more

generation of Pop III stars (as in our energy-regulated models).

3.5 Results

We are now ready to examine our Pop IIT model’s implications for the global 21-cm back-
ground. We will consider two important aspects of the signal: its timing, which includes both
the point at which the absorption trough reaches its minimum but also the shape of the sig-
nal around it, and its depth. The former is important for any model of the early Universe,
because it has direct implications for measuring the earliest generations of star and black
hole formation. The depth is particular interesting in the context of the EDGES measure-
ment: specifically, we are interested in whether Pop III models can provide a self-consistent

explanation for the anomalous depth of the EDGES absorption trough.

Even within the context of our semi-analytic model, the uncertainties in Pop III star for-
mation are large enough that we cannot examine every possible scenario in detail. We
therefore focus on two qualitative questions, rather than attempting to provide quantitative

constraints from the EDGES claim. First, is it ‘natural’ for PoplIIl models to produce an
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Figure 3.3: Temperature of the excess radio background computed from the black hole mass
densities in our semi analytic model. For this calculation we have set fr = 50. The dashed
black curve shows the temperature of the CMB. All models assume energy-regulated Pop 11
star formation besides the green curve, which assumes momentum-regulation. If Pop III
remnant black holes are able to efficiently accrete and emit a radio background this strongly,
the resulting brightness temperature of the dominant radio background can be much higher

than that of the CMB.
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early absorption trough, given that Popll-only models do not predict such early features
(Mirocha & Furlanetto 2019)? That is, do a broad range of parameters and assumptions
produce such a trough? Second, is it possible for “fine-tuning" to produce surprising results

— in particular, the large amplitude of the EDGES claimed detection?

3.5.1 The Timing of the Global 21-cm Signal

In this section we investigate the timing of the absorption feature of the global 21-cm signal.
In general, we expect the addition of Pop III star formation to push the signal to higher
redshifts. If early Pop III star formation is able to build up a high enough Lya background,
we should expect Wouthuysen-Field coupling to occur earlier and drive the spin temperature
of the gas toward the kinetic temperature at earlier times. This will cause the signal to move

into absorption earlier, potentially to z ~ 18 where the EDGES signal reaches its minimum.

Figures 3.4 and 3.5 show examples of the global signal computed from the energy-regulated
models with a low-mass Pop III IMF described in section 3.2 with the EDGES signal over-
plotted. In these figures, we primarily vary the parameters controlling the X-ray and ra-
dio backgrounds, fr and fx. We hold all other parameters constant for simplicity, taking
fEaa = 0.1, assuming no absorption of X-rays due to a local column density of neutral gas,
and our “low” mass Pop III IMF. We do vary the Pop II prescriptions: the solid lines assume
energy regulation, while the dot-dashed curves assume momentum regulation. We note that
our models with energy-regulated Pop II star formation provide the best fits to the EDGES
signal, as the momentum-regulated models do not have a large effect on the global signal
unless their Pop III emission is tuned to be very high. This is because the star formation
efficiency in low mass Pop II halos in the momentum-regulated case is much higher, causing

a high LW background which shuts off Pop III star formation sooner.

Regardless of the depth of the signal, we find that, over a broad range of parameter space
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and model assumptions, an era of Pop III star formation can generate a large enough UV
background to trigger Wouthuysen-Field coupling and hence a 21-cm absorption trough. In
this context, the timing of the EDGES trough does occur naturally for many Pop III star
formation scenarios, in contrast to scenarios that assume star formation in z > 15 galaxies
follows the same trends as in populations at much lower redshifts (Mirocha & Furlanetto,
2019). As a result, if increasingly efficient Pop II star formation can be ruled out by future
galaxy surveys, the global 21-cm signal reported by EDGES would provide strong evidence
of Pop III star formation in the early Universe. We do note, however, that regardless of our
parameter choices our fiducial model does not match the shape of the signal. Specifically, the
EDGES team found an absorption trough with a flat bottom and a sharp rise out of absorp-
tion. Our models have sharp declines at the onset of absorption but only gradually recover,
as also found by Mirocha & Furlanetto (2019). This gradual rise is a natural consequence of
the pace of structure formation and the physics of the 21-cm line. Structure formation pro-
ceeds exponentially at these times, but the Wouthuysen-Field effect is essentially a threshold
process, so that the spin temperature approaches the kinetic temperature very rapidly once
xo > 1. However, X-ray heating is a continuous process, so that the recovery is significantly
slower (see also Mirocha et al. 2018). Thus, if the EDGES result is confirmed, it will require
rapid time evolution in the parameters of the luminous sources. Section 3.5.3 describes one
way in which this might happen — in that scenario, features in the stellar mass-remnant black

hole mass relation induce a rapid change in black hole formation.

3.5.2 The Depth of the Global 21-cm Signal

In addition to the timing, we are also concerned with the depth of the absorption trough,
particularly because of the extreme amplitude measured by EDGES. One way to increase
the amplitude is to allow for gas in the IGM to cool faster than expected for an adiabatically

expanding universe. A possible mechanism for this to occur is if hydrogen atoms can interact
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with dark matter to some degree (e.g., Barkana, 2018). Regardless of the specific mechanism,
one can fine tune this phenomenon to achieve the required depth of the EDGES signal after
the proper timing has been attained (see, for example, the parameterized approach to cooling
in Mirocha & Furlanetto, 2019). In order to match both the timing and depth of the EDGES
signal self-consistently with Pop III stars, however, we must look at the specific properties

of X-ray and radio emission from Pop III remnants in our model.

As discussed in section 3.4.2, accreting Pop III remnant black holes could produce a high
enough radio background to dominate over the CMB and increase the reference radio bright-
ness temperature in the global 21-cm signal by factors of up to ~ 100. Fig. 3.4 shows the
effects of this background for various values of fg while holding the boost to X-ray emission
constant at fy = 1. In these models, the best fit to the EDGES signal occurs around fr ~ 50,
which reproduces both the strength and timing of the signal but does not match the shape.
In particular, note that the 21-cm signal remains in absorption throughout reionization. As
shown in Fig. 3.3, models with large fr increase the radio background to Tr = 1000 K.
Seeing the 21-cm signal in emission would require gas heating above this value, which is only

possible when fx is also very large.

These same accreting black holes should also produce X-rays, however, which will heat the
surrounding gas and weaken the absorption feature of the signal. This is shown in Fig. 3.5,
where we have set our radio boost parameter to it’s maximal value of fr = 50 to best see the
effects of X-ray heating. In general, allowing X-ray emission at high levels can significantly
lessen the strength of the signal, causing the absorption feature to completely disappear in
the most extreme cases. If Pop III star formation were found to be the cause of the EDGES
signal, we would need a way to allow accreting Pop III remnant black holes to emit efficiently

in the radio but not in the X-ray.

This idea is shown in Fig. 3.6, which displays the peak amplitude of the absorption trough

from a grid of 225 models varying fr and fx from 1 to 100. In general, we find that we
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Figure 3.4: Effects of fr on the global signal with our low mass Pop III IMF and energy-
regulated Pop II star formation. The reported EDGES signal fits are overplotted in grey. All
models provide a reasonably good fit to the timing of the signal, and the depth of the signal
is best fit by boosting the radio emission by a factor of ~ 50. In this model, fx = 1, and
there is no excess cooling of the IGM. The dashed line shows a model without Pop III for
comparison, and the dashed-dotted lines show our results with momentum-regulated Pop II
star formation. In general, it is much harder for us to achieve the large depths of the EDGES

signal in these momentun-regulated models.
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Figure 3.5: Effects of fx on the global signal with our low mass Pop III IMF. Here we
have set fr = 50 to better show the effects of an increasingly strong X-ray background. We
do not include a neutral hydrogen column density in this case. In general, stronger X-ray

backgrounds will heat the IGM, lessening the depth of the absorption signal.

79



Depth of Absorption Feature (mK)

102 0
—-150
-300
—450

W 101

-600
—750
-900

100 —1050

10° 10! 102

fx

Figure 3.6: Grid of models with varying values of fx and fr. Depths similar to those of the

edges signal (~ —500 mK) can only occur in our models when f is high and fx is low.

can only reproduce the depth of the EDGES signal in cases with high fr and low fx. As
discussed in section 3.4.1, this could be possible if halos have very strong radio emission
but also have a high enough column density of neutral hydrogen and helium to block X-ray
emission from the accreting black holes, although such high column densities are difficult
to obtain in Pop III halos in our semi-analytic model. However, they are easier to imagine
in larger halos that have transitioned to Pop II star formation, and these halos would still

contain the Pop III remnant black holes formed previously.
In order to test the effect of column densities of neutral gas on X-ray emission, we apply

80



various column densities to our Pop III halos in ARES ranging from N = 10%* ecm™2 to
N = 10% em~2 in Fig. 3.7. At the lower column densities there is not much of a difference
in the global signal, as lower energy X-rays are able to escape the halo and heat the IGM
effectively. As we progress to higher column densities, only the higher energy X-rays can
escape the halo and are unable to efficiently heat the IGM. In these cases we have set fr = 10
in order to better match the depth of the EDGES signal. This is due to the decreased effect of
X-ray heating from neutral gas requiring less radio emission to produce a deep signal. Similar
to Ewall-Wice et al. (2018), we find that a column density of N ~ 10* cm™2 is required to
fully block this emission and stop X-ray heating of the IGM. As we have mentioned above,
however, such high column densities require that Pop III haloes retain all of their gas, which

is not likely according to most feedback prescriptions.

3.5.3 Parameter Dependence

Most of our models shown so far used our energy-regulated Pop II star formation models
which have less efficient Pop II star formation than the momentum-regulated models. We
find that, in general, the momentum regulated models are able to reproduce the timing of the
EDGES signal in a similar fashion, but we must increase fr to much higher values while still
keeping fx low in order to reproduce the depth. This is simply due to the decreased mass
density of black holes seen in the momentum regulated models (Fig. 3.2), as the Lyman-
Werner background is much higher causing Pop I1I star formation to end earlier (see Fig. 3.1).

This effect is shown in Fig. 3.4, where we have plotted example global signals varying fg.

We note that our assumption of multiple generations of Pop III star formation in the same
halo has large consequences for the effect of this mode of star formation on the 21-cm
background. In Mebane et al. (2018) we find that only allowing a single Pop III star to form
in a halo will lower the maximum star formation rate density of the Pop III phase by at

least an order of magnitude to similar levels as our momentum regulated models. Thus, in
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Figure 3.7: Column density effects on the global signal. At lower column densities, low
energy X-rays can easily escape the halo and efficiently heat the surrounding IGM. As the
column density gets higher, however, these X-rays are blocked and X-ray heating of the IGM
becomes inefficient. This causes a significantly deeper absorption feature that takes a much
longer time to rise out of its minimum. Here we have set fx = 1 and fgr = 10 to better fit

the EDGES signal due to the lessened effect of X-ray emission.
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these models, it is much more difficult to attain the required depth to match the EDGES
signal. Similar models which form a large mass of Pop III stars but in a single generation
(e.g., Visbal et al., 2018; Jaacks et al., 2018) should, in principle, still be able to attain this
depth with similar assumptions for X-ray and radio emission as their Pop III star formation

rate densities are comparable to those of our fiducial models.

We also consider the effects of our choice of IMF for Pop III star formation. All previous
plots have used our fiducial, low-mass “low” IMF, but we show the effects of the “mid” and
“high” IMFs (described in section 3.2) in Fig. 3.8. Generally speaking, the higher mass IMFs
which produce larger black hole mass densities cause a stronger absorption feature in the
global signal. For example, matching EDGES with the low mass IMF requires fgz ~ 50,
while the mid and high mass IMFs require only fr ~ 15. This is simply because larger-mass

black holes can grow faster and hence produce more emission.

This is not universally true, however, as IMFs that produce stars in the mass range of 140M
to 260M are thought to end their lives in a pair-instability supernova that will not leave
behind a remnant. One potentially interesting difference between our “mid” and “high” IMF
cases is that, while the depth of both signals is roughly the same, the “mid” IMF case has
a sharper rise out of the absorption feature. This is due to the redshift and halo mass
dependence of the maximum Pop III mass calculated by McKee & Tan (2008). This IMF
model assumes that all Pop III stars form at this maximum mass which, when combined
with our self-consistently computed minimum halo mass for Pop III star formation, implies
that, after a certain redshift (depending on the model), every new Pop III star forms in
the range for pair instability supernovae. This can be seen in Fig. 3.2 where the “mid”
case plateaus after z ~ 30. Since all new stars at this point will end in a pair instability
supernova, any growth in the black hole mass density after this point is from accretion of
new material rather than the creation of new black holes. As a consequence, Fig. 3.3 shows

that past this point the radio background temperature begins to decline at z ~ 20 while the
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temperature continues to rise in the other scenarios. This decline causes the difference in
temperatures between the spin temperature of the gas and the radio background to decrease,
allowing for the signal to rise more quickly out of absorption. The “high” IMF case also has
a much quicker rise out of absorption than our fiducial “low” case, although to a lesser extent
than the “mid” model. Again, the reason for this can be seen in Fig. 3.3 where the radio
background temperature for this model has begun to level out. While our choice of IMF
does not strongly effect the timing of the signal, it does indicate that the mass of individual

Pop I1II stars could have an effect on the shape.

3.6 Conclusions

We have presented a model to test the effects of Pop III stars and their remnants on the
global 21-cm signal. By combining a semi-analytic model for Pop III star formation (Mebane
et al., 2018) with a global 21-cm simulation code (Mirocha, 2014), we have found that Pop III
stars can have a large effect on this signal if these stars (and their remnants) are allowed to
form and emit efficiently. By altering the Pop II and Pop III star formation prescription as
well as the properties of radio and x-ray emission from accreting Pop III remnants, we are

able to drastically alter the shape and depth of the signal.
Specifically, we find:

1. Our Pop III models with energy-regulated Pop II star formation generate a high enough
Lyman-«a background at the proper time to produce an absorption feature at around

the right time to be consistent with the EDGES signal.

2. Allowing for a radio background from Pop III remnants can significantly increase the
strength of the global 21-cm signal. Similarly, an X-ray background from Pop III

remnants can significantly heat the IGM and decrease the strength of the signal. Thus
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Figure 3.8: Global signals for varying Pop III IMFs. We have set fx = 1 in all cases and
have tuned fg such that each model provides a rough fit to the depth of the EDGES signal.
For the low mass case, as discussed in section 3.5.2, fp = 50. In the mid and high mass

cases we have set fg = 15.
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reproducing the depth of the EDGES signal requires Pop III black hole remnants to

emit far more efficiently in the radio than in the X-ray, relative to local black holes.

3. Our choice of Pop III IMF can alter the shape of the signal without strongly affecting
the timing or depth. In particular, our “mid” IMF model which forms stars from a

sharply peaked IMF around 140 M, is able to produce the sharpest signal.

We also compare our results to the recent detection from the EDGES experiment. In general,
we find that a broad subset of our models for Pop III star formation are able to match the
timing of the EDGES signal quite well, regardless of our choice of IMF and star formation
prescription. Since the timing of the signal is mostly dependent on star formation at higher
redshifts, the most important aspect our models in this regard is the timing of the formation
of the very first Pop III stars. This generally happens before feedback specific to the IMF
or Pop II star formation prescription has a large effect, so the most important factors are
the physics of molecular hydrogen formation and cooling that sets the timing and halo mass
range of the first Pop III stars. Altering other parameters such as the efficiency of accretion
on Pop III black holes, the masses of Pop III stars, or the number of generations of Pop III
star formation can vastly affect the shape and depth of the signal without altering the timing.
Models including both a self-consistent radio and X-ray background can reproduce the depth
of the EDGES signal only if fr is much greater than fy. One potential way to explain this
is if Pop III halos have a high enough column density of neutral gas to block much of the
X-ray emission from accreting black holes. This explanation is hard to motivate with our
models, however, as we find that Pop III halos are constantly blowing out much of their gas,

so that the local column density of neutral hydrogen is likely to be quite small.

While all of the Pop III models presented here produce a signal that agrees with the timing
of the EDGES detection, it is also possible to produce a different timing by altering some
of the parameters governing this mode of star formation. For example, we could produce

a much later trough if we drastically reduce the efficiency of Pop III star formation. This
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could be the case if only one generation of Pop III stars is allowed to form per halo or if the
delay between generations of star formation is much larger due to our assumptions regarding
accretion after a supernova clears the gas out of a halo. The likelihood of these scenarios is

discussed in more detail in Mebane et al. (2018).
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CHAPTER 4

The Effects of Population III Star Formation on the

Cosmic 21-cm Power Spectrum

4.1 Introduction

The first stars in the Universe have never been observed, though their formation played an
integral role in early galaxy formation and evolution. These stars likely formed in pristine
minihalos cooled by molecular hydrogen, and, because of this, they were likely much more
massive than stars forming today (Bromm et al., 1999; Abel et al., 2002; Bromm, 2013).
Because of the small size and binding energy of their birth halos, these stars likely formed
in very small numbers due to the disruptive nature of their feedback (Machacek et al., 2001;

Wise & Abel, 2007; O’Shea & Norman, 2008; Shapiro et al., 2004; Visbal et al., 2018).

The actual first generations of metal-free stars are known as Population 11T (Pop III) stars,
and there are many uncertainties in models studying Pop III star formation since we have
yet to directly observe a Pop III halo. These unknowns include, for example, the initial mass
function, the star formation efficency, and the transition to metal-enriched star formation.
Many studies including analytic models (e.g., McKee & Tan 2008; Kulkarni et al. 2013),
numerical simulations (e.g., Machacek et al. 2001; Wise & Abel 2007; O’Shea & Norman
2008; Xu et al. 2016; Stacy et al. 2012; Hirano et al. 2015; Maio et al. 2010; Sarmento et al.

2018), or semi-analytic models (e.g., Trenti et al. 2009; Crosby et al. 2013a; Jaacks et al.
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2018; Visbal et al. 2018; Mebane et al. 2018) probe large ranges of parameter space due
to these uncertainties. Regardless of the model, though, the extremely low star formation
efficiency of Pop III stars in minihalos means it is unlikely we will directly observe them

(Schauer et al. 2020 find that we would need a ~ 100 m telescope in space).

If we cannot directly observe these stars, perhaps we can probe them indirectly through
measurements of the cosmological 21-cm background. This background is caused by the 21-
cm “spin-flip” transition of neutral hydrogen, and we can learn much about star formation
before reionization by studying its properties. The main features of this signal are set by the
UV and X-ray backgrounds from star formation in the early Universe. The signal is observed
as the difference between the spin temperature of neutral hydrogen in the intergalactic
medium (IGM) and the temperature of the cosmic microwave background (CMB). At early
times, a Lyman-a background will cause the signal to go into absorption. X-rays from the
remnants of early star formation will then heat the gas in the IGM, potentially raising the
spin temperature into emission. Finally, reionization from star formation will ionize the
neutral hydrogen in the IGM, causing the signal to vanish (Furlanetto, 2006; Pritchard &
Loeb, 2008). So far there has only been one claimed detection of the 21-cm global signal by
the EDGES experiement (Bowman et al., 2018), although there are some claims that the
absorption signal observed here is an artifact of instrumental effects (e.g., Hills et al., 2018;

Bradley et al., 2019; Sims & Pober, 2020; Tauscher et al., 2020).

In Mebane et al. (2020) we studied the effects of Pop III star formation on the global 21-cm
signal. We also included the effects of a radio background from accreting Pop III remnants
which raised the radio background temperature above that of the CMB and helped us to
better match the observations from Bowman et al. (2018). In general, we found that the
specific details of radio and X-ray emission from early sources can have a large effect on
the depth of the global signal. If accreting Pop III remnants are able to efficiently emit in

the radio, they can cause a much deeper absorption feature by raising the background radio
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temperature typically thought to be set by the CMB. We also found that Lya emission from
the first stars can hasten the onset of this feature to z ~ 18, consistent with the EDGES
signal. By altering the IMF of Pop III star formation, we were able to change the shape of

the signal without significantly affecting its depth or timing.

In this paper, we extend the analysis from our previous results to include another impor-
tant aspect of the 21-cm signal, its spatial structure. We accomplish this by combining a
semi-analytic model for Pop III star formation with the 21-cm simulation code 21CMFAST
(Mesinger et al., 2011). We are interested in modeling the effect this mode of star formation
has on the 21-cm background to see if there is any unique signature in the 21-cm power spec-
trum that would point to their existence and help us constrain the large parameter space
in Pop III models. Since the power spectrum allows us to probe the spatial variations in
this signal, there is potentially much more information than in the global signals studied in
Mebane et al. (2020). We will examine how the distinct timing of Pop III star formation
affects the 21-cm power spectrum, and we ask whether they imprint any unique signatures

in the power spectrum.

We present the details of our semi-analytic model in section 4.2, and we describe our version of

21cMFAST in section 4.3. We present our results in section 4.4 and conclude in section 4.5.

In this paper, we assume a flat, ACDM cosmology with ., = 0.27, €2, = 0.046, 2, = 0.73,
og = 0.82, ng = 0.96, and h = 0.7, consistent with the results from Planck Collaboration
et al. (2015).

4.2 Semi-Analytic Model

We use the semi-analytic model studying the formation and evolution of Pop III star forming

halos described in Mebane et al. (2018) for our star formation model. We start by evolving

90



a set of dark matter halos from z = 50 to z = 6 and track their growth through a process
similar to abundance matching (Vale & Ostriker, 2004). In this model, we assume that halos
stay at the same comoving number density throughout cosmic time, and we model their
growth directly from the halo mass function as in Furlanetto et al. (2017). We use fits to
the dark matter numerical simulations in Trac et al. (2015) for our halo mass functions, and

halos are chosen such that their z = 6 masses span the range 10 — 103 M.

4.2.1 Pop III Star Formation

Once we have a set of dark matter halos and their growth histories, we begin to add in star
formation. The minihalos which first formed Pop III stars contained only pristine gas with no
metals, and they were very small and susceptible to feedback. The Pop III stars which formed
in them were likely very massive, and they formed at very low star formation efficiencies,
perhaps even in isolation. These first stars were very important to galaxy evolution, however,
as they released the first metals in their supernovae which allowed their halos to transition

to metal-enriched Pop II star formation.

The first step in modeling Pop III star formation is to determine the range in halos masses
which can form these stars. Pop III star formation in minihalos is driven by molecular
hydrogen cooling, so a halo must first form enough H, for the gas to begin cooling and
forming stars. Tegmark et al. (1997) find the critical fraction of Hy required for cooling as a

function of the halo’s virial temperature, T', to be

—1
AT 1077/ 512K
fcrit, H, ~ 1.6 x 10 1 < 20 ) 14 60 —|—3T§l exp <T), (41)

where T3 = T//10% K. A halo forms this Hy through the reaction

Hte —H +ho (4.2)

H +H—H+e. (4.3)
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At these high redshifts, cosmic microwave background (CMB) photons can destroy the H™
ions in the intermediate step of this reaction. We find a halo’s current Hy fraction by

balancing the creation and destruction rates of this ion such that
fr, = 3.5 x 1074 7452, (4.4)

Once a halo grows large enough such that fy, > feric, 1,, molecular hydrogen cooling becomes

efficient and Pop III stars can form (Tegmark et al., 1997).

After the first stars begin to form and build up a UV background the minimum mass for
Pop III star formation is set by the Lyman-Werner (LW) background. This band consists
of photons between 11.5 and 13.6 €V, and they dissociate Hy through the Solomon process
(Stecher & Williams, 1967). A halo must be large enough to shield itself against this back-
ground for it to accumulate enough Hy for efficient cooling. Visbal et al. (2014) find this
minimum mass to be

1+2
26

—-1.5
Mipin = 2.5 x 10° M, ( ) (1 +6.96 (47 Jow)™"") , (4.5)

where Jrw is the LW background in units of 1072 erg s7! em™2 Hz~! sr=!. In Mebane et al.
(2018) we computed the global average of the LW background, but here we will compute its

spatial fluctuations as well (see section 4.3.4).

Once we know which halos can form Pop III stars, the next step is to determine the properties
of those stars. The actual initial mass function (IMF) of Pop III stars is not known, although
they are likely much more massive since Hy cooling is less efficient than metal line cooling.
Because of this, molecular clouds may fragment into larger pieces as they cool (e.g., Bromm
et al., 1999; Abel et al., 2002). In this work we use the “low” mass IMF from Mebane et al.
(2018) which has a Salpeter-like slope, a minimum mass of 20M, and a maximum mass
set by limiting accretion through radiation pressure once a star becomes very massive and

luminous. McKee & Tan (2008) calculate this mass to be

25 0.24
M ~ 145Mo ( - . (4.6)
3
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In general, our choice of IMF has a relatively small impact on the star formation rate density.
For a more detailed discussion of this, along with models including other IMFs, see Mebane

et al. (2018).

A single core collapse supernova will release ~ 10°! erg of kinetic energy, which can be
orders of magnitude above the gravitational binding energy of these high redshift minihalos.
Because of this, a single supernova will often completely unbind all of the gas in the halo,
even if only a small percentage of this kinetic energy binds to the gas in the halo (here we
assume 10%). This has interesting implications for the transition to Pop II star formation
as any metals released in the supernova will also be carried out of the halo. We allow this
ejected material to re-accrete after a free-fall time, and in the meantime halos may continue

to form subsequent generations of Pop III stars as they continue to accrete pristine gas.

In general, a single supernova will produce more than enough metals for a halo to make
the transition to Pop II star formation. As discussed above, the more important factor is
actually retaining these metals. We find that halos are able to accumulate enough metals
for this transition once they have acquired enough binding energy to be able to hold on to a
few percent of their gas after a Pop III supernova. Most halos tend to have ~ 10 generations
of Pop III star formation, and they generally reach this binding energy very close to when

they would begin atomic cooling anyway at a virial temperature of 10* K.

4.2.2 Pop II Star Formation

Pop II star formation is another important part of our model, as these stars heavily contribute
to the LW background which sets the minimum mass for Pop III star formation (Mebane
et al., 2018). We use the feedback regulated models described in Furlanetto et al. (2017)
which assume that either energy or momentum is conserved in supernova winds. The star

formation efficiency in these models, defined as the fraction of accreted material which turns
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into stars, is
1

f*N 1+77(Mh72)’

(4.7)

where n is the fraction of the star formation rate which is ejected from the halo, Mej =
nM,. In the energy regulated case, n is calculated by assuming the kinetic energy released

in supernovae is equal to the rate at which a halo acquires binding energy through mass

10120, \ > (9
=10 _ . 4.8
e €xW49 ( M, > (1 T z) ( )

Here, a fraction ¢, = 0.1 of a supernova’s kinetic energy binds to the gas, and supernovae

accretion,

release w9 = 1 kinetic energy per mass in stars in units of 10 erg Mél.

In the momentum regulated case, we calculate 7 as

1011'5]\/[@ 1/3 9 1/2
= _— . 4.9
e (22 () o

The fraction of momentum from supernovae which drives winds is €, = 0.2, and the rate

of momentum injection is related to mgq which is of order unity for a Salpeter IMF. These
values were chosen in Furlanetto et al. (2017) to match the observed luminosity functions at
high redshifts, though they differ when moving to the even higher redshifts where Pop III
halos are forming and beginning to transition to Pop II star formation. The momentum
regulated case, for instance, has more efficient star formation in low mass halos, creating a
higher LW background. This, in turn, causes the Pop III minimum mass to rise quicker than
in the energy regulated case, causing relatively few Pop III stars to form (Mebane et al.,
2018). We show this in Fig. 4.1 where Pop III star formation in the momentum regulated
model ends much earlier and peaks at about an order of magnitude lower than the energy
regulated model. In general, the energy and momentum regulated star formation models are

two extremes, and they likely bracket the true star formation process in the early Universe.
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Figure 4.1: Star formation rate densities for the energy and momentum regulated cases of
our semi-analytic model. Because momentum regulation for Pop II star formation allows
low mass halos to form stars more efficiently, the LW background rises much more quickly
in this case. This causes the Pop III minimum halo mass to quickly rise as well, cutting off

Pop III star formation early.
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4.3 Calculating the Cosmological 21-cm Background

The 21-cm differential brightness temperature is commonly written as the difference between
the spin temperature of neutral hydrogen in the IGM, Ts, and the temperature of the cosmic

microwave background (CMB), Teyp. Furlanetto et al. (2006) find this relationship to be

2 1/2 _
0Ty = 27wy (14 6) (Qbh ) ( 015 1+ Z) (M) mK, (4.10)

0.023 Quh? 10 Ts
where xyy is the neutral hydrogen fraction and ¢ is the overdensity. The spin temperature
of neutral hydrogen is calculated as

Tod + 2oLyt + w2 Ty

5! =
S 1+ 2.4+ 2,

: (4.11)

where Tk is the kinetic temperature of gas in the IGM, z.. is the collisional coupling coefficient,
T, is color temprature set by the strength of the Lyman-a background, and x,, is the radiative
coupling coefficient from the Wouthuysen-Field effect (Wouthuysen, 1952; Field, 1958). This
can be written as (Chen & Miralda-Escudé, 2004; Hirata, 2006)

To = 1.81 x 10" (1 + 2) 71 J,, (4.12)
where .J, is the Lyman-a flux computed from our model in units of s7! em™2 Hz ! sr7!.

Calculating the spatial fluctuations in this signal is necessary for computing the 21-cm power
spectrum as it will allow us to probe the sources which affect the IGM on local scales. In
Mebane et al. (2020) we only considered the global 21-cm signal and therefore used the
global average of this background. In this work, however, we include the full spatially
dependent calculation. This may be especially important when studying the contribution
from Pop III star formation as Pop III minihalos are significantly more abundant than their

Pop II counterparts and may affect the signal on different scales.

We use an altered version of the semi-numerical simulation code 21CMFAST (Mesinger et al.,

2011) to calculate the cosmological 21-cm background. 21CMFAST generates and evolves
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a cosmological density field and computes the Lyman-«, X-ray, and ionizing backgrounds
necessary to compute the 21-cm signal. Here, we have improved upon the code to allow for
a more general treatment of the sources which produce this signal in order to test the effects

of the various star formation models from our semi-analytic model described in Section 4.2.

In the original version of 21CMFAST (Mesinger et al., 2011) the parameters governing star
formation, such as the star formation efficiency and escape fraction of ionizing photons, were
assumed to be constants with both halo mass and redshift. Park et al. (2019) improved
upon this treatment by allowing such parameters to be power laws in halo mass, and Qin
et al. (2020) extended this treatment to allow for a second population of minihalos with this
same power law scaling. While these newer versions of the code do improve upon the source
modeling in 21CMFAST, they do not allow for the flexibility we require to implement the
results of our semi-analytic model as we find that many of these parameters are not well fit
by a simple power law. In our updates to the code, we allow for any of the star formation

parameters to be general functions of both halo mass and redshift. These parameters are:

1. fi(z, M): the star formation efficiency. This sets the total mass of stars to have formed
in the halo’s lifetime and is defined as the fraction of the halo’s current baryonic mass.
We input this directly from our semi-analytic model for both Pop II and Pop III star-

forming halos.

2. SFR(z, M): the star formation rate. This is used in the calculation of both the Lyman-
a and X-ray backgrounds, and we again input directly from the semi-analytic model.
Because of the extreme feedback in Pop III halos, this tends to be very stochastic for

Pop III while smooth for Pop II.

3. fesc(z, M): the escape fraction. This is defined as the fraction of ionizing photons
which escape the halo. Due to the extremely disruptive feedback in Pop III halos, we
set fese = 1 for Pop III halos (e.g., Xu et al., 2016) and fe. = 0.1 for Pop II (e.g.,
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Robertson et al., 2015). In general, our choice of fe. for Pop III halos does not matter,
as even with a higher escape fraction they still do not produce nearly enough ionizing

photons to significantly contribute to reionization.

. The UV SED, Ny, and N,: Ni(z, M) is the average number of ionizing photons
produced per baryon in stars. We assume that Pop III stars produce ionizing photons
more efficiently (e.g., Schaerer, 2002) and use values of N, = 4 x 10* photons per
baryon for Pop III stars and Ni,, = 5 x 10® (as in Park et al., 2019) photons per
baryon for Pop II stars. If a halo contains a mixed population of both Pop III and
Pop II stars, the mass-weighted average value is used, although this situation does
not occur in our semi-analytic model. N, (n) is similar, but it defines the number of
photons per baryon per unit frequency emitted between Lyman n and n + 1. These

numbers are different for Pop III and Pop II stars, and we use the values from Barkana

& Loeb (2005).

. Myin(2): the minimum halo mass for star formation. At the redshifts when Pop III
star formation is still ongoing, this is set by the Lyman-Werner background via equa-
tion (4.5). We calculate this at each point in the box to find the spatially-dependent
Lyman-Werner background and Pop III minimum mass. Since the horizon for the
Lyman-Werner background is very large (~ 100 Mpc), we find that the minimum mass
is largely constant across the box, and our results are consistent with Mebane et al.

(2018) where we only calculate the global average.

The parameters f.(z, M) and SFR(z, M) are taken from our semi-analytic model which

tracks the growth and star formation in individual halos. 21CMFAST, however, calculates

the radiation fields necessary to compute the signal as integrals over halo mass for each cell

in the box (described in the following sections). We set up interpolation tables in both halo

mass and redshift to interface these two models and provide the star formation results from

the semi-analytic model to 21CMFAST.
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In the following subsections we describe in detail the calculation of the radiation backgrounds

which produce the 21-cm signal from these parameters.

4.3.1 The Lyman-a Background

At any point in the box, we calculate the Lya background as

Jo(z,1) = M /00 c|—|€exdz’. (4.13)

47

Here, €, is the emissivity of the Lya background found by integrating over the halos at a

given redshift, 2/, and location, and is calcuated as

€a(?,1) = /M N » ¢e(2,v)SFR(2', M)dM fzvy(n) free(n), (4.14)
Min (% n=2

where N, (n) is the number of photons emitted between Lyman n and n+1 per unit frequency
per mass in stars from Barkana & Loeb (2005) for either Pop II or Pop III star formation,
and ¢.(2',r) is the conditional mass function. fi.(n) is the fraction of Lyman-n photons
absorbed by neutral hydrogen in the IGM which are recycled into Ly« photons (Hirata, 2006;
Pritchard & Furlanetto, 2006). At n > nyac a photon emitted at 2’ will redshift into the
n — 1 resonance before redshift z and be absorbed by neutral hydrogen in the IGM. Eq. 4.13
is calculated as a spherical average over all lines of sight as computed in eq. 4.14. The Ly«

background for the models presented in this work is shown in Fig. 4.2.

The inputs to this calculation from our semi-analytic model are the star formation rate of
both Pop II and Pop III star forming halos along with the minimum halo mass for star
formation. We then use J, with eqs. 4.10, 4.11, and 4.12 to compute the 21-cm signal.
In the energy regulated case, this occurs around when Pop II star formation has begun to
surpass Pop III in the Universe, and their contributions to .J, are roughly comparable. For
momentum regulation, Pop III star formation occurs at such a small rate that the Pop II

contribution to .J, dominates.
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Figure 4.2: Lya background for the various models presented in our paper. The dashed
curve shows the critical Lya background necessary for coupling to begin (Ciardi & Madau,
2003). The momentum regulated model begins coupling first as it has the most efficient
Pop II star formation. The case with energy regulated Pop II star formation couples last,
as it does not have any Pop III star formation occuring below the atomic cooling threshold,

and energy regulated star formation has a lower efficiency.
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4.3.2 The X-ray Background

We follow the calculation of the X-ray background in 21CMFAST laid out in Park et al.
(2019) and Qin et al. (2020), where we assume an X-ray spectrum between 0.5-2.0 keV of
the form Lx(E) o< E~*. The upper limit here is set due to the mean free path of X-rays
above 2 keV exceeding the Hubble length, so such photons are not efficiently absorbed by
the IGM and do not contribute significantly to its heating. We follow Das et al. (2017) for
the lower limit of 0.5 keV set by the host galaxy’s ISM, and we set &« = 1 to best match their
X-ray SED.

The X-ray background is then calculated similarly to the Lya background with an emissivity
of

o dL
ex(#,r) = / Fx (2, M)oe(2, r)SFR(Z, M)dM —5EE (4.15)
Myin (/) dE
Here, dLﬁgFR is the specific X-ray luminosity per unit star formation rate following the

spectrum described above and normalized by Ly spr = 10*%° erg s™' (Mg yr=1)~ 1.

We also include a dimensionless scaling factor, fx, to boost the X-ray emission in certain
halos. In the models shown here, we set fx = 1 for Pop II star forming halos and vary it for
Pop III halos. We will show in section 4.4 that our choice of fy for Pop III halos can have

a large effect on the 21-cm signal.

We note that our calculation of the X-ray background here is slightly different than our
calculation in Mebane et al. (2020) which assumes an SED from 0.2-30 keV and a = 1.5.
We also calculate the X-ray background directly from the star formation rate here, while
in Mebane et al. (2020) we used the remnant black hole mass density from star formation.
If there is a large delay between Pop III star formation and the formation of accreting
black holes these details of the calculation may become important. It is difficult to judge
this, however, as assumptions about the growth of black holes such as their duty cycle and

accretion efficiency are by far the largest source of uncertainty. The parameter fx, however,
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has the same meaning in both models, as it is simply a dimensionless boost to X-ray emission

from Pop III halos.

4.3.3 The Ionizing Background

21cMFAST computes the ionizing background slightly differently than the Lya and X-ray
backgrounds as it uses the total number of stars formed in a halo rather than the current
star formation rate. A region in the box is considered fully ionized when the total number
of ionizing photons which have been produced inside the box exceeds the total number
of neutral hydrogen atoms plus any recombinations that have occured. The total number
density of ionizing photons ber baryon produced is

Hion(2,7) = p! / G T e MM N (2, M) e (2, M)A, (4.16)

Mgin(2) L

where p; is the local baryon density in the region. 21CMFAST also computes the local
recombination rate of ionized hydrogen throughout the box, although this calculation does
not depend on any of our changes to the code. We refer the reader to Sobacchi & Mesinger

(2014) for an explanation of this calculation.

We note that our inclusion of Pop III star formation does not significantly affect the course of
reionization in any of our models. By the time the Universe has begun to reionize in earnest,
Pop II star formation completely dominates the ionizing photon budget of the Universe, so

our choice of Pop III model does not matter.

4.3.4 The Lyman-Werner Background

We also calculate the spatially-dependent Lyman-Werner background in a very similar man-
ner to the Lya background discussed in section 4.3.1. The Lya background is generated by

emission from neutral hydrogen in the IGM when a photon between Lyman-n and n+1 in the
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rest frame redshifts into Lyman-n and is absorbed. The LW background, on the other hand,
is produced from direct UV stellar emission and is attenuated by absorption in the neutral
IGM as it redshifts, producing the “sawtooth” spectrum described in Haiman et al. (1997).
We follow Ahn et al. (2008) and describe this spectrum using the picket fence modulation
factor funoq which is defined as the fraction of the total emission in the LW band oberserved
at redshift z from a source at redshift z’ and comoving separation r. (in units of comoving
Mpc). We use their provided fitting formula which matches the exact calculation to within
2%,

fmoa = 1.7exp [—(r/116.290)*%] — 0.7, (4.17)

~1 —1/2 N —1/2
ae () (L 1+2 , (4.18)
0.7) \027 21

We then compute the emissivity as in equation 4.14, except that we now modulate the sum

where « is given by

over the relevant portions of the spectra from Barkana & Loeb (2005) by fmod-

The horizon for this background is very large (around 100 comoving Mpc), and we find that
the background is very homogenous at all redshifts in this calculation, varying by no more
than a few percent (see also, Ahn et al., 2008; Holzbauer & Furlanetto, 2012; Qin et al.,
2020). Therefore, the minimum mass for Pop III star formation does not vary appreciably
across the box, and we obtain the same results if we include the full spatially dependent
calculation of the LW background as if we just use the average value from the semi-analytic

model.

Regardless of the fluctuations in this background, we compute the minimum mass of Pop III
star formation at each point in the box from eq. 4.5. If fluctuations are large, we use an
interative approach where we first run our semi-analytic model with no fluctuations in the
background, use the results from this run in 21cCMFAST, and then re-run the semi-analytic
model with the minimum mass computed at representative locations within the box. In

principal we would continue this process until we converge upon the true fluctuations in
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the minimum mass, although we find that this entire process is unnecessary because of the

homogeneity of the background.

4.4 Results

In this section we describe the results of combining our star formation model from the semi-
analytic model presented in section 4.2 with our modified version of 21CMFAST described
in section 4.3. All models were run in a 300 cMpc box, and each individual cell was 1.5 cMpc

aCross.

Fig. 4.3 shows the average differential brightness temperature, or global signal, throughout
our entire box for a number of models. Here, we have varied fx for Pop III star formation
from 1 to 100 due to uncertainties in the emission process of X-rays from Pop III remnants.
In general, we find that our choice of fx changes the shape of the global signal and the
amplitude of the power spectrum without affecting the timing. If fx is high, early heating
of the IGM from the X-ray background can cause the kinetic temperature of the gas to rise,
causing a shallower absorption signal. Regardless of fx, the strong Lya background from
Pop III star formation will cause the spin temperature of the neutral hydrogen in the IGM
to drop toward the lower kinetic temperature, causing an early and deep absorption signal.
If Pop II star formation is momentum regulated we may see an even earlier absorption signal

due to the increased efficiency of star formation in low mass Pop II halos.

These results qualitatively agree with our results from Mebane et al. (2020), although we do
not directly compare here as we do not include an excess radio background from accreting
Pop III remnants. The global signals shown here are much smoother than in Mebane et al.
(2020) as they are computed as an average of the differential brightness temperature across

many points in the box.
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Figure 4.3: 21-cm global signal for a variety of models. Our choice of fx for Pop III star
formation can affect the signal, causing a smaller absorption feature at high fx without
altering the timing. All models assume energy regulation for Pop II star formation except
the purple curve which assumes momentum regulation. We see a slightly earlier absorption

signal in this case due to the increased star formation efficiency of low mass Pop II halos.
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Figure 4.4: 21-cm power spectrum at k = 0.1 Mpc™' (left) and & = 1 Mpc™! (right). The
vertical lines here show when Pop III star formation ends for the momentum and energy
regulated cases. Even after this mode of star formation ceases, the cumulative effect of X-
ray heating can still alter the signal. The three peaks in the & = 0.1 Mpc~! panel correspond

to the Lya coupling, X-ray heating, and reionization phases of the signal.

4.4.1 Fluctuations in the 21-cm Signal

The evolution of the 21-cm signal due to star formation generally occurs in three phases
(Furlanetto, 2006), and it is shown in Fig. 4.4. The first is when early star formation is able
to produce a significantly strong Lya background to cause the signal to appear in absorption.
This is shown in Fig. 4.2, and it can be seen in the global signal in Fig. 4.3 and the power
spectrum as the first bump in Fig. 4.4. The next phase occurs when a significant X-ray
background is built up from the remnants of star formation and begins to heat the IGM.
This raises both the kinetic and spin temperatures of the gas, resulting in a rise out of
absorption, potentially causing the signal to show in emission. This is shown as the second
bump in Fig. 4.4. As star formation continues to increase, the resulting UV background will
ionize the neutral hydrogen in the IGM, causing the global signal (and fluctuations in the

background) to vanish.

In our model, Pop III stars form in minihalos which are far more abundant than the typical
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Figure 4.5: 21-cm power spectrum at z = 25 (left), z = 20 (middle), and z = 15 (right).

The top panel shows the power spectrum in mK?, and the bottom panel shows the power

spectrum in units of the global signal squared at that redshift in order to better highlight

differences in shape. In the Pop II case we see a flattening of the power spectrum on small

scales and at higher redshifts that is not present in any of the models including Pop III

star formation. When including the global signal data in the bottom panels we see larger

differences between some models that are not evident in the top panels. For example, the

momentum regulated Pop II case, which has very high Pop II star formation but low Pop III,

is much easier to differentiate from the other models in our z = 15 panel. This highlights

the importance of understanding both the global signal and the power spectrum.
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atomic cooling halos used in most models containing only Pop II stars. Depending on the
specifics of their formation and their contribution to the radiation backgrounds discussed in
section 4.3, they may affect the cosmological 21-cm signal on different scales than expected
for models containing only atomic cooled halos. While this effect does not appear to be very
strong, we do see it manifest in Fig. 4.5. There is slight flattening of the power spectrum at
k 2> 0.5 Mpc~? in the case without Pop III star formation which is not present in the models

including Pop III stars.

There are also interesting differences in the overall power in these models. The increased Ly«
background from the addition of Pop III stars causes higher fluctuations in the background,
especially at early times. This is why there is more power in Fig. 4.5 in the Pop III models at
the redshifts corresponding to the largest differences in the global signal. When comparing
between Pop III models with different values of fx, higher X-ray emission generally leads to
reduced power. This is because increased X-ray heating means that it occurs very rapidly
after Lyman-a coupling, preventing the coldest IGM features from becoming visible and

reducing the contrast in the map.

4.4.2 Early X-Ray Heating

Even after Pop III star formation has ended there are still differences between the models in
their power spectra. This is caused by the cumulative effects of X-ray heating from Pop III
star formation. If Pop III stars are able to effectively heat the IGM at early times, this
can carry over into even the lower redshifts of the signal and show up as a higher kinetic
temperature than one might expect if you only include Pop II star formation. This is difficult
to see in the global signal, though it may be more evident in the power spectrum, especially

at smaller scales.
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Mirocha et al. (2017) found that, in models without Pop III star formation, the X-ray
heating and ionization phases of the 21-cm signal occur at similar times and are difficult
to distinguish. When we include Pop III star formation, however, this early heating causes
these two phases to be more distinct, and their effect on both the global signal and the power
spectrum may help us distinguish between Pop II and Pop III star formation. Mirocha et al.
(2018) updated their models to include Pop III star formation and found an assymetry in

the absorption feature of the global signal, though we do not see that here.

4.4.3 Degeneracies

The energy and momentum regulated models discussed in section 4.2.2 are extremes, and
“true” Pop II star formation likely lies somehwere in between. Because of this, it may
be difficult to differentiate models with and without Pop III star formation with only a
measurement of the global signal. Fortunately, due to the increased abundance of Pop III
star forming halos, they may affect the signal on different scales which can be detected in the
power spectrum. Indeed, we see these differences in Fig. 4.5 where Pop III models with energy
regulated Pop II star formation have a larger power, especially at small scales. Understanding
these modes of star formation in the early Universe will likely require measurements of both

the 21-cm global signal and power spectrum.

There may certainly be other degeneracies with parameters we do not discuss here. For
example, if Pop III star formation is much more efficient, it may produce a large enough Ly«
background to produce very early coupling as in our momentum regulated Pop II model.
If this Pop III star formation ends around the same time as our energy regulated models,
though, we should see differences in the global signal and power spectrum at lower redshifts,
as in the lower right panel of Fig. 4.5 at z = 15. There may also be subtle differences
depending on the Pop IIT IMF. In Mebane et al. (2020) we found that the IMF can change

the shape of the global signal without altering its depth or timing. These changes were
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minor, though they may be useful to learn about the Pop III IMF by studying both the

global signal and the power spectrum.

4.4.4 Comparison to Previous Works

Qin et al. (2020) also present a model for the 21-cm signal using 21CMFAST with Pop 111
minihalos, though they assume that the parameters governing both Pop III and Pop II
star formation are independent of redshift and obey power laws in halo mass. This differs
from our model, where Pop III star forming halos typically have very similar stellar masses
regardless of halo mass since we assume these stars form in isolation. We also explicity track
individual halos in our model, which allows us to include a criterion for the transition to
Pop II star formation by modeling metal creation and retention by Pop III stars and their
halos. Their models also have a significantly higher star formation efficiency in Pop III halos.
This is offset in their calculation of the Lya and X-ray backgrounds as they assume that all
star formation in both Pop III and Pop II halos occurs over a timescale of half of a Hubble
time. We find that this timescale is far too long, especially for Pop III halos, so we input

the star formation rates for individual halos directly from our semi-analytic model.

In general, our energy regulated model is in good agreement with the global signal for their
fiducial model, which assumes that X-ray emission from Pop III star formation occurs with
fxm = 1. They do not investigate changes in the shape of the power spectrum due to
Pop III star formation, though we do find good agreement in the timing of the features in

the power spectrum in our fiducial models.
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4.5 Conclusions

We have presented a model studying the effects of Pop III star formation on the cosmological
21-cm power spectrum. We combined the semi-analytic model for Pop III star formation
described in Mebane et al. (2018) with an altered version of the 21-cm simulation code
21cMFAST (Mesinger et al., 2011). In particular, we have made changes to the code that
allow us to input any generic function for the various star formation parameters used to
calculate the radiation backgrounds which set the 21-cm signal. In general, we find that
Pop III star formation can have a significant effect on the timing of the 21-cm power spectrum
but a modest effect on its shape and the details of X-ray emission from Pop III star formation

can affect the amplitude of the signal without altering its timing.
Specifically, we find

1. The largest difference between models with and without Pop III star formation is in
the timing of the 21-cm signal. In all models, we see a strong three-peaked structure
to the power spectrum indicating the Lya coupling, X-ray heating, and reionization
phases of the signal. Recent models have shown that, when only Pop II sources are
included, the X-ray heating and reionization eras may overlap, so Pop III sources play
an important role in the evolving power spectrum (e.g., Mirocha et al., 2017; Mirocha

& Furlanetto, 2019).

2. We find a modest variation in the shape of the 21-cm power spectrum when including
Pop III star formation, which increases the relative importance of the small-scale power.
While this effect is small, it can be used to differentiate between degenerate global

signals where models with and without Pop III star formation may be indistinguishable.

3. Even after Pop III star formation ends it can still affect the 21-cm signal due to its

contribution to early X-ray heating.
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4. X-ray heating from Pop III star formation can have a large effect on the amplitude
of the 21-cm signal. In models with high X-ray emission, the IGM can experience
large heating early on which causes the magnitude of the aborption signal to lessen.
Understanding the specific mechanisms for X-ray emission from Pop III remants will
be important in learning how to discern the properties of Pop III star formation from

a measured 21-cm signal.

5. The spatial variations in the Pop III minimum mass due to inhomogeneities in the
Lyman-Werner background are very small due to the large horizon of the LW back-
ground. Because of this, it is sufficient to use the globally averaged LW background

and assume that the minimum mass does not spatially vary.

Since Pop III star formation in minihalos occurs at such low rates, it is likely that our only
method of detecting their presence will be through indirect methods such as the cosmological
21-cm signal. Most of our Pop III models do predict a high power in wavenumbers which
will be probed by the Hydrogen Epoch of Reionization Array (HERA) and the Square
Kilometre Array (SKA), so observations of the 21-cm signal by these instruments should

help to constrain the parameter space described in our models.
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CHAPTER 5

The Effects of Warm Dark Matter on the Formation of

the First Stars and the Cosmic 21-cm Background

5.1 Introduction

There is still very little known of the exact nature of dark matter. While most cosmological
models focus on cold dark matter with small thermal velocities, there have also been many
studies involving thermalized dark matter particles such as the sterile neutrino (see Kusenko
2009 for a review). Understanding the nature of dark matter in the Universe is a fundamental
question in physics and cosmology, and it may provide a compelling explanation for the lack
of observed satellite galaxies compared to CDM models (e.g., Moore et al., 1999; Springel
et al., 2008) and the difference in slope of the inner density profile of halos in simulations and

observations (the so-called “core-cusp” problem, e.g., Gentile et al., 2009; de Blok, 2010).

Many constraints on warm dark matter come from gravitational lensing (e.g., Miranda &
Maccio, 2007; Inoue et al., 2015; Birrer et al., 2017; Gilman et al., 2019; Brehmer et al.,
2019; Gilman et al., 2020) and the Lyman-« forest (e.g., Boyarsky et al., 2009; Wang et al.,
2013; Markovi¢ & Viel, 2014; Baur et al., 2017; Garzilli et al., 2019a). These methods work
by probing the cosmological density field to understand the effect of warm dark matter on
structure formation. In general, warm dark matter increases the velocity dispersion of dark

matter and smooths out small-scale structure, suppressing the formation of halos with virial
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velocities below this scale. Current limits from gravitational lensing (Gilman et al., 2020)
suggest the halo mass scale at which this effect is strongest is my, < 108M,, corresponding to
a thermal dark matter particle mass of mpy 2 5.0 keV. Depending on the models used, this
effect can be strongest in minihalos with very low masses (i.e., < 10°M) and at very high
redshifts when the first stars formed. If warm dark matter exists and affects the formation
of these minihalos, we may be able to learn much of its properties from the formation of the

first stars.

The actual first generation of stars, known as Population III (Pop III), form from pristine,
metal-free gas in minihalos below the atomic cooling threshold. These stars form through
molecular hydrogen cooling, and they are thought to have a relatively higher mass and
luminosity than more traditional stars which form through metal-line cooling (Bromm et al.,
1999; Abel et al., 2002; Bromm, 2013). The minihalos in which they form were very small,
and were therefore highly susceptible to feedback. Because of this, these Pop III stars likely
formed at extremely low efficiencies, or even in isolation (Machacek et al., 2001; Wise &
Abel, 2007; O’Shea & Norman, 2008; Shapiro et al., 2004; Visbal et al., 2018; Mebane et al.,
2018).

There has yet to be a direct observation of a Pop III star, so the parameters governing their
formation are highly uncertain. Much of our knowledge of Pop III star formation, therefore,
has come from analytical models (e.g., McKee & Tan 2008; Kulkarni et al. 2013), numerical
simulations (e.g., Machacek et al. 2001; Wise & Abel 2007; O’Shea & Norman 2008; Xu
et al. 2016; Stacy et al. 2012; Hirano et al. 2015; Maio et al. 2010; Sarmento et al. 2018),
or semi-analytic models (e.g., Trenti et al. 2009; Crosby et al. 2013a; Jaacks et al. 2018;
Visbal et al. 2018; Mebane et al. 2018). Because of their low formation efficiency, it is highly
unlikely that we will observe a Pop III star with even the next generation of telescopes such
as JWST (Schauer et al. 2020 find we may need a 100 m space telescope to directly observe

these stars).
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One potential avenue to indirectly detect Pop III star formation is the cosmological 21-
cm background. There has only been one claimed detection of this signal by the EDGES
experiment (Bowman et al., 2018), although this detection may be an artifact of instrument
effects (e.g., Hills et al., 2018; Sims & Pober, 2020; Tauscher et al., 2020) and needs to be
confirmed by another experiment. This signal is highly dependent on the UV and X-ray
backgrounds caused by star formation in the early Universe, so understanding this mode of
star formation is very important to properly modeling it (e.g., Mirocha et al., 2018; Mebane
et al., 2020). If warm dark matter affects the abundance of star-forming halos substantially,

it will become another important factor in understanding the 21-cm background.

There have been many studies on the effects of warm dark matter on star formation and the
cosmic 21-cm background (e.g., Yoshida et al., 2003; Safarzadeh et al., 2018; Boyarsky et al.,
2019; Lopez-Honorez et al., 2019; Chatterjee et al., 2019), though few have also studied the
combined effect of Pop III stars with a detailed model of their formation. But the Pop III era
is of critical importance for understanding the implications of warm dark matter, because
they form in the smallest halos (M < 108 M) that are most susceptible to the smoothing
induced by the finite velocity dispersion of warm dark matter. At the same time, the physics
of Pop III stars is sufficiently different from “normal" galaxies that their properties cannot
simply be extrapolated from normal galaxy formation models (e.g., Visbal et al., 2018; Jaacks
et al., 2018; Mebane et al., 2018). In this paper we study the effects of warm dark matter
on star formation and the cosmic 21-cm background in the early Universe. We improve
upon past calculations by combining a detailed semi-analytic model for the formation and
evolution of Pop III halos described in Mebane et al. (2018) with an altered halo mass
function from warm dark matter. In particular, we are interested in studying the magnitude
of the delay in both Pop II and Pop III star formation as well as its implications for two
observables, the primary absorption feature of the 21-cm signal due to warm dark matter
and the UV luminosity function. Due to the small size of these minihalos, we can potentially

probe structure formation at much smaller scales than gravitational lensing or the Ly« forest.
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In Section 5.2 we describe our semi-analytic model for Pop III star formation including
warm dark matter, and we discuss our results related to star formation and the cosmic

21-cm background in Section 5.3. We conclude in Section 5.4.

In this work, we assume a flat cosmology with €, = 0.28, ), = 0.046, Q2 = 0.72, 05 = 0.82,

ns = 0.95, and h = 0.7, consistent with the results from Planck Collaboration et al. (2015).

5.2 Semi-Analytic Model with Warm Dark Matter

Here we describe our semi-analytic model for the formation and evolution of Pop III star
forming halos, described in more detail in Mebane et al. (2018). We update the model here
to include the effects of warm dark matter, which alters the formation of structure and the

halo mass function.

5.2.1 The Halo Mass Function

The first ingredient in our model is the formation and growth of dark matter halos. Halos
are initialized at z = 50 and evolved until z = 6, and their masses are chosen such that
their final masses span the range of 10 — 10 M. The growth of halos is modeled using
abundance matching (e.g., Vale & Ostriker, 2004). We assume halos stay at a constant
number density throughout cosmic time, allowing us to track their growth directly from the

halo mass function (Furlanetto et al., 2017).

We use fits to the high redshift dark matter simulations from Trac et al. (2015) for our
fiducial mass functions with no warm dark matter. When including warm dark matter we

assume the mass function takes the form (Schneider et al., 2012)

dNV. m chm m —B
v _ Sctm (7, D) (5.1)

dm dm m
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where (W% is the cold dark matter mass function from Trac et al. (2015) and my,y, is the

d
halo mass where the warm dark matter power spectrum is reduced by half compared to
the cold dark matter power spectrum (e.g., Schneider et al., 2012; Lovell et al., 2014). The
parameters my, and 3 depend on the particular warm dark matter model. Here, we assume
f = 1.16 as in Schneider et al. (2012) and vary myy, to investigate the mass scales at which
the suppression of formation affects star formation in the early Universe. We also include
a model with 8 = 1.3 as in Lovell et al. (2014) and my,, = 10'9M, to test variations in f3,
although the relatively small range in these model fits to 5 means this does not have much
of an effect compared to variations in my,,, and the star formation model. Fig. 5.1 shows the

mass functions used in our model. The abundance of halos is drastically reduced as myy,

increases, especially in low mass halos which will form Pop III stars.

In general, the accretion rates of halos with warm dark matter are higher below my,,, and
above they are consistent with cold dark matter models. In the more extreme cases the halo
mass function can turn over at lower redshifts, causing our abundance matching approach to
break down. This happens well after the time of Pop III star formation, though, so it does
not affect our model. Behroozi & Silk (2015) find that the majority of halo growth at these
redshifts comes from smooth accretion of material from the intergalactic medium (IGM), so
our model only accounts for the average growth of halos and does not include the effects of
mergers. This growth must occur very rapidly, as small halos in these warm dark matter

models are very rare yet are still the seeds for larger dark matter halos.

5.2.2 Population IITI Star Formation

The next step in our model is to add stars to the dark matter halos discussed in section 5.2.1.
The first star-forming minihalos were very different than the galaxies we observe today due
to their extremely low mass and binding energy, along with their lack of metals. Because of

this, Pop III stars were likely more massive than stars formed through metal-line cooling,
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Figure 5.1: Halo mass functions at the redshifts relevant to Pop III star formation for a
variety of models with and without warm dark matter. Our fiducial CDM mass functions
from Trac et al. (2015) are shown in black, and the colored lines show a number of warm
dark matter models with my,, ranging from 10° to 10'2M. At higher values of my,, the
mass function can be suppressed by many order of magnitude. This effect is greatest at the

low masses and high redshifts at which Pop III stars form in minihalos. The pink curve

shows a model with § = 1.3.
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and they probably formed in isolation as feedback from their radiation and explosions could
completely disrupt the gas in a halo. After these first stars formed, however, their supernovae

released metals which could allow a halo to transition to more traditional star formation.

The first ingredient in this model is to understand the halo mass range in which Pop III
star formation occurs. This is set mostly by the physics of Hy cooling, as a halo must first
accumulate enough Hs to begin to efficiently cool and form stars. The fraction of Hy required

for this cooling is given by

—1
1 —3/2 107772 512K
ferit, 11, ~ 1.6 x 107 ( + Z) (1 43 X exp (T) (5.2)

20 60 + T

where T3 = T'/10° K and T is the halo’s virial temperature (Tegmark et al., 1997). The

actual formation channel of this H, is

H+e —H +hv (5.3)

H +H— Hy+e (5.4)

The intermediate step of creating H™ ions is crucial to this process, as cosmic microwave
background (CMB) photons can easily destroy these ions at high redshift. Tegmark et al.
(1997) found the fractional abundance of Hy in halos as a function of their virial temperature

by balancing the creation and destruction rates of these ions as
fi, =~ 3.5 x 1074 T2, (5.5)
Therefore, a halo is able to begin forming Pop III stars when fu, > feit, 0,

This method for determining the minimum halo mass of Pop III star formation only works
for the very first star-forming halos, as once an appreciable UV background is built up by
star formation, the Lyman-Werner (LW) background becomes the dominant process. LW
photons have energies between 11.5 and 13.6 eV and can dissociate Hy through the Solomon

process (Stecher & Williams, 1967). If a halo is present in a large enough LW background, it
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will need to exceed a certain minimum mass to be able to shield itself from this background

and continue producing Hy. This minimum mass can be written as

1+ 2
26

—-1.5
Mupin = 2.5 % 10° M, ( ) (1+6.96 (4mJw)" ") (5-6)

where Jrw is the LW background (Visbal et al., 2014). We compute this background self-
consistently from the star formation in our model in a very similar fashion to the Lyman-«
background (see section 5.3.2). Once the LW background becomes the dominant process for
determining the minimum mass, we require all new star-forming halos to exceed this mass.
Some studies find that the relative stream velocity between baryons and dark matter instead
sets the minimum mass for Pop III star formation (e.g., Schauer et al., 2019). In general, we

find that our LW minimum mass is the dominant except in the most extreme regions.

The initial mass function (IMF) of Pop III stars is unknown, although it is thought that they
were very massive due to the reduced efficiency of Hy cooling compared to metal-line cooling
(e.g., Bromm et al., 1999; Abel et al., 2002). While we test a number of different IMFs
in Mebane et al. (2018) and Mebane et al. (2020), we only include our “low” mass fiducial
model here as the IMF has a relatively small effect on the star formation rate density and
the differences in the halo mass function which we investigate here are much larger. This
IMF has a Salpeter-like slope, a minimum mass of 20M, and a maximum mass of ~ 145M,
set by limiting accretion onto a newly-formed star once it is luminous enough to stop growth

due to radiation pressure. McKee & Tan (2008) find this maximum mass to be

95 024
Moy &= 145M (—> ) (5.7)

T3
We assume that stars form in isolation in our model as supernova feedback can often eject
all of the gas in a halo. A single supernova will release ~ 10°' erg of kinetic energy, and
this can exceed the binding energy of these early minihalos by multiple orders of magnitude,

even if only a few percent of this kinetic energy binds to the gas in the halo. This is very

important for the transition to metal-enriched Pop II star formation, as a halo must be able
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to retain the metals released in a supernova for it to transition. In our model we allow halos
to go through multiple phases of Pop III star formation until they can accumulate enough
metals for this transition. We use metal yields from the simulations presented in Heger
& Woosley (2010) for Pop III core-collapse supernovae although, in practice, the specific
amount of metals produced does not matter in our model. A single supernova will produce
more than enough metals for a halo to transition, so it is only a matter of retaining even a

small fraction of these metals for the transition to occur.

After a supernova occurs in a halo, we assume that 10% of its kinetic energy binds to the
gas in the halo and then calculate the fraction that is ejected assuming the gas follows a
Maxwell-Boltzmann distribution. We track this ejected material’s mass and metallicity, and
we allow it to re-accrete onto the halo after a free-fall time. In general, halos are able to
accumulate enough metals to transition once they acquire a binding energy that lets them
retain a few percent of their gas after a supernova. This tends to happen very close to the
atomic cooling threshold at a virial temperature of 10* K when atomic hydrogen cooling
would become efficient anyway. Most halos in our model tend to form ~ 10 generations of

Pop I1I stars with a lifetime of 5 Myr before transitioning.

In general, all halos end up forming at least one generation of Pop III stars before transi-
tioning to Pop II. The only way to skip this phase in our model is if the LW background
rises quickly enough to raise the minimum mass for Pop III star formation above the atomic
cooling threshold. This happens in our fiducial momentum regulated models, and after this
point all new star formation will occur through atomic cooling.! Warm dark matter tends to
lessen the abundance of star forming halos, and therefore the LW background and Pop III
minimum mass, so it becomes even more difficult to skip the minihalo Pop III phase. In

other words, even though warm dark matter suppresses the abundance of small haloes, those

!These are still technically Pop III stars as they form from pristine gas, though their formation will now
occur through atomic rather than molecular hydrogen cooling. This will likely cause them to have a more
traditional IMF, making their halos similar to a Pop II halo.
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haloes still grow through all of the normal phases. Because the sources are more rare, they do
not “self-regulate" with the Lyman-Werner background as efficiently as in the CDM picture,

allowing a broader range of haloes to form Pop III stars at any given time.

We note that the models mentioned here cover only a small range of the reasonable parameter
space of Pop III star formation. We briely discuss the relevant parameters in section 5.3.3,

and we refer the reader to Mebane et al. (2018) for a more detailed discussion.

5.2.3 Population II Star Formation

The modified mass function from warm dark matter will also affect Pop II star formation, es-
pecially if the characteristic mass extends into their typical mass range (i.e., my, = 103My).
We use the feedback-regulated models from Furlanetto et al. (2017) for Pop II star formation
in our model. The choice of model is also important for Pop III star formation as Pop II
stars will ultimately contribute the most to the LW background which regulates and ends
the Pop III phase in the Universe (Mebane et al., 2018). In particular, we use two models
here, in which either the energy or momentum carried by supernova winds are assumed to
set the star formation efficiency in early galaxies. We define the star formation efficiency of
these models as the fraction of accreted material which is turned into stars, and we compute

it as
1

for 1+n(m,z)

(5.8)

Here, m is the halo mass and 7 relates the rate of star formation to the rate of ejection
of material due to feedback, Mej — nM,. We assume that this process is in equilibrium,
and we compute 7 in the energy-regulated case by equating the kinetic energy released by
supernovae to the rate at which a halo acquires binding energy through mass accretion,

10120, \ > (9
=10 _ . 5.9
Ui €xW49 ( M, > (1 T z) ( )
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In this equation, ¢, = 0.1 is the fraction of a supernova’s kinetic energy which binds to the
gas and drives winds, and w9 = 1 is the kinetic energy released in supernova per unit mass

in stars in units of 10* erg M.

We calculate 7 in the momentum-regulated case as

1011.5M 1/3 9 1/2
T = €pTfid <Th®> <1 I z) ) (5-10)

where €, = 0.2 is the fraction of momentum released by supernovae which is used to drive
winds. The rate of momentum injection is characterized by mgq which is of order unity
for a Salpeter IMF. The particular values for these parameters were chosen in Furlanetto
et al. (2017) to match the observed luminosity function at z 2 6, though they can differ
substantially when we move to even higher redshifts and lower halo masses where the first
stars form. In particular the momentum-regulated models allow for much more efficient star
formation in low mass halos which causes the overall Pop II star formation rate density to
rise along with the resulting LW background. This creates a much higher Pop IIT minimum
mass very early on, and the Pop III phase of star formation in the Universe ends much earlier

(Mebane et al., 2018).

These energy and momentum regulated models represent two extremes, and we regard them

as rough brackets on the “true” star formation rate.

5.3 Results

Here we present our results combining our semi-analytic model for Pop III star formation
with warm dark matter. In these models we vary my,, from 10°-102M,. The lower limit
here is set simply because, below 10°M, warm dark matter does not appreciably affect the
halo mass function. The upper limit is chosen as the most extreme model from Schneider

et al. (2012), which is slightly above the limits set by the Ly« forest (e.g., Boyarsky et al.,
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2009; Garzilli et al., 2019b).

5.3.1 Early Universe Star Formation

We show the star formation rate density of both Pop II and Pop III star-forming halos in
Fig. 5.2. In general, the reduced abundance of the minihalos which form Pop III stars leads
to a large reduction in the Pop III star formation rate density, especially at high values of

™Mhm-

Given the extraordinary faintness of our Pop III sources, the best direct constraints on
warm dark matter by galaxy observations will likely come from halos above the atomic
cooling threshold, which we assume form Pop II stars. At lower redshifts, when Pop II
star formation is occurring in relatively higher mass halos, the difference is not extreme.
At higher redshifts, however, even the abundance of Pop II halos is reduced enough for a

significant reduction in the star formation rate density.

Most of the curves in Fig. 5.2 assume energy regulation for Pop II star formation. The
cyan curve, however, shows our my, = 10'°M, warm dark matter model with momentum
regulation. This illustrates a degeneracy between the specific star formation model used and
the abundance of star-forming halos. If warm dark matter exists and alters the halo mass
function as described in section 5.2.1, it may be difficult to disentangle uncertainties in the
star formation model and in the halo mass function (and hence warm dark matter) purely
through measurements of the abundance of observable distant galaxies, as the cyan and blue
Pop II curves are quite similar. However, the Pop III contributions in these two models
are quite different, because that component is more sensitive to the changes in the mass
function at very small scales. We also include a model varying 3 for the my,, = 101°M,

case, although this does not significantly alter our results.
Fig. 5.3 shows the UV luminosity function for all our models at z = 10. We estimate this by
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assuming
My = ’CUV X LU\/, (511)

1 1

where m, is the star formation rate of a Pop II halo, Kyy = 1.15 x 10728 My, yr~! (erg s~
Hz7')~! (Sun & Furlanetto, 2016), and Lyy is the intrinsic rest-frame luminosity at 1500
2800 A. At z = 10, Pop III star formation has ceased in all models, so this is only the Pop II
luminosity function. We can already rule out some models here, as the most extreme cases
are well below current observations (e.g., McLure et al., 2013; Oesch et al., 2013; Schenker
et al., 2013; Bowler et al., 2015; Finkelstein et al., 2015; Bouwens et al., 2015). In particular,
we rule out the my, = 10?M, in agreement with current Lya (Garzilli et al., 2019a) and
gravitational lensing (Gilman et al., 2020) constraints. We note that two of these cases
(Mpm = 10® M and momentum-regulated my,, = 10'° M) were nearly degenerate in terms

of the overall SFRD in Figure 5.2. Here their luminosity functions are also very similar at

the bright end, but they do differ at the faint end, as discussed by Furlanetto et al. (2017).

5.3.2 The 21-cm Background

Even without warm dark matter, it is still very unlikely that we will be able to directly
detect Pop III star formation in minihalos (Schauer et al., 2020). This is mainly due to the
extremely low efficiencies of star formation rather than their low abundance. In Mebane
et al. (2018) we found that Pop III minihalos have a magnitude of Map = —5 to —10 if
stars form in isolation or in binaries. We may, however, be able to measure the abundance

of these halos indirectly through the cosmic 21-cm background.

After the first stars form, they will build up a Lya background which couples to the spin
temperature of neutral hydrogen in the IGM. This will cause the 21-cm signal to go into

absorption relative to the cosmic microwave background.

We calculate the specific intensity of the average Lya background, J,(z), directly from the
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Figure 5.2: Star formation rate density of Pop III and Pop II stars for a variety of warm and
cold dark matter models. Our fiducial CDM model is shown in black, and the colored curves
show various WDM models. As my,, increases, both Pop III and Pop II star formation
are increasingly delayed and reduced. All models shown here assume energy regulation for
Pop II star formation except the cyan curve which assumes momentum regulation. In this
case, the higher efficiency of star formation in low mass halos causes a subsequent increase
in the star formation rate density. Without knowing the details of star formation in the
early Universe, there is therefore a degeneracy between the star formation model used and

the abundance of dark matter halos due to warm dark matter.
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Figure 5.3: Luminosity functions at z = 10 for the models presented in this paper. By this
time, the only contribution to the luminosity function is from Pop II stars. In general, the
reduced halo mass functions from warm dark matter can significantly reduce the luminosity
function. The most extreme models here, such as the my,, = 10'2M model with energy
or momentum regulation, are already below luminosity function data from Bouwens et al.
(2015). The reason the momentum and energy regulated models are so similar in this case
is because, at z = 10, the my,, = 102M, mass function turns over at small masses where
momentum regulated models have their most efficient star formation compared to energy

regulation.
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star formation rate density as

c Zmax
Ja(Z) = E/

Here, zpax is the maximum redshift of a source which contributes to the Lya background

% (14 2)° en(2)d2. (5.12)

felt at redshift z. For simplicity, we assume that continuum photons produced between Ly«
and the Lyman continuum contribute to this background, and anything at higher energy is
immediately absorbed by the neutral IGM. This sets a maximum redshift of 14-z,., = Zé(l—i—z)

(Ciardi & Madau, 2003). We calculate the specific luminosity density of Lya, €,, as

ea(z'):/oo 2 p. (NO‘EO‘)dM. (5.13)

Mmin Qm mp VO‘

N, is the number of photons per baryon produced between Lya and the Lyman continuum
by Pop II and Pop III stars. We assume N, = 9690 for Pop II stars (Barkana & Loeb, 2005)
and N, = 10° for Pop III (Schaerer, 2002). E, = 10.2 €V is the energy of Lya photons, and

Vo = 2.466 x 10 Hz is the corresponding frequency.

Efficient Lya coupling happens at J, ~ 9 x 10723(1 + 2) erg s7! em™ Hz ! st! (Ciardi &
Madau, 2003). We plot this threshold and the calculated J,(z) for each of our models in
Fig. 5.4. In models with my,, >10°M Pop III star formation is suppressed by so much that
it does not significantly contribute to J,. Any differences in this background, therefore, are
set by the Pop II star formation rate density. Indeed, if my,, is high enough to substantially
suppress Pop II star formation, Lya coupling may not occur until much later. In the most
extreme cases, this coupling may not even occur until the signal vanishes due to reionization.
We note that the two almost-degenerate cases (my, = 10® M, and momentum-regulated
Mym = 101 M) are more different in their Lya background than in the Pop II SFRD, but
the differences mostly manifest at very high redshifts where Pop III stars have a significant
contribution in the former case. However, by the time coupling is significant, the differences

are small.

We also plot the 21-cm global signal from each of our models in Figure 5.5. We follow Mebane
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Figure 5.4: Lya background for the models presented in this work. The dashed line shows the
critical background required for efficient Lya coupling. The background must approximately
exceed this threshold for the 21-cm signal to go into absorption. Depending on the assumed
value of my,,, the redshift when this occurs can be drastically delayed. In the most extreme
cases, this can even delay the absorption signal until the epoch of reionization when the

signal will vanish.
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et al. (2020) and compute the signal using the 21-cm simulation code ARES (Mirocha, 2014).
As expected, the addition of warm dark matter delays the absorption feature in the signal.
If the delay is too long, however, X-ray heating from stellar remnants will raise the kinetic
temperature of the IGM, causing a shallower signal. In this case, the only way to detect
the 21-cm global signal may be if there is a sufficient radio background produced from these
remnants which can lower the depth of the absorption feature (see Mebane et al. 2020 for a

more detailed discussion of this effect).

5.3.3 Degeneracies with Other Parameters

Warm dark matter can substantially alter the abundance of star-forming halos, which is
distinct from other astrophysical effects. However, because the net effect is to decrease the
amount of star formation, the observable effects can be degenerate with a number of other

astrophysical uncertainties about this era. Some of these include:

1. The Pop III star formation model. The models shown here assume repeated bursts of
Pop III star formation until a halo is able to become stable to supernovae and retain
metals. In Mebane et al. (2018), we also test models where only one generation of
star formation is allowed. Depending on the mass of stars formed per burst and the
number of generations allowed to form, this can potentially have a large effect on the
Pop I1II star formation rate density. Altering the abundance of these halos with warm

dark matter may make it more difficult to differentiate between these models.

2. The Pop III IMF. In a similar manner, the Pop IIT IMF can alter the star formation
rate density based on the typical mass of a Pop III star. Another complication is that,
depending on the mass range in which Pop III stars form, they may end their lives very
differently in a core-collapse supernova, a pair-instability supernova, or even directly

collapsing into a black hole. These scenarios can alter the way feedback and metal
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Figure 5.5: 21-cm global signal for all of our models. Most models have a significantly
reduced depth and are delayed relative to the CDM model. This is due to the delayed
Lya background which couples to the spin temperature of neutral hydrogen and pushes the
signal into absorption. If the signal is delayed for too long, X-ray heating will raise the

kinetic temperature of the gas, causing a very shallow absorption feature.
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production effects the evolution of Pop III halos, further altering the star formation
rate density. For example, if Pop III stars form in a mass range where they often
collapse to a black hole, they may release few metals into their halos, causing an
extended Pop III phase. Alternatively, if feedback is limited and halos can easily

retain metals, the transition to Pop II star formation may occur rapidly.

. The Pop II star formation model. As discussed in section 5.3.1, we can confuse our
momentum and energy regulated models of Pop II star formation by adding warm dark
matter. If the halo mass function is significantly suppressed at these redshifts, we may
have to look to even more efficient models of star formation to match observations of
the high redshift luminosity function or reionization. This degeneracy may be broken
by the luminosity function (Fig. 5.3), as the momentum and energy regulated models

have different slopes, especially on the faint end.

. The X-ray background. In Mebane et al. (2020) we found that if Pop III remnants
have a large contribution to the X-ray background, they can greatly heat the IGM
at early times and cause the 21-cm signal to completely vanish. This adds another
degeneracy, as it may be difficult to distinguish between a large X-ray background and
warm dark matter models with a high my,, since both of these models will cause the
signal to vanish. However, such models will manifest differently in other observables

(such as the high-z supernova rate; REFS) so may still be distinguishable.

Despite these uncertainties, these kinds of degeneracies will not entirely compromise con-

straints. The most important aspect of the warm dark matter effect is to delay the formation

of large galaxies, which has a clear impact on the 21-cm signal. We have previously found

that the timing of the absorption trough in the 21-cm background is fairly robust to astro-

physical uncertainties (Mebane et al., 2020), because it depends primarily on when halos are

able to host Pop III stars. Thus we expect this aspect of warm dark matter models to be

relatively robust to uncertainties. Additionally, leveraging multiple observables should help
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to isolate the effects of warm dark matter. For example, we have already seen that even
when the SFRDs are similar, the amplitude of the 21-cm background can distinguish some

models.

5.4 Conclusions

We present a model for the formation and evolution of Pop III star-forming halos including
the effects of warm dark matter. We combine the semi-analytic model described in Mebane
et al. (2018) with an altered halo mass function to study warm dark matter’s effects on both
the star formation rate density and 21-cm background in the early Universe. This allows
us to probe these effects on lower halo masses than other studies that use the Lya forest or
gravitational lensing. In general, we find that the reduced abundance of minihalos due to
warm dark matter can drastically delay and reduce the rate of early star formation, although
there is a degeneracy between the warm dark matter and star formation models used. This
degeneracy may be broken if there are differing slopes in the UV luminosity function for
potential star formation models. In models with my, >10°M,, Pop II star formation is
delayed enough to significantly lower the redshift of Lya coupling to the spin temperature of
neutral hydrogen in the IGM. We can already rule out the most extreme warm dark matter
models by comparing our results to the observed luminosity function at high redshift. This is

in agreement with Ly« forest and gravitational lensing studies which find similar constraints.

While we may not be able to directly observe the abundance of Pop III star-forming halos, the
21-cm background does provide an exciting opportunity to probe not only minihalo Pop III
star formation but also the nature of dark matter. Though there are many uncertainties in
the parameters governing the formation of the first stars which cause the 21-cm background,
upcoming experiments such as the Hydrogen Epoch of Reionization Array (HERA) or the

Square Kilometre Array (SKA) should be able to at least rule out the most extreme warm
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dark matter models. If the detection from the EDGES experiment is confirmed and the
21-cm signal has a very deep and early absorption feature, this may rule out many warm
dark matter models if large amounts of early star formation are required to produce such a

signal.
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CHAPTER 6

Conclusions

I have presented a study of the first generations of star formation in the Universe and their
effects on the cosmological 21-cm background. I accomplished this by developing a semi-
analytic model for the formation and evolution of Pop III star forming halos and interfacing
this model with updated versions of the 21-cm global signal code ARES and the 21-cm
simulation code 21CMFAST. T also studied the effects of warm dark matter on this mode of

star formation.

With the semi-analytic model, I showed that minihalo Pop III star formation can form
at rates up to 107* — 107° My yr~! Mpc~® and typically ends before 2 ~ 12. This is
highly dependent on the Pop II star formation model which dominates the Lyman-Werner
background and sets the minimum halo mass for Pop III star formation. If a halo is unable
to retain the metals produced in supernovae due to feedback, a single halo may experience
multiple generations of Pop III star formation. These Pop III halos have magnitudes of
Mg = —5 to —10, so we will likely have to indirectly detect them through their supernovae

or the 21-cm background.

I also studied the 21-cm global signal and showed that Pop III stars can explain the depth
of the absorption feature in the claimed EDGES detection if their remants are efficient at
emitting in the radio but inefficient in X-rays. Even if this excess radio background is not
what causes the abnormally large depth, my models can still explain the timing of the signal.

Pop III stars can easily produce a strong enough Lyman-a background to couple to the spin
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temperature of the IGM, causing an earlier absorption feature than expected from Pop II

only models.

Pop III star formation can also have a large effect on the 21-cm power spectrum. I found that
there is only a slight variation in the shape of the power spectrum when including Pop III
stars, although there can be large changes in the amplitude. The largest effect here is the
X-ray background which, if sufficiently strong, can uniformly heat the IGM and smooth out
the signal. Because this X-ray heating is cumulative, it can even affect the signal well after
Pop III star formation ends. The specific Pop II model used is also important because it
sets the minimum mass of Pop III star formation due to its contributions to the Lyman
Werner background. I included a spatially dependent calculation of this background and
found that it only varies by a few percent across our simulation volume, and star formation

is well approximated by using the average value.

Finally, I studied the effects of warm dark matter on star formation in the early Universe and
the 21-cm background. If WDM has a large velocity dispersion, it will limit the formation
of low mass halos. This effect is strongest at the low masses and high redshifts when the
first stars form, so, depending on the WDM model assumed, it will have a large affect on
both Pop III and Pop II star formation and the resulting 21-cm background. Because it
affects the abundance of these halos, WDM introduces a degeneracy with the specific star

formation model used.

This is an exciting time in the field of high redshift star formation and the cosmic 21-cm
background. Upcoming telescopes such as the James Webb Space Telescope (JWST) will
probe star formation in the dimmest and most distant galaxies ever observed. There is
already one claimed detection of the 21-cm background from the EDGES experiment, and
even more sensitive instruments such as the Hydrogen Epoch of Reionization Array (HERA)
and the Square Kilometre Array (SKA) will soon probe the spatial fluctuations of the signal.

As we begin to see the first data from these experiments, we will be able to chip away at the
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large parameter space of these theoretial models to better understand the cosmic dawn.
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