
Copyright

by

Myoungwon Jeon

2015



The Dissertation Committee for Myoungwon Jeon
certifies that this is the approved version of the following dissertation:

Formation of the First Galaxies under Stellar Feedback

Committee:

Volker Bromm, Supervisor

Miloš Milosavljević
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The stellar feedback is a crucial ingredient for modeling galaxy formation,

especially for the first galaxies, which are susceptible to stellar feedback due to

their shallow potential wells. In this thesis I have investigated the impact of stellar

feedback from the first generation of metal-free massive stars on the process of the

first galaxy formation. I present the results of self-consistent, cosmological radia-

tion hydrodynamics zoomed-in simulations of the formation and the evolution of

the first galaxies. In particular, we focus on the role of different stellar feedback

from first stars, such as photoionization heating from individual stars, X-ray feed-

back from a singly accreting black hole and from a high-mass X-ray black hole,

and mechanical and chemical feedback from a core-collapse or pair-instability su-

pernova explosion, in shaping the gas in the interstellar medium out of which first

galaxies were assembled.

We find that the severity of the stellar feedback from the first generation

of stars formed during the first galaxy assembly strongly determines the properties
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of the first galaxies. More massive first stars are likely to alter their host system

in which they reside and likely to suppress further star formation, thus resulting

in a simpler star formation history during the assembly of the first galaxies. We

show that the first galaxies at redshifts z ≈ 10 are already complex metal-enriched

systems, capable of forming, long-lived, normal stars. Finally, we also predict

the observability of such system with the upcoming James Webb Space Telescope

(JWST).
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Chapter 1

Overview

One of the most intriguing aspects of modern cosmology is understanding

the first generation of galaxies, which formed a few hundred million years after

the Big Bang. They were the basic building blocks of the large galaxies we see

today and it has been suggested that they played a pivotal role as main sources of

ionizing photons responsible for the early stages of reionization, the global phase

transition from an early neutral intergalactic medium (IGM) to a fully ionized one.

The nature of the first galaxies remains an unexplored territory observationally. On

the other hand, we are entering a period of rapid improvement in high performance

computation, allowing us to perform ever more realistic simulations to tackle issues

inaccessible by observations. The first galaxies are an ideal laboratory for theorists

to study the physics of galaxy formation from first principles due to the simplic-

ity of their structure and formation history, based on the well-constrainted initial

conditions from cosmic microwave background (CMB) observations.

The initial density fluctuations that seeded large-scale structure grew under

the influence of gravity, making larger and larger structures, and eventually the

first generation of metal-free stars, the so-called Population III (Pop III), began to

form as early as z & 30 out of primordial gas in dark matter (DM) minihaloes
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of total mass M ∼ 105 − 106M�. They were responsible for the transition of

the Universe from its simple, metal-free state to one of ever increasing complexity.

Once the first stars began emitting ionizing radiation, the gas inside minihalo hosts

was photoheated and evacuated. After their brief lifetime of∼ 106− 107 yr, Pop III

stars may have exploded as supernovae (SNe) or collapsed directly into black holes

(BHs), possibly without explosion. The subsequent evolution of the surrounding

IGM was shaped by the feedback from such Pop III remnants. The heavy elements

and dust from the first SNe initiated the long history of cosmic chemical enrichment.

These various feedback effects from the first stars set the initial conditions for first

galaxy formation.

In the following Chapters, we study how the first galaxies were assembled

under feedback from the first generation of metal-free stars by carrying out self-

consistent, cosmological radiation hydrodynamics zoomed-in simulations, espe-

cially focusing on the impact of realistic, detailed, stellar feedback on the assembly

of the first galaxies.

Chapter 2 is concerned with the impact of feedback from the accretion onto

a central BH that is left behind by the first stars, or from high-mass X-ray binaries

(HMXBs), again involving Pop III stars. We track the evolution of the BH accretion

rate and the associated X-ray feedback starting with the death of the Pop III progen-

itor star inside a minihalo and following the subsequent evolution of the black hole

as the minihalo grows to become an atomically cooling galaxy. In particular, we

focus on the effects of the radiation from Pop III stars on the subsequent star for-

mation inside a host system and in the IGM. Additionally, we provide an improved

2



understanding of whether a stellar BH can grow to become a supermassive BH in

the presence of stellar and BH feedback.

Motivated by recent work on Pop III star formation where Pop III could have

formed primarily in binaries or as members of small multiple systems, in Chapter

3 we further investigate the impact of X-ray feedback from multiple HMXBs, left

behind in stellar binary systems after the primary forms a BH, accreting gas at a

high rate from the companion, a process that is thought to be favored at the low

metallicities characteristic of high-redshift gas. Thanks to their large mean free

path, X-rays are capable of preionizing and preheating the gas in the IGM and in

haloes long before the reionization of the Universe is complete, and thus could

have strongly affected the formation of subsequent generations of stars as well as

reionization. We discuss the observational signatures imprinted in the 21 cm spin-

flip line by such X-ray feedback from HMXBs.

Chapter 4 concerns the impact by Pop III supernovae (SNe) on the host sys-

tems for Pop III star formation and explore its dependence on halo environment and

Pop III progenitor mass. We trace the evolution of the enriched gas until conditions

are met to trigger second-generation star formation. To this extent, we quantify the

recovery timescale, which measures the time delay between a Pop III SN explo-

sion and the appearance of cold, dense gas, out of which second-generation stars

can form, thus providing the SN-processed initial conditions for the metal-enriched,

low-mass, second generation of star formation.

In Chapter 5 we investigate the formation of a galaxy reaching a virial mass

of ≈ 108M� at z ≈ 10. We start from Pop III star formation by considering stellar

3



feedback such as photoionization heating from Pop III and Pop II stars, mechan-

ical and chemical feedback from pair-instability SNe (PISNe) and core-collapse

SNe (CCSNe), and X-ray feedback from accreting BHs and HMXBs. We self-

consistently impose a transition in star formation mode from top-heavy Pop III to

low-mass Pop II. Guided by the results from recent investigations of primordial

star formation, we in particular explore the implications of a somewhat less top-

heavy Pop III IMF, with a characteristic mass of a few ∼ 10M�, giving rise to a

large fraction of CCSNe rather than PISNe. We present the properties of the simu-

lated first galaxy and predict its observability with the upcoming James Webb Space

Telescope (JWST).

4



Chapter 2

The First Galaxies: Assembly with Black Hole
Feedback1

2.1 Introduction

Radiative feedback from the first generation of stars, the so-called Popula-

tion III (Pop III), is a crucial ingredient in determining how the first protogalaxies

assembled, and in setting the initial conditions for subsequent, second-generation

star formation (e.g. Barkana & Loeb, 2001; Bromm & Larson, 2004; Ciardi & Fer-

rara, 2005; Bromm et al., 2009). It has been a longstanding goal to understand the

formation of the first galaxies subject to different accompanying feedback effects

from the first stars, such as ionizing feedback from individual Pop III stars (e.g.

Ricotti et al., 2002; Abel et al., 2007; Yoshida et al., 2007a), chemical feedback

produced by a supernova (SN) explosion (e.g. Wise & Abel, 2008b; Greif et al.,

2010; Wise et al., 2012), and radiative feedback from accreting black holes (BHs)

(e.g. Kuhlen & Madau, 2005; Alvarez et al., 2009; Park & Ricotti, 2011). The

radiative feedback from accreting BHs on the formation of the first stars and the

1This chapter has been published as Jeon, M., Pawlik, A. H., Greif, T. H., Glover, S. C. O.,
Bromm, V., Milosavljevic, M., Klessen, R. S. 2012, ApJ, 754, 34.

1Author Contributions: M.J. and V.B. conceived and planned the project. M.J. ran the simula-
tions and performed main analysis. T.G and S.G. provided the modified version of the GADGET
code and M.J. developed the code. M.J., A.P., V.B., M.M., and R.S.K. discussed results. M.J. wrote
the manuscript with contributions from co-authors.
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assembly of the first galaxies is the focus of the current work.

The first stars are expected to form at a redshift z & 15 inside dark matter

minihalos with masses of ∼ 106M� (e.g. Haiman et al., 1996; Tegmark et al.,

1997; Yoshida et al., 2003). Since hydrogen molecules were the only effective low-

temperature coolant in the absence of metals, the primordial gas remains relatively

warm, with typical temperatures around 200 K. As a consequence of this increased

thermal pressure, the first stars are expected to be very massive (e.g. Bromm et al.,

1999, 2002; Nakamura & Umemura, 2001; Abel et al., 2002; Omukai & Palla,

2003; Yoshida et al., 2006; O’Shea & Norman, 2007). These Pop III stars produce

copious amounts of ionizing UV photons, which can photoheat and evacuate the gas

residing within the host minihalos (e.g. Whalen et al., 2004; Alvarez et al., 2006;

Johnson et al., 2007).

After their short lifetime of ∼ 3 Myr, Pop III stars end their lives in a SN

explosion, or the direct collapse into a BH, depending on the progenitor mass (e.g.

Heger et al., 2003). If the progenitor’s mass lies in the range of 15 − 40M�, a

conventional core-collapse SN occurs, or, in the case of rapid rotation, a hypernova.

The resulting chemical abundance patterns are in good agreement with those ob-

served in extremely metal-poor stars in the Galactic halo (e.g. Beers & Christlieb,

2005; Joggerst et al., 2010).

An extreme fate would be a pair-instability supernova (PISN), predicted

for progenitor masses between 140 − 260M� (e.g. Barkat et al., 1967; Heger &

Woosley, 2002). A consequence of the very large PISN yields would be that even

a single PISN could enrich ∼ 107M� of cold, dense gas up to 10−4 − 10−3 Z�
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(Karlsson et al., 2008; Greif et al., 2010). Such high metallicities would be in

excess of any predicted critical value, beyond which a transition of star formation

mode from massive Pop III stars to normal Population II (Pop II) would occur (e.g.

Omukai, 2000; Bromm et al., 2001a; Schneider et al., 2002).

For progenitor masses within the range of 40M� . M . 140M� or

M & 260M�, the Pop III star will become a massive BH via direct gravitational

collapse. The ensuing merging of minihalos, provided they contain cold gas, and

the smooth accretion of gas from the intergalactic medium (IGM) will feed the cen-

tral BH. A fraction of the accreted mass-energy will then be released as radiative

energy, resulting in a miniquasar (e.g. Madau & Rees, 2001; Ricotti & Ostriker,

2004; Madau et al., 2004; Kuhlen & Madau, 2005; Wheeler & Johnson, 2011),

which will ionize the surrounding neutral medium and heat the pre-galactic gas.

Recent simulations have shown that, even in the absence of metal-line and

dust cooling, the primordial gas is able to fragment, leading to a broad initial mass

function (IMF) including also primordial stars of relatively low mass (Turk et al.,

2009; Stacy et al., 2010; Clark et al., 2011a,b; Greif et al., 2011; Smith et al., 2011;

Prieto et al., 2011; Stacy et al., 2012), which maybe organized in binaries or stellar

systems of still higher multiplicity. Such a scenario raises the possibility of the pres-

ence of high-mass X-ray binaries (HMXB) at z & 10, i.e., binary systems composed

of a black hole accreting gas from the surface of its stellar companion (e.g. Mirabel

et al., 2011; Haiman, 2011). HMXBs may provide a much stronger feedback on

the formation of the first galaxies than isolated BHs, which have X-ray luminosities

that depend crucially on the densities and temperatures of the surrounding gas (e.g.
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Kuhlen & Madau, 2005; Alvarez et al., 2009; Park & Ricotti, 2011).

We should note that the assumed presence of HMXBs at high redshifts sen-

sitively depends on the Pop III IMF and multiplicitly. Recent simulations have

provided intriguing hints for the Pop III IMF such that the Pop III stars were likely

to form in binaries or multiples rather than in isolation, but any predictions are

subject to uncertainties due to the limitations of the sink particle method. A sink

particle treatment, which has been commonly adopted in smoothed particle hydro-

dynamics (SPH) simulations to follow the subsequent evolution of a protostellar

core, allows us to avoid the problem of prohibitively small numerical timesteps,

the so-called ‘Courant myopia’ (e.g. Bate et al., 1995; Bromm et al., 2002; Jappsen

et al., 2005). The resulting protostellar IMF is affected by the detailed treatment for

sink particle mergers and by the ability of such schemes to self-consistently model

the interaction between sink particles and the surrounding gas (Greif et al., 2011).

It is, therefore, still an open question how the early protostellar mass function will

be mapped into the final IMF of Pop III stars.

In this section, we investigate the feedback effects from such accreting

stellar-mass BHs by focusing on the question: “How does a stellar black hole, a

remnant of a Pop III star, influence the subsequent star formation and in turn the

assembly process of the first galaxies?" Our work is complementary to (Greif et al.,

2010) because our cosmological simulations start from the same initial conditions.

The difference is that we include the feedback from accreting BHs while in their

work the feedback from a PISN was taken into account. We can thus investigate

how the assembly process of the first galaxies differs in response to different as-
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sumptions regarding the fate of the first stars and the accompanying feedback. In

addition, we can constrain the resulting gas properties inside the centers of such pri-

mordial galaxies, thus providing us with the initial conditions for second-generation

star formation.

It is challenging to unambiguously define the first galaxies (Bromm & Yoshida,

2011). A plausible approach is to posit that the first galaxies should be massive

enough to exhibit a sufficiently deep potential well to retain gas that is photoheated

by stars or BHs. Another criterion is that a galaxy should sustain a self-regulated

star formation mode. Recent cosmological simulations suggest that the first galax-

ies resided in so-called atomic cooling halos (Oh & Haiman, 2002) with typical

masses ∼ 108M� at z ∼ 10 (e.g. Wise & Abel, 2007, 2008b; Greif et al., 2008,

2010). Whether the presence of an X-ray radiation field such as produced by ac-

creting BHs will result in positive or negative feedback on the formation of these

galaxies remains an open key question (e.g. Oh, 2001; Ricotti et al., 2001; Glover

& Brand, 2003; Machacek et al., 2003; Ricotti & Ostriker, 2004; Kuhlen & Madau,

2005; Zaroubi et al., 2007; Ripamonti et al., 2008; Thomas & Zaroubi, 2008). A

positive feedback would arise if H2 molecule formation were promoted due to the

elevated fraction of free electrons from X-ray photoionization, facilitating the cool-

ing and collapse of gas and thus star formation inside minihalos. Alternatively,

X-ray heating may have suppressed star formation by increasing the entropy floor

in the pre-galactic medium, implying a negative feedback.

Miniquasar feedback may also be expected to have important effects on BH

growth. One outstanding question is how the supermassive black holes (SMBHs),
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Table 2.1: Simulation Parameters

Simulation BH feedback BH multiplicity
BHN No -
BHS Yes BH single (isolated)
BHB Yes BH binary (HMXB)

observed by the Sloan Digital Sky Survey (SDSS) at z ∼ 6 with masses of ∼

109M� (e.g. Fan et al., 2006), were able to grow within such a short period of time

after the Big Bang (Haiman & Loeb, 2001). To answer this question, some possi-

ble scenarios have been suggested, depending on the initial seed mass (Bromm &

Yoshida, 2011). One of the main ideas is that the SMBH is born as a stellar-mass

BH, the remnant of a Pop III star with a mass close to that of its progenitor, and

grows through the accretion of surrounding gas and mergers with BHs that form in

neighboring halos (Madau & Rees, 2001; Li et al., 2007; Volonteri & Rees, 2006;

Tanaka & Haiman, 2009). However, the photoheating and photoionization from a

massive Pop III star is strong enough to significantly suppress further supply of cold

gas onto the BH, creating a serious early bottleneck to growth (Johnson & Bromm,

2007; Pelupessy et al., 2007; Alvarez et al., 2009; Park & Ricotti, 2011).

A competing scenario suggests the direct collapse of primordial gas into

an atomic cooling halo in the absence of low-temperature coolants such as H2, or

metals and dust. Due to the lack of low-temperature coolants, the fragmentation

of the gas will be avoided, and the ensuing isothermal collapse may result in the

direct formation of a BH without Pop III stellar progenitor. As a result, the mass

of the seed BH is on the order of 104 − 105M�, allowing subsequent growth from
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a more massive foundation (e.g. Koushiappas et al., 2004; Wise & Abel, 2008b;

Regan & Haehnelt, 2009; Schleicher et al., 2010; Shang et al., 2010; Johnson et al.,

2011; Latif et al., 2011). In this scenario, negative feedback due to photoheating

and radiation pressure may still oppose growth (Johnson et al., 2011). A second

goal of this study is to provide an improved understanding of whether a stellar BH

can grow to become a SMBH in the presence of stellar and BH feedback.

Here we present the results of cosmological simulations, starting from the

point where Pop III stars are first expected to form, up to the virialization of a pri-

mordial galaxy, taking into account both the ionizing radiation emitted by Pop III

stars and by miniquasars. We assume that all Pop III stars end their lives as massive

BHs without SN, allowing us to investigate solely the feedback from miniquasars

and to compare our results with the case where Pop III stars die as PISNe. The out-

line of this section is as follows. In Section 2.2, we describe the numerical method-

ology for the initial setup, the stellar radiative feedback, and the feedback from

miniquasars. In Section 2.3.1, we show how the primordial galaxy is assembled

with and without BH feedback. Then, in Section 2.3.2 we discuss the properties of

the gas as it is falling into the center of the galaxy. We present our conclusions in

Section 2.4.

In the following, all lengths are expressed in physical (i.e., not comoving)

units unless explicitly stated otherwise.
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2.2 Methodology

In this section, we describe the initial setup of the simulations and our

methodology for calculating the accretion rate onto BHs, as well as our treatment

of radiative feedback from the Pop III progenitor stars, an isolated BH remnant, and

from a HMXB.

2.2.1 Initial Conditions

To survey the relevant parameter space, we have carried out three cosmo-

logical simulations. As a reference, simulation “BHN" includes stellar radiative

feedback from Pop III stars, whereas the subsequent feedback due to BH accretion

is not taken into account. The simulation “BHS" includes both the feedback from

Pop III stars and a single isolated BH. Finally, in simulation “BHB" we assume that

the Pop III BH remnant has a stellar binary companion, giving rise to a HMXB. We

provide a summary of the simulations in Table 2.1.

For the simulations presented here, we use a parallel version of the com-

bined hydrodynamics and tree N-body code GADGET2 (Springel, 2005). The code

evaluates hydrodynamical forces using the SPH technique. Our simulations are ini-

tialized using a snapshot from the earlier simulation of Greif et al. (2010). We

start running the simulations at z ∼ 30, corresponding to the point just before

the first Pop III star in the computational box is formed, and terminate them at

z ∼ 10, when the assembly of the first galaxy is expected to be complete. The

original simulation was initialized at z = 100 in a periodic box of linear size of

1 Mpc (comoving), using ΛCDM cosmological parameters with matter density
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Ωm = 1 − ΩΛ = 0.3, baryon density Ωb = 0.04, present-day Hubble expansion

rate H0 = 70 kms−1Mpc−1, spectral index ns = 1.0, and normalization σ8 = 0.9,

consistent with the WMAP5 measurements (Komatsu et al., 2009). Given that we

use a higher value compared to the current measurement of σ8 = 0.8 (Komatsu

et al., 2011), structure formation may be accelerated in our simulations. However,

we compensate to some extent for the lack of large-scale power in our simulations

due to the limited box size, by taking a value larger than the cosmological one. We

also stress that in this work we focus on individual halo properties which are not

sensitive to the variation in the σ8 parameter.

Using a standard zoom-in technique (Greif et al., 2010), a preliminary run

with 643 particles was hierarchically refined to generate initial conditions with

high−mass resolution inside the region destined to collapse into the first galaxy.

Employing three consecutive levels of refinement, the mass of DM and gas particles

in the highest resolution region is mDM ∼33M� and msph ∼5M�, respectively.

The corresponding baryonic mass resolution is Mres ∼ 1.5Nneighmsph ∼ 400M� ,

where Nneigh ∼ 50 is the number of neighboring particles within the SPH smooth-

ing kernel (Bate & Burkert, 1997). The Jeans mass in primordial gas, where molec-

ular hydrogen cooling imprints a characteristic density of nH = 104 cm−3 and a

temperature of 200 K (Bromm et al., 2002), is thus marginally resolved.

2.2.2 Chemistry, Heating, and Cooling

We use the same chemistry and cooling network as in Greif et al. (2010),

where all relevant cooling mechanisms, such as H and He collisional ionization,
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excitation and recombination cooling, bremsstrahlung, inverse Compton cooling,

and collisional excitation cooling via H2 and HD, are taken into account. For H2

cooling, collisions with protons and electrons are explicitly included, in addition to

the usually dominant neutral hydrogen atoms. The code self-consistently solves the

rate equations for the abundances of H,H+,H−,H2,H
+
2 ,He,He+,He++, and e−, as

well as the three deuterium species D, D+, and HD. We can thus accommodate the

non-equilibrium chemical evolution which is ubiquitous in early universe structure

formation.

2.2.3 Sink Particle Method

Employing the sink particle algorithm of Johnson & Bromm (2007), we

convert an SPH particle into a collisionless sink particle if its hydrogen number

density exceeds a threshold value of nmax = 104 cm−3. When a sink particle forms,

gas particles within an accretion radius, racc, are immediately accreted onto the

sink. The position and velocity of a sink particle are estimated every timestep based

on a new mass-weighted position and velocity of the accreted gas particles within

racc = Lres. Here, the resolution length of the simulation is defined as:

Lres = 0.5

(
Mres

ρmax

)1/3

' 1 pc, (2.1)

where ρmax ' nmaxmH.

A sink particle can grow in mass through the further accretion of surround-

ing gas. The criterion for subsequent accretion is that a neighboring SPH particle

approaches the sink to within racc, which we hold constant throughout the simula-

tion. Note that our simple prescription for sink growth is sufficient for the purpose
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of providing a marker for the position of a Pop III star and its BH remnant. When

determining the mass growth of the BH which is responsible for the X-ray feedback,

we use a more sophisticated methodology to determine its accretion rate.

2.2.4 Stellar Radiative Feedback

After a Pop III star has formed inside its host minihalo, we turn on the

radiation field emitted by this star, treated as a point source. We propagate the

ionization front around it to build up a primordial H II region, using a well-tested

ray-tracing algorithm (Greif et al., 2009b). This scheme solves the ionization front

equation in a spherical grid by tracking 105 rays with 500 logarithmically spaced

radial bins around Pop III stars. The hydrodynamical effect is taken into account

by self-consistently coupling the ray-tracing module to the chemical and thermal

evolution of the gas.

We assume that a 100M� Pop III star emits blackbody radiation with an

effective temperature T eff = 104.9 K, and luminosity L∗ = 106.1L� (Bromm et al.,

2001b; Schaerer, 2002). The corresponding production rates for ionizing photons

are: Ṅion,HI/HeI = 9.1× 1049 s−1 and Ṅion,HeII = 4.1× 1048 s−1. The growth of the

ionization front continues until it reaches its maximum size at the end of the Pop III

star’s life after t∗ = 2.7 Myr. However, not all Pop III stars are endowed with an H II

region because of the computational expense incurred by the ray-tracing. We trace

the photons only from those stars formed within the Lagrangian volume destined to

become the first galaxy at z ∼ 10, roughly corresponding to a 10 kpc radius from

the center of this region.
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Finally, we include the transfer of the H2-dissociating Lyman-Werner (LW)

photons in the range of 11.2−13.6 eV, isotropically emitted by a Pop III star as a

1/r2 field without attenuation of the flux with radius, which propagate far beyond

the H II region. The photo-dissociating rate is kH2 = 1.1 × 108FLW, where FLW

is the radiation flux integrated over the LW bands (Abel et al., 1997). We compute

FLW in the optically thin limit and do not take H2 self-shielding into account (Greif

et al., 2009b). The neglect of self-shielding is justified due to the low H2 column

densities encountered in our simulations, of order ∼ 1013 cm−2 inside the BH host

galaxy (Draine & Bertoldi, 1996; Wolcott-Green & Haiman, 2011).

2.2.5 Black Hole Feedback

In an important difference from Greif et al. (2010), we here assume that all

Pop III stars die via direct collapse into BHs, without any preceding SN explosion.

For simplicity, however, we allow only one BH to produce radiative feedback due

to the accretion onto it, taken as the first BH formed during the simulation. The

heat input due to this BH feedback into the pre-galactic region is active for ∼ 350

Myr, while the radiation from individual Pop III stars is turned on for only 2.7 Myr.

We next describe our treatment for estimating the accretion rate onto a BH and the

model for the radiation emitted by an isolated BH and a HMXB.

2.2.5.1 Accretion Rate

We assume that the BH is embedded in a pressure-supported primordial gas

cloud, steadily accreting from it. The corresponding accretion rate is given by the

16



Bondi & Hoyle Bondi1944 model, where a homogeneous medium which is at rest

at infinity accretes onto a point mass. The Bondi-Hoyle rate can be written as:

ṀBH =
4π(GMBH)2ρgas

(c2
s + v2

BH)3/2
, (2.2)

where the gas sound speed, cs, and gas density, ρgas, are determined by averaging

over the Nneigh ' 50 SPH particles closest to the BH. The relative speed of the

BH with respect to the surrounding gas, vBH, is negligibly small throughout the

simulation. Varying Nneigh by an order of magnitude does not affect the accretion

rates when they are estimated with Equation (2.2).

By assuming that 10% of the rest-mass energy of the accreted matter is

released as radiation, we normalize the total luminosity according to L = εṀBHc
2,

where ε = 0.1 is the radiative efficiency and c the speed of light. We estimate

that the accretion rate ṀBH lies between 10−12M�yr−1 and 10−6M�yr−1. The

former corresponds to the initial situation, where the BH is located at the center of

an H II region with a temperature of ∼ 104 K and hydrogen number density of ∼ 1

cm−3. The upper limit is derived from comparison simulations where stellar and

BH radiative feedback is neglected.

It is important to note that the accretion rate used in this work is an upper

limit, for three reasons. In reality, when also the feedback from radiation pres-

sure is taken into account, the true rates are likely much smaller than the nominal

Bondi-Hoyle value (Milosavljević et al., 2009a,b; Park & Ricotti, 2012). We esti-

mate, assuming a typical accretion rate of 10−8M�yr−1, that the acceleration due

to radiation pressure from Thomson scattering and photoionization in the vicin-
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ity of the BH, at r = 1 pc, is 30 times larger than the gravitational acceleration,

agrav = GMBH/r
2 (e.g., Eq. 10 in Johnson et al., 2011). This indicates that radi-

ation pressure, mainly due to photoionization, is important near the BH, acting to

limit growth. The other reason is that we have only considered the case of radia-

tively efficient accretion. If the cooling time scale for the liberation of viscously

generated energy is longer than the accretion time scale, most of the energy is ad-

vected inward with the accreting gas instead of being radiated away (e.g. Narayan

& Yi, 1994, 1995; Blandford & Begelman, 1999, 2004). A fraction of the energy

carried by the outflow could ultimately be converted to radiation, but the resulting

spectrum would certainly be very different than that of the thin disk assumed here.

A third reason is that the vorticity of the turbulent gas has not been properly re-

solved here. Studying its effect on Bondi accretion, Krumholz et al. (2005) found

that even a small amount of vorticity is able to significantly reduce the accretion

onto the BH. This suppression could be important in an atomic cooling halo, where

the radial, cold flow along the filaments is converted into turbulent motion, thus

generating vorticity in the central region of the galaxy.

In addition to the Bondi-Hoyle prescription, there is another way to estimate

BH growth, based on Ṁsink calculated with the method in Section ??, where the

BH mass grows by accreting all gas particles within racc. The resulting rate is

much higher than the Bondi-Hoyle value, roughly by a factor of 10. We adopt

ṀBH rather than Ṁsink as an estimator for BH growth, given that the sink accretion

radius is about one order of magnitude larger than the Bondi-Hoyle radius, rB =

(µmHGMBH)/kBT , where µ is the mean molecular weight and kB is the Boltzmann
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constant, or, rB ∼ 0.3 pc (MBH/102M�) (T/102 K)
−1. Moreover, only a fraction

of the infalling gas will likely reach the vicinity of the BH. Furthermore, we can

thus track the change in BH mass in a smooth manner, and do not have to contend

with discreteness effects owing to the limited mass resolution afforded by SPH.

2.2.5.2 Non-Thermal Radiation

In the local universe, the emergent spectra from accreting BHs are typically

modelled as a combination of a power-law component, Fν ∝ νβ , describing non-

thermal (NT) synchrotron radiation, and a multi-color disk (MCD), resulting in a

soft, thermal continuum (Mitsuda et al., 1984). In Figure 2.1, we show typical

spectra to illustrate this model where a soft thermal component is fitted by a MCD

blackbody with kTin ∼ 150 eV (Miller et al., 2003), normalized assuming two

representative accretion rates. Here, Tin is the temperature of the inner disk region

which is related to the BH mass according to Tin ∝ M
−1/4
BH . It is currently not

known whether accreting BHs at high redshift would behave in a similar manner.

Conservatively, we here assume that there is no significant difference in

the BH emission physics over cosmic time, and use the same spectra. However,

we ignore the MCD component of the emitted radiation in our simulations. Such

a thermal contribution would determine the radiative feedback in the immediate

“near zone” from the central BH, but is unimportant on larger scales, where the

NT component dominates. We estimate the size of the near zone with a standard

Strömgren analysis. Assuming that the ionizing photons originate from the MCD

component, and employing a typical accretion luminosity of ṀBH = 10−7M� yr−1
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Figure 2.1: The emission spectra produced by gas accreting onto a 100M� BH with
two different accretion rates, Ṁ = 10−6M�yr−1 and Ṁ = 10−12M�yr−1. “MCD”
(solid) shows the continuum spectra from the multi-color disks and “NT” (dashed)
denotes a non-thermal component with a power law of β = 1. The combined
spectra are normalized to the total luminosity, L = εṀc2, where ε = 0.1 is the
radiative efficiency, assuming that each component contributes 50% to the total.
Note that in our simulations we ignore the multicolor disk component and instead
assume that the radiation emitted by the accreting BH is characterized by a pure
power law spectrum.
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and a typical density of nH = 10 cm−3, we compute an equilibrium ionization

front (I-front) radius of . 5 pc, which is comparable to the spatial resolution of the

simulations.

We follow Kuhlen & Madau (2005) to model the propagation of high-energy

photons where the isotropic radiation field, ∝ 1/r2, is a function of distance from

the BH only. The coefficient for the ionization rate, kion, can be written as

kion =

∫ νmax

νNT

Fνσν
hν

dν (2.3)

where νNT = 0.2 keV/h is the frequency where the non-thermal component

starts to dominate and νmax = 10 keV/h is the upper cutoff frequency. Our choice

of energy range, 0.2−10 keV, is motivated by the study of Miller et al. (2003), where

the spectra of select ULXs associated with 100M� black holes were fitted with a

power law in this same range. For the hydrogen and helium photo-ionization cross

sections, σν , we use the standard expressions (Barkana & Loeb, 2001; Osterbrock

& Ferland, 2006).

To consider the secondary ionization effects from energetic electrons re-

leased through the absorption of an X-ray photon, we adopt the fitting formulae

given by Shull & van Steenberg (1985) (Valdés & Ferrara, 2008; Furlanetto & Sto-

ever, 2010). They computed the fractions of the initial electron energy going into

secondary ionizations of HI, secondary ionizations of HeI, and into heating the sur-

rounding gas. Secondary ionizations of HeII are not important (Shull & van Steen-

berg, 1985), and are thus not included in the overall energy budget. The effective
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ionization rates can thus be written

keff [HI] = kion[HI] + ksec[HI], (2.4)

where

ksec[HI] = fH

(
ΓHI +

nHeI

nHI

ΓHeI

)
1

13.6 eV
, (2.5)

and

keff [HeI] = kion[HeI] + ksec[HeI], (2.6)

where

ksec[HeI] = fHe

(
ΓHeI +

nHI

nHeI

ΓHI

)
1

24.6 eV
. (2.7)

Here Γ, the rate at which the excess energy is released due to the first pho-

toionization of the gas by X-rays, is given by

Γ = nn

∫ νmax

νNT

Fνσν

(
1− νmin

ν

)
dν, (2.8)

where nn is the number density of the respective unionized species, νmin the

ionization threshold frequency, hνmin=13.6 eV, hνmin=24.6 eV, and hνmin=54.4 eV

for hydrogen, neutral helium, and singly ionized helium, respectively.

The fractions going into secondary ionizations, fH and fHe, are a function

of the hydrogen ionization fraction, xion = nH+/nH, and can be expressed as

fH = 0.3908(1− x0.4092
ion )1.7592 (2.9)

fHe = 0.0554(1− x0.4614
ion )1.6660 , (2.10)

22



and the photo-heating rates are then H = Γ(1− fH/He).

The flux from the non-thermal component is given by

Fν = Fν0

(
ν

ν0

)−β

, β = 1, (2.11)

in the range of 0.2−10 keV, implying a mean hydrogen-ionizing photon energy of

390 eV. Here Fν0 , the flux at ν0 = νNT, is determined at every timestep, based on

the normalization:

εṀBHc
2 =

∫ νmax

νNT

Lνdν, (2.12)

where, Lν = 4πr2Fν is the specific luminosity. We note that since extinction along

the line of sight is not taken into account, the estimated ionization and heating

rates are likely upper limits. Recall that the accretion rate, ṀBH, is updated at

every timestep, thus allowing our algorithm to reflect the changing conditions in

the vicinity of the BH.

The resulting photo-ionization and photo-heating rates are a function of dis-

tance from the BH, the instantaneous accretion rate, a function of the hydrogen

ionization fraction, and can be conveniently written as

kion = K̇

(
r

pc

)−2
(

ṀBH

10−6M�/yr

)
, (2.13)

where

K̇ = [1.96, 2.48, 0.49]× 10−11 s−1, (2.14)

and

H = nj Ḣ

(
r

pc

)−2
(

ṀBH

10−6M�/yr

)(
1− fH/He

)
, (2.15)
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where

Ḣ = [7.81, 9.43, 1.63]× 10−21 erg s−1 (2.16)

for neutral hydrogen, neutral helium, and singly-ionized helium, respectively. The

corresponding number densities of each species j are given by nj.

2.2.5.3 HMXB Emission

Recent improved simulations of Pop III star formation suggest that the pri-

mordial gas could fragment into two or more distinct cores, possibly resulting in

a massive binary, or higher-multiple stellar system (e.g. Turk et al., 2009; Stacy

et al., 2010, 2012; Clark et al., 2011a,b; Greif et al., 2011; Smith et al., 2011; Prieto

et al., 2011). This picture provides another possible X-ray source connected to the

first stars, where the primary in a binary system leaves a BH behind at the end of

its short life (e.g. Mirabel et al., 2011; Haiman, 2011). The remnant could remain

bound to the slightly less massive secondary, where nuclear burning is still going

on. The material lost by the secondary in a wind or by Roche lobe overflow will be

dumped onto the companion BH, releasing copious X-ray emission. The duration

of such a HMXB is limited by the main-sequence lifetime of the donor, and is of

the order of 107 yr.

It has been suggested that there is a correlation between the number of

HMXBs and ultra-luminous X-ray sources (ULXs), which can be explained as a

subpopulation of the former, and low-metallicity environment (e.g. Majid et al.,

2004; Dray, 2006; Soria, 2007; Mapelli et al., 2009; Linden et al., 2010). We can

thus expect that the number densities of HMXBs and ULXs at high redshifts, when
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the universe was chemically pristine, were higher than what is observed locally

(Mirabel et al., 2011; Haiman, 2011). Such local surveys show that HMXBs and

ULXs have luminosities of LX ∼ 1038 erg s−1 and LX & 1040erg s−1, respectively,

which are close to the Eddington value, or mildly super-Eddington (Grimm et al.,

2003). Consequently, we assume that the luminosity of a HMXB at high redshifts

is close to the Eddington limit, LEdd = 4πGMBHmHc/σT, wheremH, σT, and c de-

note the proton mass, Thomson cross section, and the speed of light, respectively.

We further assume that the spectrum exhibits the same power-law behavior as in

Equation (2.11). The X-ray luminosity in the HMXB scenario is then determined

from

LEdd = 1.38× 1040 erg s−1

(
MBH

100M�

)
=

∫ νmax

νNT

Lνdν, (2.17)

and we assume MBH = 100M�.

2.3 Results
2.3.1 First Galaxy Assembly

In this section we present the results obtained from our simulations. In

Section 2.3.1.1, we briefly discuss the properties of the H II regions around massive

Pop III stars in order to check for agreement between our work and previous studies.

We proceed in Section 2.3.1.2 to derive the star formation rate in the Lagrangian

volume of the emerging primordial galaxy. We then discuss in Section 2.3.1.3 how

this galaxy is assembled, contrasting the simulations of feedback from a single

isolated accreting black hole (BHS) and from a HMXB (BHB) described in Sec. 2.2
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with a simulation without BH feedback (BHN). We conclude with a description of

the accompanying black hole growth.

Note that the BHN, BHS and BHB simulations end at different redshifts,

corresponding to z ≈ 11.6, z ≈ 10.4, and z ≈ 15.8, respectively. The reason

that we terminated the BHN run earlier than the BHS case is mainly due to com-

putational expense, but the galaxy at z ≈ 11.6 already meets the criterion for first

galaxies and the results give us enough information to compare with those of the

BHS run. For the BHB case, we have performed the simulation for much longer

than any realistic lifetime of HMXBs. For example, the main-sequence lifetime of a

donor star of 30M�, close to the predicted typical Pop III mass (Clark et al., 2011b;

Hosokawa et al., 2011; Stacy et al., 2012), would be ∼ 20 Myr. Thus, our work can

be considered to represent the case where at least one HMXB exists continuously

over 150 Myr, somewhere in the Lagrangian volume of the emerging protogalaxy.

2.3.1.1 H II Regions around the First Stars

The first Pop III star to appear in our cosmological box forms at a redshift

z = 28 inside a 5 × 105M� minihalo. Since the Pop III star is assumed to be

very massive, with M∗ ' 100M�, it produces copious amount of ionizing photons

which carve out an extended H II region into the surrounding IGM. The gas within

the H II region is photo-heated to temperatures, T ∼ 3×104 K, in excess of the virial

temperature of the minihalo, thus triggering a hydrodynamic outflow. In Figure 2.2,

we show the projected temperature approximately 1 Myr after the radiation from the

central star was switched off. The terminal size of the H II region is about ∼5 kpc1,

26



Figure 2.2: Radiative feedback from the first star. We show the projected tempera-
ture distribution, employing a density-squared weighting scheme, of the H II region
around a 100M� Pop III star at z = 28, briefly after its death. The size1 of the final
H II region, ∼ 5 kpc, greatly exceeds the virial radius of the host halo, ∼100 pc.
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Figure 2.3: Gas properties within the H II region depicted in Fig. 2.2. We show
the situation ∼1 Myr after the radiation from the Pop III star was switched off.
From left to right, the panels show gas temperature, hydrogen number density, and
electron fraction as a function of distance from the central star. The color coding
indicates the fraction of mass per pixel in a given phase. The total gas mass, Mtot,
corresponds to the central 10 kpc.

such that the I-front extends much farther out than the virial radius of the minihalo,

rvir ∼100 pc. Note that the anisotropic morphology of the H II region reflects

the inhomogeneous density distribution in the neighboring IGM. We describe the

physical properties of the photo-ionized gas in Figure 2.3, again ∼ 1 Myr after the

Pop III star died. At this time, the gas towards the center has already begun to cool

and recombine, leading to a relic H II region.

The expansion of the I-front begins with a very short lived R-type (super-

sonic) phase, followed by a D-type (subsonic) one, where the I-front is trapped be-

hind a hydrodynamical shock wave (e.g. Whalen et al., 2004; Alvarez et al., 2006;

Johnson et al., 2007). After ∼ 105 yr, the I-front is able to break out, now again
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supersonically racing ahead of the shock into the low-density IGM. The resulting

density profile, together with the location of the shock at ∼200 pc, and a corre-

sponding velocity of vsh ∼ 25 − 35 km s−1, are in good agreement with the an-

alytical champagne-flow solution (Shu et al., 2002). We note that contrary to the

minihalos of ∼ 106M�, common at high redshifts, the extent of the shock radius

is likely to decrease in rare higher-mass halos, with & 107M�, due to their deeper

potential wells and the effect of infalling gas, possibly trapping the I-front within

the host halo, resulting in a compact H II region (Kitayama et al., 2004; Yoshida

et al., 2007a).

At the end of the life of the Pop III star after∼2.7 Myr, when it leaves a mas-

sive BH remnant behind, the surrounding gas has been evacuated from the minihalo,

thus preventing the relic BH from accreting any cold gas for an extended period of

time. After the radiation from the central star shuts down, the relic H II region starts

cooling partly due to adiabatic expansion cooling, and partly due to atomic hydro-

gen line cooling, facilitated by collisional excitations from the enhanced abundance

of free electrons. The elevated electron fraction catalyzes the formation of H2 and

HD molecules in the relic H II region, thus providing additional molecular cooling

(Ricotti et al., 2001; Johnson et al., 2007). Roughly 10 Myr after the radiation from

the Pop III star turns off, the temperature decreases from 104 K to 103 K and the H2

abundance increases from 10−8 to 10−4. While H2 and HD molecules are suscep-

tible to photo-dissociation from Lyman-Werner (LW) radiation produced in neigh-

boring star-forming halos, the relatively short time required for the re-formation of

H2 and HD, compared to the average time between the formation of Pop III stars,
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allows their abundances to remain high.

2.3.1.2 Star Formation

Figure 2.4 shows the distance between newly formed Pop III stars and the

central BH in the range of redshifts z = 10 − 20 from three simulations. A total

of ∼ 50 Pop III stars have been formed in the BHN and BHS cases, accompanied

by individual H II regions, according to our criterion that stellar radiative feedback

is taken into account only for those stars formed within a 10 kpc radius from the

center of the emerging protogalaxy. We find that for over 250 Myr after the seed BH

formed there has been no further star formation within the host halo in simulation

BHS. This is because it takes time for the gas expelled by the BH progenitor star to

be reincorporated into the halo, and the modest feedback from the BH prevents the

gas from cooling. In simulation BHN, on the other hand, stars inside the host halo

continue to form already much earlier, demonstrating that X-ray heating from the

accreting BH in simulation BHS implies a strong local negative feedback.

Note the intense burst of star formation taking place within the virial radius

of the protogalactic halo at z = 11.5 − 10.5 in the BHS. This starburst is fueled

by a massive infall of gas. This gas is able to cool not only via molecular hydro-

gen cooling but also via atomic hydrogen line cooling. A fraction of the gas mass

moving toward the central BH is thus consumed by star formation rather than being

accreted onto the BH.

In Figure 2.5, we show the evolution of the stellar mass density and the star

formation rate density (SFRD). The comoving stellar mass density is calculated us-
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Figure 2.4: Distances between newly formed Pop III stars that are accompanied by
H II regions and the BH as a function of redshift from our three simulations. Note
that the BHN, BHS and BHB simulations end at different redshifts, corresponding
to z ≈ 11.6, z ≈ 10.4, and z ≈ 15.8, respectively (indicated by the vertical dotted
lines). A total of ∼ 50 Pop III stars form ww ithin 10 kpc around the central BH in
the range of redshifts z = 20 − 10 in simulations BHN and BHS. In the BHB run,
the positive feedbaa ck is clearly evident far away from the source. This is due to
the gas collapse into distant minihalos, facilitated via H2 cooll ing promoted by the
strong X-ray emission from the HMXB; locally, on the other hand, star formation
is suppressed due to the strong nee gative feedback from the binary source. We also
show the virial radius of the DM halo hosting the active BH or the HMXB(dashed
lii ne). The X-ray photoionization heating from a stellar-mass BH is also able to
quench further star formation in the host halo at all tt imes before the halo enters
the atomic cooling phase. The top axis shows the time elapsed since the formation
of the black hole at time t0.

31



ing the stellar masses that have been formed within the 10 kpc radius from the center

of the emerging protogalaxy at a given redshift. For the SFRD, we take the time

derivative of the stellar mass density at the redshift when the Pop III stars formed.

For comparison, we overplot SFRDs using analytic fitting formulae (Hernquist &

Springel, 2003), for higher-mass halos where atomic hydrogen cooling is dominant,

and for minihalos, assuming that one 100M� Pop III star forms per system via H2

cooling (Yoshida et al., 2003).

The estimated star formation rate densities from our simulations lie between

the two analytical fits. Evidently, at z = 20 the SFRD in the BHB run is higher than

in the BHN and BHS cases, by a factor of about 3. This is a consequence of the

positive feedback, where gas collapse into distant minihalos is facilitated via H2

cooling promoted by the strong X-ray emission from the HMXB. As density fluc-

tuations grow and star formation is enhanced, the local negative radiative feedback

from Pop III stars begins to dominate, mitigating the positive HMXB feedback ef-

fect. We have not considered cooling due to metals and dust, both produced in SN

explosions. At low densities, n < 500 cm−3, and at low metallicities, Z < 10−3 Z�,

however, H2 cooling is expected to dominate over metal-line cooling (e.g. Jappsen

et al., 2007, 2009a,b).

2.3.1.3 Mass Growth

The characteristic property to distinguish the first galaxies from lower mass

minihalos is their ability to cool through atomic hydrogen line emission, depending
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Figure 2.5: Top panel: Comoving stellar mass density vs. redshift. We compare
the results from our three simulations, the BHN comm parison case (solid line), the
BHS feedback run (dashed line), and the BHB run (dot-dashed line). It is evident
that the positive feedback from the BH binary, acting on cosmological scales, has
boosted star formation at the highest redshifts. Bottom panel: Comoving star for-
mation rate density vs. redshift. The lines refer to the same simulations as above.
For comparison, we overplot the analytic fitting formula, derived by ?, for higher-
mass systems where atomic cooling is active (dotted line), and that of Yoshida et al.
(2003) for Pop III starr formation in minihalos via H2 cooling (dashed triple-dotted
line).
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on the virial temperature of the hosting halo with a virial mass Mvir:

Tvir ∼ 104 K

(
Mvir

5× 107M�

)2/3(
1 + z

10

)
. (2.18)

Above Tvir & 104 K, the gas within the halos is able to cool mainly via

atomic hydrogen. In Figure 2.6, we show the evolution of the virial mass for the

most massive halo, which will host the first galaxy at z ∼ 10, as well as of the total

and cold gas masses for the three simulations presented in this work. The virial

mass of the DM halo is estimated as the mass within a sphere with average DM

density ρ ∼ 200 ρ0(z), where ρ0 is the mean cosmic density at a given redshift.

Cold gas is identified by the condition that the gas temperature is less than half of

the halo virial temperature, T < 0.5 Tvir(z). We also indicate the critical mass

required for the onset of atomic hydrogen cooling at a given redshift.

We find that at z & 18, the halo is dominated by hot gas, exceeding the

amount of cold gas by an order of magnitude. As time passes on, the cold gas mass

increases, eventually accounting for & 80% of the total gas mass in simulations

BHN and BHS. This trend can be understood by the vulnerability of the halo gas

to stellar radiative feedback. The corresponding evacuation of gas from the halo is

very strong at high redshifts, z & 18, because the halo potential wells were not yet

deep enough to retain photo-heated gas. We note that the sharp dips in the amount

of cold gas are due to star formation inside the halo itself (at z . 12), as well as in

neighboring halos that are sufficiently close, within . 5 kpc. The ionizing feedback

from the accreting BH starts operating at z < 18, above which the effect is too weak

as a result of the initially very low BH accretion rates.
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While the total amount of gas is not sensitive to the BH feedback, the reduc-

tion in cold gas mass by a factor of ∼ 5 indicates that the additional heating from

this feedback, on top of the stellar feedback, has a significant impact on the gas in

the center of the forming galaxy. As the halo grows further via smooth accretion

and mergers with minihalos, however, at z ∼ 13, both the total gas mass and mass

of cold gas are no longer sensitive to the BH radiative feedback. At z ∼ 11.5, the

condition for an atomic cooling halo is satisfied.

For simulation BHB, the heating from the HMXB is so strong that all gas

particles have temperatures T > 0.5 Tvir(z), over the entire range of simulated

redshifts z & 15, and the total gas mass is reduced by an order of magnitude by

photo-evaporation, as is clearly evident in the dot-dashed lines Figure 2.6. This

result would imply that if an HMXB existed within a minihalo at high redshifts,

it would take significantly longer for the halo to reassemble the lost gas, and to

eventually evolve into a primordial galaxy.

In Figure 2.7, we show the evolving conditions of the gas in the vicinity of

the accreting BH in simulation BHS, while the first galaxy is assembled. Initially,

the BH is located at the center of the H II region produced by the progenitor star.

As filamentary structure develops, gas infall and mergers with minihalos frequently

occur along the filaments (see the middle panel of Fig. 2.7). Cold accretion along

the filaments, which are dense enough to allow molecule re-formation, in turn lead-

ing to enhanced cooling, efficiently delivers cold gas into the center of the halo.

Roughly 300 Myr after the seed BH formed, the conditions for the onset of atomic

hydrogen cooling are met. The virial radius of the halo at this time is rvir ∼1 kpc.
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Figure 2.6: Assembly of the first galaxy. Shown is the redshift evolution of DM
virial mass (black solid line) of the halo which will host the firss t galaxy at z ∼ 10,
as well as of the total gas mass (red) and the cold gas mass (cyan) within the halo
for simulations BHN (solii d lines), BHS (dotted lines), and BHB (dot-dashed line).
The black dashed line represents the critical mass required for the onset of atoo mic
cooling in the halo at a given redshift. There is no cold gas within the halo in
simulation BHB owing to the strong heating from the HMXB.
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Figure 2.7: Gas properties in the vicinity of the accreting BH in simulation BHS.
Shown are the density-weighted temperature (top row) and the projj ected hydrogen
number density (bottom row) of the gas within cubical slices of linear size 100 kpc
(comoving). The small insets provide zooms intt o the central 10 kpc (comoving).
The situation is depicted at three different times, ∆t= 0, 100, and 300 Myr after
the BH has been formed at thee center of the minihalo, corresponding to z = 27.9,
17.7, and 11.0, respectively. The location of the BH is marked by a black circle at
the center of eaa ch plot.
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2.3.1.4 Black Hole Growth

Figure 2.8 shows the evolution of the accretion rate onto the BH, the tem-

perature and density of the neighboring gas, as well as the BH mass for simu-

lations BHN and BHS. For the temperature and density, we average over the 50

closest SPH particles. The BH remnant, originating in the death of a Pop III

star, initially resides within a medium of high temperature, ∼ 104 K, and very

low density, nH ∼ 0.1 cm−3, preventing the gas from cooling and hence accret-

ing onto the BH. At this stage, the accretion rate is only ṀBH ∼ 10−11M� yr−1,

and the corresponding accretion luminosity, assuming a 10% radiative efficiency,

is Lacc = εṀBHc
2 ∼ 5.7 × 1033 erg s−1. This value is seven orders of magnitude

below the Eddington luminosity, and BH growth and feedback are negligible in the

beginning. As the potential well of the host halo becomes deeper, however, the

amount of infalling gas increases with time, boosting the accretion rate, especially

at z ∼ 17 − 19, as can be seen in Figure 2.8. Consequently, the accretion lumi-

nosity also becomes large enough to influence the surrounding gas, keeping it at

a temperature that is an order of magnitude higher than in the BHN comparison

simulation.

The accretion rate in the BHN simulation is already comparable to the Ed-

dington value, depicted as dashed lines in Figure 2.8 (top panel), at z ∼ 15.5, while

it is still an order of magnitude lower in the BHS case. Occasionally, star formation

takes place very close to the BH, e.g., ∼ 1 kpc away at z ∼ 14 (see Fig. 2.4). The

radiative feedback from this event acts to compound the heating effect from the BH

accretion, thus rendering the removal of gas out of the shallow potential well more
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effective. Such gas evacuation at z ∼ 14 due to both feedback effects is clearly seen

in Figure 2.6.

The combined stellar and BH radiative feedback results in an accretion rate

that is on average 4 orders of magnitude below the Eddington value at z = 14− 13.

Even 300 Myr after the formation of the BH, its mass has increased by only 1.5 % in

the BHS simulation, whereas there is a two orders of magnitude growth in the BHN

case. This indicates that the feedback from a stellar-mass BH is sufficiently strong

to prevent significant growth, suggesting a very important constraint on SMBH

formation scenarios. We infer that the radiative feedback from an accreting BH

might be partly responsible for the low density of quasars at redshifts z ∼ 6, by

suppressing early BH growth.

2.3.2 Protogalactic Gas Properties

In this section, we discuss the properties of the gas as it falls into the center

of the emerging galaxy at z ∼ 10. We compare the situation for our different

assumptions on the feedback acting during the preceding assembly, including a

discussion of the complementary PISN case. This allows us to constrain the initial

conditions for the subsequent starburst inside the first galaxies, a crucial input for

predicting their observational signature.

2.3.2.1 Isolated Black Hole Case

In Figure 2.9, we compare the temperature, electron fraction, H2 fraction,

and HD fraction of the primordial gas within the virial radius of the first galaxy
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Figure 2.8: BH growth with and without feedback. Shown is the redshift evolution
of the BH accretion rate, the temperature and density of the gas in the immediate
vicinity of the BH, as well as the resulting BH masses for simulations BHN (black)
and BHS (red). In the top panel, we also indicate the corresponding Eddington-
limited accretion rates for the two cases (dashed lines).
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halo as a function of number density for simulations BHN and BHS. We see that

at low number densities, nH = 10−3 − 1 cm−3, corresponding to the outskirts

of the host halo, for both the BHN and BHS simulation the gas temperature is

high, T ∼ 103 − 104 K, and the electron fraction is enhanced, fe− = 10−2, due to

the accumulated relic H II regions produced by previous star formation inside and

outside of the halo, and due to heating in accretion shocks.

In the BHS run, additional heating from the BH allows the gas within the

halo to maintain a relatively high temperature over the entire range of densities.

There is a substantial difference seen in the electron fraction: while varying over

the large range of fe− = 10−6 − 1 in the BHN simulation, in the BHS case most

gas within the virial radius has electron fractions above & 10−2, and there is no gas

present with fractions < 10−4. In response to the substantially increased electron

fraction, the formation of H2 and HD is catalyzed, leading to molecule abundances

that are higher by two orders of magnitude compared to the BHN run.

In the absence of feedback from a BH in simulation BHN, the molecu-

lar hydrogen fraction converges to the well-known asymptotic value of fH2 ∼

10−3. This behavior reflects a freeze-out process (Oh & Haiman, 2002), where

the molecular hydrogen abundance no longer evolves once the recombination and

cooling timescales become less than the H2 formation and dissociation timescales,

trec, tcool � tform, tdiss. Here, the recombination time is trec ∼ 1/(αBnfe−), and

the H2 formation and dissociation timescales are tform ∼ nH2/ṅH2,form and tdiss ∼

nH2/ṅH2,diss, respectively.

To illustrate the basic difference between the BHN and BHS simulations,
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Figure 2.9: Gas properties within the virial radius of the first galaxy halo. We
compare the situation in simulations BHN at z = 11.6 (left-hand) and BHS at
z = 10.4 (right– hand), corresponding, respectively, to the end of each of the
twimulations. From top to bottt om, each panel shows the gas temperature, electron
fraction, H2 abundance, and HD abunn dance, respectively. The feedback frohe
isolated BH significantly modifies the thermodynamic properties of the central gas.
The color coding in these diagrams indicates the fraction of mm ass in a en phase.
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we calculate a simple one-zone model, using the same chemistry module as in the

simulations, but focusing on a single, representative fluid element as it falls into the

center of the emerging galaxy. In the model, the radiation from the BH is imposed

by a 1/r2 radiation field, adopting a typical accretion rate of 10−8M�yr−1, and we

assume that the fluid element has a fixed density of n = 10 cm−3, placed r = 100 pc

away from the BH at z = 11.6. Our fluid element is initially hot, T = 104 K,

and highly ionized, typical for a location inside a relic H II region. The results

of the one-zone model are shown in the top panel of Figure 2.10. To guide the

interpretation of these results, we also show, in the bottom panel of Figure 2.10,

the cooling time and the timescales for formation and dissociation of molecular

hydrogen, and for the evolution of the electron fraction, te ≡ ne/ṅe.

In the case without BH feedback (solid lines), the H2 formation and disso-

ciation timescales are significantly longer than both the timescales for the evolution

of the electron fraction and the cooling rate once the temperature has dropped be-

low a few 103 K, establishing the freeze-out value of fH2 ∼ 10−3. In the presence

of BH feedback (dashed lines), on the other hand, the additional ionization from

the BH X-ray emission significantly increases the fraction of free electrons at low

temperatures. The enhanced electron fraction promotes the formation of H−, and

this, at low temperatures, in turn implies an increase in the H2 fraction. We note

that similarly high H2 fractions have been found in the related but different context

of the non-equilibrium chemistry and cooling of primordial gas behind structure

formation shocks under external irradiation (Shapiro & Kang, 1987).

The overall distribution of the HD abundance is similar to that of H2. In
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the BHS run, the HD fraction increases to fHD ∼ 10−6 which exceeds the criti-

cal level needed for efficient cooling to the cosmic microwave background (CMB)

temperature in local thermodynamic equilibrium, fHD,crit ∼ 10−8, by two orders of

magnitude (Johnson & Bromm, 2006), as can be seen in Figure 2.9. Nevertheless,

HD cooling does not succeed in tying the temperature to the CMB because of the

continuous heating from the BH.

We plot the properties of the gas in simulation BHS in Figure 2.11, but this

time as a function of distance from the central BH. The most noticeable feature

here is the presence of the two distinct branches towards the center r < 100 pc

which is explained by the BH feedback. To better understand the BH feedback

effect, in Figure 2.12 we follow the evolution of one representative SPH particle for

∼ 60 Myr. Initially, the tracked particle is located at 100 pc away from the central

BH, where BH feedback is negligible. The sudden jumps in both temperature and

electron fraction indicate a number of star formation events inside and outside of

the halo. Soon after such events, the gas begins to cool back to a few ∼ 103 K, as is

typical for relic H II regions.

As the gas particle moves within 100 pc from the BH, however, the contin-

uous heating from the accreting BH starts to operate, resulting in temperatures of

∼ 103 K and an electron fraction of fe− ∼ 0.1. As a consequence, H2 molecule

formation is catalyzed, leading to fractions of fH2 & 10−2. Finally, when the gas

particle is located too close to the BH, r . 10 pc, the strong X-ray flux heats up

the gas again to ∼ 104 K, leading to the dissociation of molecules and producing

the two distinct branches within the central 100 pc, clearly seen in Figure 2.11. We
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Figure 2.10: Chemical evolution of the central gas cloud. We calculate an idealized
one-zone model, tracing the history of a representative fluid element in the center
of the emerging galaxy, starting from T > 104 K and subsequently cooling down.
We employ the same chemistry module as used in the three-dimensional simula-
tions. Top panel: evolution of the particle abundances. Bottom panel: Characteristic
timescales. In the absence of feedback from a BH (simulation BHN; solid curves),
the H2 abundance converges to the asymptotic value of fH2 ∼ 10−3, reached when
both the timescale for the evolution of electron abundance and the cooling time
become shorter than the H2 formation and dissociation timescales (Oh & Haiman,
2002). With BH feedback present (BHS; dashed curves), the electron fraction is en-
hanced due to the X-ray photoionization, and the H2 fraction is enhanced, reaching
up to & 10−2. We note that the additional photo-heating and photo-ionization due to
the radiation from a BH increase the cooling time and the timescaler the evolution
of the electron fraction, leading to the peaks clearly seen in the bottom panel.
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Figure 2.11: Gas properties in the center of the emerging first galaxy. We show
temperature, chemical abundances, and number density vs. radial distance from the
actic center for the same simulation BHS at z = 10.4 as in the right-hand panel
of Figure 2.9. The radiative feedback from the accreting BH is responsibfor the
presence of two distinct branches within the central 100 pc.
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point out that the dense clumps around 700 − 800 pc from the BH in Figure 2.11

correspond to the middle branch in the H2 and HD molecule fractions, evident in

the right panel of Figure 2.9.

2.3.2.2 Black Hole Binary Case

In simulation BHB, where the continuous feedback from an HMXB is in-

cluded, a dramatic change is seen in the gas properties surrounding the central

HMXB. Figure 2.13 shows the comparison between simulations BHN and BHB at

z = 15, plotted in the same fashion as in Figure 2.11, but now extending to 30 kpc

from the HMXB to illustrate the effect of feedback not only on the gas within the

host halo, but also on the distant IGM. We carefully select the snapshots to guar-

antee that we are seeing the feedback effect from the HMXB, without confusion

from Pop III stellar radiation. In the BHB run, the gas temperature within the cen-

tral 1 kpc reaches ∼ 104 K, or even higher. The H2 and HD molecule abundances

are consequently suppressed via effective collisional dissociation, leading to values

of fH2 ∼ 10−6 and fHD ∼ 10−11, respectively. The mean density of the gas in

the central 100 pc is nH ∼ 0.01 cm−3 which is 4 orders of magnitude smaller than

that in the BHN run, showing the strong photoevaporation due to HMXB radiative

feedback.

In both simulations part of the IGM outside a 1 kpc radius is heated and

ionized by an I-front which had been generated 6.5 Myr ago by Pop III stars formed

∼ 5 kpc away from the center of the halo hosting the HMXB. The HMXB feedback

effect on the IGM is most clearly evident in gas which has never experienced any
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Figure 2.12: History of a representative SPH particle in the vicinity of the central
BH. We follow the evolution for 60 Myr, starting at a distance of 100 pc away from
the BH, all the way to the center of the emerging first galaxy halo. The spikes in
the temperature and electron fraction are due to individual star formation events
occurring inside or outside of the growing halo. As the gas particle moves to the
center of the halo, feedback from the accreting BH begins to operate, promoting
H2 and HD molecule formation. Very close to the BH, however, the heating is
sufficiently strong to destroy the molecules, generating the two distinct branches
for r . 50 pc seen in Fig. 2.11.

48



stellar radiation feedback, as the latter could masquerade as the former. The distant

IGM in the BHN simulation is in a cold and neutral state, while in the BHB run, the

IGM unaffected by any stellar radiative feedback is in a warm and partially ionized

phase because of the pervasive effect of the strong HMXB emission. These are

favorable conditions for H2 and HD molecule formation, promoting their abundance

by an order of magnitude over the BHN case.

To more clearly distinguish the HMXB feedback on the first galaxy and

on the distant IGM, we compare in Figure 2.14 the volume-averaged temperature,

electron fraction, and H2 fraction for simulations BHN and BHB inside and outside

of a 15 kpc radius, beyond which our algorithm does not trigger the build-up of H II

regions around newly-formed Pop III stars. Hence, any variations in gas properties

in the far-zone are caused by the HMXB feedback alone. Here, we adopt a 15 kpc

cutoff radius rather than 10 kpc, the region inside which stars are endowed with an

H II region, because an ionized region generated by a Pop III star formed near r ∼

10 kpc from the center of the emerging galaxy will extend out to∼ 15 kpc. The cor-

responding X-ray heating increases the volume-averaged temperature within 15 kpc

by only a factor of 3, while the temperature in the distant IGM is enhanced by two

orders of magnitude. The difference in the near zone is relatively small because the

gas within the 15 kpc radius is affected by both the feedback from Pop III stars, and

from the HMXB, indicating that the overall gas properties are dominated by the

local stellar feedback. In the absence of any local stellar feedback, as is the case in

the region beyond the 15 kpc radius, on the other hand, the IGM is substantially pre-

heated, and partially ionized when HMXB feedback is present. These conditions
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facilitate molecule formation, enhancing abundances by an order of magnitude. Our

results are in good agreement with the study of Kuhlen & Madau (2005), given that

the X-ray flux in our simulation BHB is comparable to that for their power-law

case.

We assume that the HMXB source has been turned on for∼ 150 Myr, which

is much longer than any realistic lifetimes. For example, the main-sequence life-

time of a donor star of 30M�, close to the predicted typical Pop III mass (e.g. Clark

et al., 2011b; Hosokawa et al., 2011; Stacy et al., 2012), would be ∼ 20 Myr. Thus,

our work can be considered to represent the case where at least one HMXB exists

continuously over 150 Myr, somewhere in the Lagrangian volume of the emerging

protogalaxy. A preheated IGM would provide us with a promising observational

window into the early universe. Under these conditions, the IGM would be suffi-

ciently hot to be decoupled from the CMB temperature, TCMB = 2.73 K (1 + z),

but not hot enough to be ionized, leaving the IGM substantially neutral. Such a

preheated, neutral IGM is likely detectable in the emission of redshifted 21 cm ra-

diation, which is produced by the spin-flip transition between the singlet and triplet

hyperfine- structure levels of neutral hydrogen. In principle, future 21 cm observa-

tions could provide constraints on the character of early feedback processes, and in

particular on the importance of a contribution from Pop III miniquasars (Furlanetto

et al., 2006).
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Figure 2.13: Impact of HMXB feedback. We compare the protogalactic gas prop-
erties in simulations BHN (left) and BHB (right) at z = 15, similar to Fi2.11, but
now extending to 30 kpc to illustrate the HMXB feedback effect not only on the gas
within the host halo, but also on the extended IGM.
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Figure 2.14: Impact of HMXB feedback on IGM. We show the volume-averaged
temperature, electron fraction, and H2 fraction vs. redshift in simulations BHN and
BHB. We show these quantities separately for radial distances smaller and larger
than 15 kpc, beyond which the feedback from Pop III stars is not included. Hence,
the feedback effect from the HMXB on the distant IGM becomes clearly apparent.
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2.3.2.3 Comparison to SN Feedback

In the previous section we discussed the situation established under radia-

tive feedback from an accreting isolated BH, and an HMXB. Effectively, we have

made the assumption that all Pop III stars end their lives as a BH, without any SN

explosion preceding their deaths. If a Pop III star, however, has a mass in the range

of 140− 260M�, it would die as a PISN, exerting a strong mechanical feedback on

the surrounding primordial gas, enriching it with the metals produced before and

during the explosion. We are able to directly compare our results to those of Greif

et al. (2010), where PISN enrichment of the IGM, stellar radiative feedback, chemi-

cal mixing, and metal-line cooling were included, because all simulations start from

the same initial conditions. The underlying DM structure was thus identical, pro-

viding us with an ideal laboratory to study the impact of variations in the baryonic

physics on the assembly process of the first galaxies.

We find that the gas properties within the virial radius of the host halo in

our BHN simulation at z ∼ 10 are very similar to those in the Greif et al. (2010)

PISN simulation, except that the central gas in the latter simulation is enriched to

Z ∼ 10−3 Z�. It is, however, still unclear whether such enrichment level is suf-

ficient to enable the transition from Pop III to Pop II star formation, because the

critical metallicity threshold for this transition is still a matter of debate. The addi-

tional heating from the central BH in our BHS run, on the other hand, significantly

enhances molecule formation, possibly by up to two orders of magnitude, and the

gas might be able to further fragment. Which feedback is dominant in shaping

second-generation star formation in the first galaxies? The answer will strongly
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depend on the IMF of the first generation of stars, and on the detailed physics of the

transition from the predicted top-heavy IMF for Pop III to the more normal IMF in

already metal-enriched gas.

2.4 Summary and Conclusions

We have studied how the assembly of a primordial galaxy is affected by the

radiative feedback from an accreting, isolated stellar-mass black hole and a high-

mass X-ray binary (HMXB), which are two possible end products of Pop III star

formation. To accomplish this, we have carried out three cosmological simulations

which self-consistently account for the radiation from individual Pop III stars, and

from a central black hole X-ray source. In particular, we have focused on the early

growth of a Pop III black hole remnant at high redshifts, and on the role of black

hole feedback in shaping subsequent star formation in the emerging first galaxy at

z ∼ 10. Our main results and implications can be summarized as follows.

We have shown that locally, as opposed to any global effect on the large-

scale IGM, the feedback from an isolated, accreting black hole is very efficient,

leading to a strong suppression of the early growth of the seed black hole. With-

out such feedback, the growth rate quickly reaches near-Eddington values. Our

results imply the following important consequence. A widely adopted assumption

for the formation of early supermassive black holes (SMBHs), whose presence is

inferred from QSO observations at z ∼ 6, is that their growth begins with a Pop III

seed black hole. If this assumption were correct, quenching of black hole accretion
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would be required to avoid an overabundance of SMBHs at low redshifts (Trenti &

Stiavelli, 2007). Without such quenching, one would also run into inconsistencies

with the low number density of quasars, (6± 2)× 10−10Mpc−3 at z ∼ 6, assuming

H0 = 65 km s−1 Mpc−1,Ωm = 0.35, and ΩΛ = 0.65 (Fan et al., 2004). We suggest

that the radiative feedback from accreting black holes plays a key role in suppress-

ing early black hole growth, thus constraining models for SMBH formation.

However, in this study we have tracked only an isolated seed black hole,

born in a halo of 5 × 105M� that virialized at z = 28. Alternatively, a black hole

seed could form significantly earlier, in a halo corresponding to rare, very high-σ

peaks, thus providing a head start to the build-up process. A different growth-

boosting mechanism has been suggested by Volonteri & Rees (2005), arguing that

Pop III remnant black holes, hosted in halos with a virial temperature of Tvir &

104 K at z ∼ 25, corresponding to peaks of 4σ or above, may be able to experience

stable supercritical accretion owing to effective atomic hydrogen line cooling (e.g.

Li, 2011). It is still challenging to numerically test this scenario because of the

prohibitive computational expense to capture such rare massive halos and follow

their evolution.

Despite the extremely small accretion rates onto the isolated black hole, the

corresponding radiative feedback on the thermal and chemical evolution of the gas

in the immediate surroundings, at scales . 100 pc, is significant. The black hole

feedback establishes two distinct thermodynamic branches in the central region of

the emerging galaxy: A hot phase with T ∼ 104 K and high ionization fraction, as

well as a warm one with T ∼ 103 K and partially ionized conditions. In the latter
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phase, molecular hydrogen formation is favored, leading to an elevated fraction of

fH2 & 10−2, two orders of magnitude higher than in the absence of the radiation

from a black hole. This enhanced H2 fraction could promote second generation star

formation within the emerging first galaxies, possibly resulting in a burst-like mode.

However, we do not include the effect of Lyman-Werner molecule-dissociating pho-

tons emitted by the soft (MCD) component of the accreting black hole. Our H2 and

HD molecule abundances are therefore upper limits. In future work, we will explore

the impact of Lyman-Werner radiation generated by black hole accretion.

What would be the characteristics of the stars formed out of such metal-

free gas with a significantly enhanced electron fraction, the so-called Pop III.2 stars

(O’Shea et al., 2008). This issue is far from being settled. Existing studies sug-

gest that the elevated H2 and HD fractions will lead to rapid cooling, resulting in

smaller mass stars, of the order of ∼ 10M�, compared to the canonical value of

∼ 100M� for Pop III.1 stars formed in quasi-neutral minihalos (O’Shea et al.,

2005; Johnson & Bromm, 2006; Yoshida et al., 2007b). However, the suite of sim-

ulations carried out by Clark et al. (2011a), who considered turbulent fragmentation

in primordial gas, has indicated, somewhat counter-intuitively, that the second gen-

eration, Pop III.2 stars were likely more massive than the Pop III.1 stars, formed in

the pristine minihalos that are unaffected by prior star formation. This can be under-

stood by the inability of the gas in the Pop III.2 case to reach the CMB temperature

floor via HD cooling under realistic halo conditions.

The feedback from an efficiently radiating HMXB is very strong locally,

and moderately important globally. Locally, the effect on the surrounding primor-
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dial gas is to heat it to high temperatures of & 104K, and to fully ionize it. The

corresponding strong photo-evaporative outflow suppresses central gas densities,

thus preventing any subsequent star formation within the emerging galaxy. Our re-

sults imply that once a halo of ∼ 106M� harbors an HMXB, the ensuing strong

radiative feedback will delay the condensation of gas in the atomic cooling halo,

possibly leading to a decrease in the number of first galaxies at a given epoch.

While we explore in this work the impact of a continuously radiating HMXB, the

strength of the effect will depend on the realistic abundance and lifetime of such

HMXB sources at high redshifts. The highly penetrating X-ray photons emitted

by the HMXB are able to effectively heat and partially ionize the distant IGM as

well, and as a result catalyze the formation of molecular hydrogen over large vol-

umes. We have shown that the global star formation rate in the presence of HMXB

feedback is, at least at early times, higher than in the runs without it. We assume

that the broad protostellar mass function seen in recent high-resolution simulations

suggesting that primordial stars have less extreme masses is likely to increase the

possibility of HMXBs. However, the mapping between the protostellar fragments,

as represented by sink particles, to the final Pop III stars, is still incompletely un-

derstood. Improved simulations should soon be able to further elucidate this key

issue (Greif et al., 2012).

To sum up, the radiative feedback from accreting black hole sources, either

isolated or in a binary system, has a dramatic impact on the surrounding gas within

the first galaxy. The alternative, where no black hole feedback is present, but where

the gas is processed by a preceding PISN explosion, is less affected in the long run.
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However, it is likely that the enhanced cooling due to metals and dust will only

become effective at densities that are higher than can be resolved in these simula-

tions. One possible consequence of metal and dust cooling might be an enhanced

star formation efficiency, potentially enabling the formation of a bona fide Pop II,

stellar cluster inside the first galaxies (Clark et al., 2008; Tsuribe & Omukai, 2008;

Dopcke et al., 2011). To better understand such Pop II star formation, we need to

follow the subsequent collapse of the dense, metal-enriched gas with much higher

numerical resolution in future simulations.
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Chapter 3

Radiative feedback from high mass X-ray binaries on
the formation of the first galaxies and early

reionization2

3.1 Introduction

A key question in modern cosmology is to understand how the cosmic dark

ages ended with the emergence of the first sources of light (e.g. Loeb, 2010; Wiklind

et al., 2013). The nature of this transition is largely driven by the properties of the

first stars, also known as Population III (Pop III). Recent studies of their formation,

based on high-resolution simulations with realistic cosmological initial conditions,

have led to an important revision in our understanding (e.g. Turk et al., 2009; Stacy

et al., 2010, 2011; Clark et al., 2011a; Greif et al., 2011; Prieto et al., 2011; Smith

et al., 2011; Greif et al., 2012; Dopcke et al., 2013). Whereas the previous standard

model had posited that the first stars formed as very massive, single stars in the

centres of dark matter minihaloes (Bromm & Larson, 2004), in the revised model

they typically emerge as members of small multiple systems with a range of masses

2This chapter has been published as Jeon, M., Pawlik, A. H., Bromm, V., Milosavljevic, M. 2014,
MNRAS, 440, 4778

2Author Contributions: M.J. and V.B. conceived and planned the project. M.J. ran the simula-
tions and performed main analysis. A.P. provided the modified version of the GADGET code and
M.J. developed the code. M.J. , A.P., V.B., and M.M. discussed results. M.J. wrote the manuscript
with contributions from co-authors.
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(Bromm, 2013).

Although the characteristic mass of the first stars is now predicted to be

smaller than previously thought, of order a few 10M� instead of∼ 100M�, the ini-

tial stellar mass function (IMF) is found to be sufficiently broad that stellar masses

can still reach the high values for which black hole (BH) remnants are expected to

form. This is due to the ability to continuously accrete from a protostellar disk even

in the presence of protostellar radiation (e.g. Hosokawa et al., 2011; Stacy et al.,

2011; Hirano et al., 2013). These results open the possibility of Pop III high-mass

X-ray binaries (HMXBs), where one component is a BH remnant accreting material

from a companion (e.g. Mirabel et al., 2011; Haiman, 2011; Xu et al., 2013).

Whether suitable Pop III binary systems can form is still quite uncertain

(Saigo et al., 2004; Machida et al., 2008; Power et al., 2009; Stacy et al., 2012).

The main challenge is to extend the simulations over the entire accretion phase to

ascertain whether the protostars merge or are ejected by close encounters with other

protostars from the natal disk. Considering ten different minihaloes for 5000 yr, re-

cent work by Stacy et al. (2012) found a binary fraction of∼ 35% and a distribution

of semi-major axes that peaks at ∼ 300 AU. Depending on the physical properties

of binaries, those could be progenitors of gamma-ray bursts (Bromm & Loeb, 2006;

Belczynski et al., 2007), or sources of gravitational waves (Belczynski et al., 2004;

Kowalska et al., 2012), possibly detectable by current and future gravitational wave

interferometers.

In the local Universe, the dominant X-ray contribution from star-forming

galaxies comes from HMXBs and ultraluminous X-ray sources (ULXs) (Mineo
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et al., 2012). HMXBs and ULXs are defined by their X-ray luminosities as LX >

1036 erg s−1 and LX > 1039 erg s−1, respectively. Studies of the HMXB population

and its dependence on metallicity, showing that low metallicity favors HMXB for-

mation (Majid et al., 2004; Dray, 2006; Soria, 2007; Mapelli et al., 2009; Linden

et al., 2010), support the importance of HMXBs at high redshift when the Universe

was chemically pristine. This dependence on metallicity arises in part because in

low-metallicity environments stellar mass-loss via radiatively-driven winds is sig-

nificantly reduced (Kudritzki & Puls, 2000), leading to higher BH remnant masses

(e.g. Eldridge & Vink, 2006; Belczynski et al., 2010). However, independent of the

preference for a higher BH mass at low metallicity, the work by Linden et al. (2010),

employing binary population synthesis calculations, suggests that metallicity de-

termines the number of systems undergoing stable mass transfer via Roche lobe

overflow (RLO). This implies that the parameter space of allowed stable common-

envelope pathways for RLO is much wider at low than at high metallicity.

The role of radiative feedback by an isolated accreting BH left behind by

a Pop III star, a so-called miniquasar, has been explored by a number of authors.

Some of them focused on a single source, not including any later generations of

BHs (see, e.g. Glover & Brand, 2003; Kuhlen & Madau, 2005; Milosavljević et al.,

2009a,b; Alvarez et al., 2009; Park & Ricotti, 2011; Venkatesan & Benson, 2011;

Wheeler & Johnson, 2011; Jeon et al., 2012; Aykutalp et al., 2013), or semi-analytically

on the collective impact of X-rays from BHs at high redshifts (Justham & Schawin-

ski, 2012; Tanaka et al., 2012; Power et al., 2013). Given that X-rays can penetrate

further than stellar ionizing photons, their impact can extend to the distant IGM. In
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general, X-ray heating may be expected to provide a strong negative feedback on

gas collapse and star formation especially near X-ray sources. On the other hand,

the efficiency of the formation of molecular hydrogen (H2) and hydrogen deuteride

(HD) and hence molecular cooling may be increased especially in distant collapsed

structures due to the enhancement in the electron fraction by X-ray ionizations, re-

sulting in a positive feedback on star formation in regions not too close to X-ray

sources. Such dependence on distance from a source, however, might be washed

out as the number of X-ray sources increases with time. Thus, we need to study the

collective effect to better understand if the X-ray feedback on star formation has a

positive or negative outcome.

The early establishment of an X-ray background is expected to play an im-

portant role in reionization. X-ray pre-heating might increase the cosmological

Jeans, or filtering, mass. More time would then be required to form haloes more

massive than the Jeans mass, thus delaying the process of reionization (e.g. Madau

et al., 2004; Ricotti & Ostriker, 2004; Holley-Bockelmann et al., 2012; Mesinger

et al., 2013). On the other hand, X-ray heating might reduce small-scale structure,

lowering the number of recombinations, thus in turn accelerating reionization (e.g.

Haiman et al., 2001; Wise & Abel, 2005, 2008a; Pawlik et al., 2009; Finlator et al.,

2012; Emberson et al., 2013). The net effect is difficult to predict short of treating

it with full cosmological simulations. Additionally, pre-ionization by X-rays may

help explain the relatively large value of the optical depth to reionization measured

by the WMAP and Planck satellites (e.g. Ricotti & Ostriker, 2004; Ahn et al., 2012).

In the preceding section (Jeon et al., 2012), we focused on investigating the
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formation of stars and the assembly of the first galaxies under the radiative feedback

from a single isolated accreting BH and from a single HMXB, both remnants of a

Pop III star. We found that with a single accreting BH whose radiative luminosity

scales with the rate of accretion of diffuse halo gas, the gas within the halo hosting

the BH can be photoheated up to ∼ 103 − 104 K, preventing any subsequent star

formation for a few 100 Myr inside the halo. Distant star formation outside the host

halo, on the other hand, was promoted by the enhanced formation of H2, which is

catalyzed by the enhanced free electron fraction generated in photoionizations by

the X-rays. The net positive feedback on star formation was however very mild

due to competition between the positive and negative feedback, in agreement with

earlier investigations (Machacek et al., 2003; Kuhlen & Madau, 2005).

A stronger effect occurred in the presence of an HMXB. This was due to the

stronger X-ray emission, near the Eddington limit independent of the conditions in

the surrounding interstellar gas, which photoevaporated the gas and prevented gas

infall into the halo center, thus establishing a stronger negative feedback inside

the host system. But also the positive feedback effect was found to be stronger,

yielding a net increase in the cosmological star formation rate. The radiation from

the HMXB, however, was continuous for 150 Myr, unrealistically long compared to

inferred HMXB lifetimes in the local Universe, which is on the order of 1− 3 Myr

(Belczynski et al., 2012; Justham & Schawinski, 2012). Such an episodic HMXB

irradiation might result in a much weaker effect.

In this work, we study the radiative feedback from a population of HMXBs,

both locally on the gas in the host halo and globally on the IGM, using a physi-
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cally motivated model for HMXBs, and improved methods to track the accretion of

gas and the transport of photons in the UV and X-ray bands. Computing radiative

transfer (RT) of X-ray photons is particularly challenging due to the large penetrat-

ing power of X-rays that renders each point in space visible to many sources. The

TRAPHIC code (Pawlik & Schaye, 2008, 2011), however, allows us to track the

radiation from multiple sources, Pop III stars and HMXBs, at a computational cost

that is independent of the number of sources. To the best of our knowledge, this is

the first simulation where the fully coupled radiation-hydrodynamics with multiple

HMXB sources is taken into account.

This section is organized as follows. In Section 5.2, we describe our simu-

lation methods. In Section 4.3, we present the results of our simulations. We inves-

tigate the impact of HMXBs on the properties of the gas in the IGM and in haloes

and discuss the implications for reionization and black hole growth. In Section 3.4,

we estimate the 21 cm signal of the high-redshift gas and discuss observational con-

straints that can be derived from the 21 cm signal on the nature of the first ionizing

sources. Finally, in Section 4.4, we summarize our results. Distances are expressed

in physical (i.e., not comoving) units unless noted otherwise. We will make use of

the species number density fractions with respect to hydrogen ηα ≡ nα/nH, where

α labels the chemical species.

3.2 Numerical Methodology

We have carried out cosmological Smoothed Particle Hydrodynamics (SPH)

simulations of the formation of high-redshift minihaloes, following the chemistry
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and cooling of the primordial gas, the formation of Pop III stars and their collapse

into BHs, and the ionization and photodissociation by the radiation emitted by the

stars and accreting BHs.

To investigate the feedback by HMXBs we compare two simulations, which

are identical except that in one of them the formation of HMXBs is suppressed,

and the BHs left behind after the death of the Pop III stars are powered solely by

accretion of diffuse halo gas.

In Jeon et al. (2012) we carried out a similar set of simulations of feed-

back from Pop III stars, accreting BHs and HMXBs. The current work improves

on our previous work in several key aspects. Our simulations are run with an up-

dated version of the SPH code GADGET (last described in Springel, 2005), and we

employ an improved implementation of accretion of gas by BHs and a physically

motivated model of HMXBs. The ionizing radiation emitted by Pop III stars, BHs

and HMXBs is followed using multi-frequency RT, and the spectrum of the radia-

tion emerging from BHs and HMXBs includes a soft thermal contribution from the

accretion disk in addition to a power-law high energy tail. Secondary ionization is

accounted for depending on the energies of the primary photo-electrons. Finally,

we track the photodissociation of H2 and HD by LW photons both from the Pop III

stars and the accreting BHs, taking into account local shielding in the gas. In the

following, we provide a detailed description of our simulations, and refer to our

preceding work where appropriate.
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3.2.1 Gravity, Hydrodynamics, and Chemistry

We use theN -body/TreePM SPH code GADGET ((Springel, 2005; Springel

et al., 2001); our specific implementation is derived from that discussed in Schaye

et al. (2010)). Our simulations are initialized using a snapshot from the earlier

zoomed simulation of Greif et al. (2010), which was initialized at z = 99 in a pe-

riodic box of linear size 1 comoving Mpc, using ΛCDM cosmological parameters

and matter density Ωm = 1 − ΩΛ = 0.3, baryon density Ωb = 0.04, present-

day Hubble expansion rate H0 = 70 km s−1Mpc−1, spectral index ns = 1.0, and

normalization σ8 = 0.9, which is higher than the value measured by the WMAP

and Planck satellites (e.g. Komatsu et al., 2011; Planck Collaboration, 2013). The

choice of a high value of σ8 might accelerate structure formation in our simulations.

However, in this section, we focus on the effects of radiative feedback by compar-

ing individual haloes, and this comparison is insensitive to the variation in the σ8

parameter. Employing consecutive levels of refinement, the masses of dark matter

(DM) and SPH particles in the highest resolution region with an approximate extent

of 300 comoving kpc are mDM ≈ 33M� and mSPH ≈ 5M�, respectively.

We start the simulations at z ≈ 30, corresponding to the time just before the

first Pop III star is formed, and terminate them at z ≈ 18. We adopt a Plummer-

equivalent gravitational softening length εsoft = 70 comoving pc for both dark

matter and baryonic particles. SPH quantities are estimated by averaging inside

a sphere containing Nngb = 48 neighbors and adopting the entropy conserving for-

mulation of SPH (Springel & Hernquist, 2002). The SPH kernel, i.e., the radius of

this sphere, is prevented from falling below 10−3εsoft. The gas particle mass defines
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a baryonic mass resolution Mres ≡ NngbmSPH ≈ 240M�. The Jeans mass in pri-

mordial gas, in which molecular hydrogen cooling imprints a condition for primary

star formation with a characteristic density of nH ' 104 cm−3 and a temperature of

∼ 200 K (Abel et al., 2000; Bromm et al., 2002), is thus marginally resolved, and

the Bate & Burkert (1997) criterion to avoid artificial fragmentation is marginally

satisfied.

We use the same primordial chemistry and cooling network as in Greif et al.

(2010), where all relevant cooling mechanisms, i.e., by H and He collisional ion-

ization, excitation and recombination cooling, bremsstrahlung, inverse Compton

cooling, and collisional excitation cooling of H2 and HD, are taken into account.

The radiative cooling by H2 is computed accounting for collisional excitations by

protons and electrons, which is important in gas with a significant fractional ion-

ization (Glover & Abel, 2008). The code self-consistently solves the rate equations

for the abundances of H,H+,H−,H2,H
+
2 ,He,He+,He++, and e−, as well as for the

three deuterium species D,D+, and HD, taking into account photoionization, sec-

ondary ionization, and photodissociation as described below. We set the hydrogen

mass fraction to X = 0.76.

3.2.2 Sink Particles

Upon reaching hydrogen number densities nH,max = 104 cm−3, gas particles

are converted into collisionless sink particles. Each newly formed sink particle

accretes a random subset of the Nngb = 48 neighboring gas particles residing in

the SPH smoothing kernel, which defines the effective accretion radius, racc, of
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the progenitor gas particle, until its mass has exceeded 100 M�. The initial mass of

sinks is thusMsink ≈ 100M�, which is appropriate given the adopted star formation

model that we describe below.

Sink particles can grow in mass by accreting gas inside the sphere with

radius racc. Sink particles that approach each other on scales below 1 pc, which

is similar to the baryonic resolution scale lres ≡ [(3XMres)/(4πnH,maxmH)]1/3 ≈

0.5 pc, are merged. The position and velocity of the sink particle resulting from

the merger are set to the mass-weighted average position and velocity of the sink

particles before merging.

In the following, we identify the sink particles with the sites of Pop III star

formation.

3.2.3 Pop III Binaries

Our goal is to investigate the feedback from HMXBs which may follow the

formation of stellar binaries. We therefore assume for simplicity, but consistent

with recent work on fragmentation of primordial gas (Turk et al., 2009; Stacy et al.,

2010, 2011; Clark et al., 2011a; Greif et al., 2011; Prieto et al., 2011; Smith et al.,

2011; Greif et al., 2012; Dopcke et al., 2013), that all Pop III stars form in bina-

ries. Fragmentation and the formation of binaries are treated using a sub-resolution

model, assuming each sink is host to a Pop III binary system. To limit the instan-

taneous binary formation rate to one system per minihalo, we prevent the creation

of additional sink particles for tsh = 1 Myr in spheres with radius rsh = 30 pc cen-

tred on each newly created sink particle. This corresponds to the time needed for

68



photoheating by a Pop III star in a minihalo to suppress the gas density inside the

spheres, assuming the resulting hydrodynamic shock propagates at vsh ≈ 30 km s−1

(e.g. Shu et al., 2002; Whalen et al., 2004; Alvarez et al., 2006).

In practice, the adopted recipe guarantees there can be at most a single ac-

tive Pop III binary per minihalo at any given time. The properties of the binary

system are assigned assuming that the primary dominates the mass of the system.

Thus, the stellar properties of the binary are set to that of an isolated Pop III star

of mass 100M�. Such a star shines for 2.7 Myr emitting a black body spectrum

with temperature TBB = 105 K, and has a hydrogen-ionizing photon luminosity of

9.14×1049 s−1 and a photodissociating luminosity of 1.1×1049 s−1 in the LW band

(e.g. Bromm et al., 2001b; Schaerer, 2003).

3.2.4 Black Hole Miniquasars

The fate of Pop III stars is determined by their initial masses (Heger et al.,

2003). Here, we assume that the more massive Pop III companion in each binary

system collapses into a BH with mass 100 M�. Recent studies, in which the effects

of rotation of Pop III stars is taken into account, have suggested that stars with

masses & 60− 240 M� may explode as pair instability supernovae without leaving

a BH behind (e.g. Chatzopoulos & Wheeler, 2012; Yoon et al., 2012). However,

our conclusions are not sensitive to the adopted initial mass of the BHs.

The BH then grows by accretion of the surrounding baryons at a rate (Bondi

& Hoyle, 1944)

Ṁacc =
4πG2M2

BHρ

(c2
s + v2

rel)
3/2
, (3.1)
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where cs is the sound speed, ρ the gas density, and vrel the velocity of the BH

relative to the gas. We assume that a fraction ε = 0.1 of the accreted mass is

converted into ionizing radiation, as is appropriate for radiatively efficient accretion

onto a Schwarzschild BH (Shakura & Sunyaev, 1973). The BH thus grows in mass

according to ṀBH = (1 − ε)Ṁacc. If the black hole is accreting at a high rate, it is

referred to as a miniquasar (e.g. Kuhlen & Madau, 2005).

The density, sound speed and relative velocity needed to evaluate the accre-

tion rate are estimated by averaging the properties of the gas particles inside the

sphere with radius racc centred on the sink particle hosting the BH, consistent with

the SPH formulation. For reference, the Bondi-Hoyle radius is (e.g., (Edgar, 2004))

rBondi ≡ µmHGMBH/(kBT ) ≈ 0.6 pc(µ/1.2)(MBH/100 M�)/(T/100 K), where

µ is the mean molecular weight.

The mass of the sink particle Msink hosting the BH closely tracks the mass

MBH of the BH. We achieve this by letting the sink particles swallow neighboring

gas particles, randomly chosen inside the sphere with radius racc, as long as the

condition MBH −Msink > mSPH is satisfied (e.g. Springel et al., 2005; Di Matteo

et al., 2005; Sijacki et al., 2007; Booth & Schaye, 2009). This improves our imple-

mentation of BH growth in Jeon et al. (2012), in which the BHs and sink particles

grew independently.

We compute the ionizing luminosities of BHs accreting diffuse gas by nor-
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malizing the total luminosity according to

LBH ≡
∫ 10keV/hP

0

Lνdν =
ε

1− ε
ṀBHc

2 (3.2)

= 6.4× 1037erg s−1 ṀBH

10−8 M� yr−1
, (3.3)

where hP is Planck’s constant. We further assume that the spectral energy distri-

bution of the emerging radiation is that of a thermal multi-color disk (MCD) at

frequencies lower than νNT ≡ 0.2 keV/hP, and that of a non-thermal power-law

component at higher frequencies, consistent with observations at low redshifts (see

Figure 1 in Jeon et al., 2012)

The spectrum of the radiation emitted by the multi-color disk with gas tem-

perature profile T = Tin(r/rin)−p, where r is the distance between the BH and

the location inside the disk at which the radiation emerges and rin is the inner disk

radius, is (e.g. Pringle, 1981; Mitsuda et al., 1984)

JMCD(ν) ∝
(
kBTin

hPν

)2/p

ν3

∫ xout

xin

dx
x2/p−1

ex − 1
, (3.4)

where Tin is the gas temperature at r = rin, xin = hPν/(kBTin), and xout =

hPν/(kBTin)(rout/rin)p. The inner radius rin is set to the radius of the last sta-

ble Keplerian orbit around the BH, which for non-rotating BHs is rin = 3rs, where

rs = 2GMBH/c
2 is the Schwarzschild radius, and the outer radius is set to rout =

104rin. We adopt p = 3/4, appropriate for viscous standard disks (Shakura &

Sunyaev, 1973; Pringle, 1981; Mitsuda et al., 1984; Kato et al., 1998) and set

Tin = [3GMBHṀacc/(8πσSBr
3
in)]1/4 (e.g. Pringle, 1981; Kato et al., 1998), where

σSB is the Stefan-Boltzmann constant.
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The radiation spectrum of the power-law component is

JNT(ν) ∝
(

ν

νNT

)−β

, (3.5)

where we set β = 1 (e.g. Kuhlen & Madau, 2005). Each of the components of

the two-component spectrum is normalized by assuming that a half of the total

luminosity emerges from each of the MCD and the power law component (e.g.

Kuhlen & Madau, 2005).

The two-component spectrum implies an ionizing luminosity in the range

13.6 eV − 10 keV of 3.1 × 1035 − 3.1 × 1039 erg s−1 for a BH with mass 100 M�

accreting gas at rates 10−10 − 10−6 M� yr−1. We also compute the luminosity

of the accreting BH in the LW bands by integrating the spectrum over the range

of energies 11.2 − 13.6 eV. The LW luminosities of a BH with mass 100 M�

accreting gas at rates encountered in our simulations 10−10 − 10−6 M� yr−1 are

2.3× 1033 − 9.6× 1036erg s−1.

3.2.5 High-Mass X-ray Binaries

In one of the two simulations presented here, for a subset of the relic BHs,

the primary accretes gas for a brief time directly from the low-mass stellar compan-

ion, giving rise to a HMXB.

The fraction of high-redshift stellar binaries evolving into HMXBs is uncer-

tain. Power et al. (2009) investigated the contribution of the HMXB population in

globular clusters to the high-redshift X-ray background. They used Monte Carlo

models of globular clusters containing 106 stars and exploring a range of stellar
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IMFs and initial binary orbital parameters. They found that, assuming a Kroupa

(2001) IMF, up to 30 per cent of the initial binary systems may avoid dissociation

after the primary star undergoes a supernova explosion, thus possibly leading to an

HMXB.

Motivated by the results of Power et al. (2009), we select every third binary

to evolve into an HMXB immediately after the primary turned into a BH with mass

100 M�. We adopt a duration of the HMXB phase of 2 Myr, approximately cor-

responding to the remaining main sequence lifetime of the donor star from which

the BH accretes, consistent with local observations (Belczynski et al., 2012). We

assume that the HMXB has a luminosity equal to the Eddington luminosity, i.e.,

LHMXB ≡
∫ 10keV/hP

0

Lνdν = LEdd (3.6)

= 1.4× 1040erg s−1

(
MBH

100M�

)
, (3.7)

corresponding to accretion of gas from the companion at a rate 2.2× 10−6 M� yr−1

(MBH/100M�) and a total accreted mass at the end of the HMXB phase of about

4.4M�. The adopted accretion luminosity is consistent with the inferred luminosi-

ties of ULXs in local surveys (Grimm et al., 2003). We employ the two-component

spectrum of the previous section used to describe the emission of radiation by BHs

accreting diffuse halo gas. Hence, assuming accretion at the Eddington rate and a

BH mass of 100M�, the ionizing photon luminosity of a HMXB is 3.3× 1049 s−1,

and its LW luminosity is 4.7× 1047 s−1. The role of the donor star is limited to fu-

eling the accreting BH, i.e., we ignore effects of its evolution, such as the emission

of ionizing radiation or the explosion in a SN.
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Figure 3.1: Fraction of the energy of the primary electron that is used in HI sec-
ondary ionization (left panel), HeI secondary ionization (middle panel) and heat-
ing (right panel). Different colors show these fractions assuming different electron
fractions. The solid curves show the fits from Ricotti et al. (2002) used in the cur-
rent work. The dashed curves show the more recent fits by Furlanetto & Stoever
(2010) for comparison. The horizontal dotted lines show the high-energy limits
from Shull & van Steenberg (1985), which we adopted independent of energy in
Jeon et al. (2012). The short bars in the middle panel indicate the energies of pho-
tons with mean free path equal to the physical size of the high-resolution region of
comoving extent 300 kpc in which we follow the transfer of ionizing radiation from
z = 30− 18.
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3.2.6 Hydrogen and Helium Ionizing Radiative Transfer and X-ray Secondary
Ionization

We use the RT code TRAPHIC to transport ionizing photons (Pawlik &

Schaye, 2008, 2011). TRAPHIC solves the time-dependent RT equation in SPH

simulations by tracing photon packets emitted by source particles through the sim-

ulation box in a photon-conserving manner. The photon packets are transported

directly on the spatially adaptive set of SPH particles and hence the RT exploits the

full dynamic range of the hydrodynamical simulations. A directed transport of the

photon packets radially away from the sources is accomplished despite the irregular

distribution of SPH particles by guiding the photon packets inside cones. A photon

packet merging technique renders the computational cost of the RT independent

of the number of radiation sources. In the following, we provide a brief overview

of TRAPHIC in order to motivate the meaning of the numerical parameters of the

RT specified below. The reader is referred to the descriptions in Pawlik & Schaye

(2008), Pawlik & Schaye (2011) and Pawlik et al. (2013) for details. The specific

version employed here is identical to that used in Pawlik et al. (2013), except for

the treatment of secondary ionization, which is included only here and described

below.

3.2.6.1 Basic Principles

The transport of radiation starts with the emission of photon packets by

source particles (here, sinks) in NEC tessellating emission cones. The photons in

each photon packet are distributed among the subset of the Ñngb . Nngb neigh-
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boring SPH particles residing in the cones. In cones containing zero neighbors,

an additional, so-called virtual particle is inserted to which the photon packet is

then assigned. Sources emit photons using emission time steps ∆tem, in between

which the orientation of the cones is randomly rotated to increase the sampling of

the volume with photons. The spectrum of the emitted radiation is discretized us-

ing Nν frequency bins. Each photon packet carries photons from one of these bins;

therefore the number of photon packets emitted per emission time step isNν×NEC.

The newly emitted photons are assigned a propagation direction parallel

to the central axis of the associated emission cone, and, together with any other

photons already present in the simulation box, are then propagated further to the

downstream neighbors of the SPH particle at which they reside. A particle is a

downstream neighbor if it is among the Ñngb neighboring gas particles and resides

in the regular transmission cone centred on the propagation direction and subtend-

ing a solid angle of 4π/NTC. The parameter NTC hence defines the angular resolu-

tion of the RT. If there is no downstream neighbor inside a transmission cone, like

for emission, a virtual particle is created to which the photons are then propagated.

The transmission cones confine the propagation of photons to the solid angle in

which they were originally emitted. The transport of photons, which occurs at the

user-specified speed c̃, is discretized using RT time steps ∆tr.

A given SPH particle can receive multiple photon packets within the same

RT time step ∆tr. These photon packets are grouped according to their propagation

directions using a set of NRC tessellating reception cones. Photon packets whose

propagation directions fall in the same reception cone are merged and replaced by a
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single new photon packet. Each reception cone subtends a solid angle 4π/NRC, and

hence the parameter NRC determines the angular resolution of the merging. The

merging limits the maximum number of photon packets in the simulation box to

NRC × Nν × NSPH, where NSPH is the number of SPH particles, and renders the

computation time independent of the number of sources.

Photons are absorbed as they propagate through the gas from SPH particles

to their neighbors depending on the optical depth between the two neighboring par-

ticles, respecting photon conservation (Abel et al., 1999; Mellema et al., 2006). The

absorption of photons within each frequency bin is treated in the grey approxima-

tion using photoionization cross sections

〈σα〉ν ≡
∫ νh

νl

dν
4πJν(ν)

hPν
σα(ν)×

[∫ νh

νl

dν
4πJν(ν)

hPν

]−1

, (3.8)

where α ∈ {HI,HeI,HeII}, Jν(ν) is the spectrum, and νl and νh are the low and

high energy limits of frequency bin1 ν. The number of absorbed photons determines

the photoionization rate Γγα,ν of species α in the given frequency bin ν defined by

(Osterbrock & Ferland, 2006)

Γγα,ν = 〈σα〉ν
∫ νh

νl

dν
4πJν(ν)

hPν
. (3.9)

The photoionization rate implies a photoheating rate given by Eγα,ν = 〈εα〉νΓγα,ν ,

where

〈εα〉ν =

[∫ νh

νl

dν
4πJν(ν)

hPν
σα(ν)(hPν − hPνα)

]
×

[∫ νh

νl

dν
4πJν(ν)

hPν
σα(ν)

]−1

(3.10)

1For brevity, we use the symbol ν both to number the frequency bin and to denote the frequency.

77



is the grey excess energy of frequency bin ν, and hνα is the photoionization thresh-

old energy of species α. For reference, hνHI = 13.6 eV, hνHeI = 24.6 eV, and

hνHeII = 54.4 eV.

3.2.6.2 Secondary Ionizations

The photoionization and photoheating rates are passed to the chemistry

solver described above, which updates the abundances of hydrogen and helium that

evolve according to the following set of equations (e.g. Kuhlen & Madau, 2005),

dηHI

dt
= αHIIneηHII − ηHIΓγHI − ηHIΓeHIne

− fion,HI
(ηHIEHI + ηHeIEHeI)

13.6eV
, (3.11)

dηHeI

dt
= αHeIIneηHeII − ηHeIΓγHeI − ηHeIΓeHeIne

− fion,HeI
(ηHIEHI + ηHeIEHeI)

24.6eV
, (3.12)

dηHeIII

dt
= ηHeIIΓγHeII + ηHeIIΓeHeIIne − αHeIIIneηHeIII, (3.13)

respecting the constraints

ηHI + ηHII = 1, (3.14)

ηHeI + ηHeII + ηHeIII = ηHe, (3.15)

ηHII + ηHeII + 2ηHeIII = ηe, (3.16)
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where Γeα and αα are the collisional ionization and recombination rate coefficients

for species α. The helium abundance is defined as ηHe = nHe/nH = XHe(mH/mHe)/

(1 − XHe) and mH and mHe = 4mH are the masses of the hydrogen and helium

atoms.

The factors fion,HI and fion,HeI describe the secondary ionizations of HI and

HeI by energetic electrons. We use the ionization and energy dependent fits by

Ricotti et al. (2002) to the results of Shull & van Steenberg (1985), i.e.,

fion,HI ≈ − 0.69

(
28eV

E

)0.4

η0.2
e (1− η0.38

e )2

+ 0.39(1− η0.41
e )1.76, (3.17)

fion,HeI ≈ − 0.098

(
28eV

E

)0.4

η0.2
e (1− η0.38

e )2

+ 0.55(1− η0.46
e )1.67, (3.18)

for E > 28 eV and fion,HI = fion,HeI = 0 for E < 28 eV, where E = hP(ν − να)

is the energy of the primary electron resulting from photoionizations of species α

by photons with energy hPν. We follow Ricotti et al. (2002) and neglect secondary

ionization and excitation of HeII. Ricotti et al. (2002) also provided fits to the factors

fheat by which the rate at which the gas is photoheated must be reduced to account

for the energy lost in secondary ionizations and excitations,

fheat ≈ 3.9811

(
11eV

E

)0.7

η0.4
e (1− η0.34

e )2

+
[
1− (1− η0.27

e )1.32
]
, (3.19)
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for E > 11 eV and fheat = 1 for E < 11 eV. Figure 3.1 compares the energy

dependent fits by Ricotti et al. (2002) at a range of electron fractions with the Shull

& van Steenberg (1985) high-energy limit that we employed in Jeon et al. (2012)

independent of electron energy. The figure also shows the results of the more recent

work by Furlanetto & Stoever (2010).

3.2.6.3 Numerical Parameter Choices

In the simulations presented in this work, we set Ñngb = 32, and choose an

angular resolution of the transport of NTC = 128 and of the merging of NRC = 8.

These choices have been made after carrying out a set of comparison runs and

testing for convergence. Sources emit photons into NEC = 128 directions using

emission time steps ∆tem = min(10−3 Myr,∆tr). Photons are transported at a

speed c̃ = 0.1c, where c is the speed of light, using time steps of size ∆tr =

min(10−2 Myr,∆thydro), where ∆thydro is the smallest GADGET particle time step.

The reduction of the speed of light by a factor 10 does not noticeably affect the out-

come of our simulations, but reduces the simulation cost. We use four unevenly

spaced frequency bins with bounding energies located at [13.6, 24.6, 54.4, 400,

104] eV. Test runs using a larger number of frequency bins yielded nearly indistin-

guishable results, consistent with the discussion in Mirocha et al. (2012).

We use the fits to the frequency-dependent photoionization cross sections by

Verner et al. (1996), and simplify the computation of the grey photoionization cross

sections 〈σα〉ν and of the grey excess energies 〈εα〉ν by adopting a fixed spectrum

independent of the source from which the photons in frequency bin ν originate. To
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Figure 3.2: Temperatures, averaged along the line of sight, in a cubical cutout of
linear extent 150 comoving kpc centred on the first sink particle 2 Myr after the
formation of the first BH, in the simulation in which the BH grew by accreting
diffuse halo gas (left), and in the simulation in which the BH grew by accretion
from the stellar companion in a HMXB (right). In the former case, because of
the low Bondi-Hoyle accretion rates, the ionizing luminosities are negligible, and
the butterfly-shaped photoheated relic HII region created by the Pop III progenitor
star dominates the image. In the latter case, on the other hand, the large X-ray
luminosity of the HMXB implies a strong preheating of the IGM outside of the
stellar relic HII region.
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improve on this approximation, we compute the grey averages using the spectrum

of the source formed last, assuming accretion at the Eddington rate and a BH mass

of 100 M� in the case of X-ray sources. Tests in which we varied the adopted

spectrum over the range of typical spectra of the sources suggested no significant

impact of this approximation on our results. An accurate treatment in which indi-

vidual grey cross-sections and excess energies are assigned to each photon packet

will be pursued in future work. For simplicity, we do not compute grey averages of

the energy dependent functions fion,HI, fion,HeI, and fheat describing secondary ion-

ization, but evaluate them at the characteristic frequency determined by averaging

the frequencies inside the bins weighted by the spectrum of the source.

To reduce the computational expense of the simulations we do not trace pho-

tons emitted by X-ray sources with accretion rates below ṀBH < 10−10 M� yr−1.

Tests showed that the radiative feedback from BHs with such low accretion rates

is negligible, consistent with our discussion in Jeon et al. (2012). We also do not

follow the propagation of photons outside the high-resolution region.

3.2.7 Photodissociation of H2 and HD

The molecules H2 and HD are photodissociated by LW photons with ener-

gies in the range 11.2 − 13.6 eV. We follow previous works (e.g. Wise & Abel,

2008a; Wolcott-Green et al., 2011; Safranek-Shrader et al., 2012; Johnson et al.,

2013; Agarwal et al., 2012)and compute the photodissociation rates in the optically

thin limit and apply a shielding correction to approximate RT effects. The photodis-
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sociation rate of H2 is thus (Abel et al., 1997)

kH2 = 1.1× 108 s−1 fshield,H2FLW

erg Hz−1 s−1 cm−2
(3.20)

and the photodissociation rate of HD is (Wolcott-Green & Haiman, 2011)

kHD = 1.1× 108 s−1fshield,HDfshield,H2,HDFLW

erg Hz−1 s−1 cm−2
, (3.21)

where FLW = 4πJLW is the flux in the LW bands computed in the optically thin

limit, i.e., ignoring any absorption of the LW photons by the gas, and JLW the

corresponding intensity.

The dimensionless factors fshield,H2 , fshield,HD, and fshield,H2,HD describe the

local attenuation of the flux by self-shielding of H2, self-shielding of HD, and

shielding of HD by H2. We compute the self-shielding factors fshield,H2 and fshield,HD

using (Wolcott-Green et al., 2011)

fshield(N, T ) =
0.965

(1 + x/b5)α
+

0.035

(1 + x)0.5

× exp [−8.5× 10−4(1 + x)0.5], (3.22)

where x ≡ Ni/5 × 1014cm−2, Ni is the column density of the molecule species,

b5 ≡ b/105cm s−1, b ≡
√

2kBT/mp the Doppler broadening parameter,mp = 2mH

the mass of the molecule species, and α = 1.1. We compute the factor fshield,H2,HD

that describes shielding of HD by H2 using (Wolcott-Green et al., 2011)

fshield,H2,HD =
1

(1 + x)0.238
exp (−5.2× 10−3x), (3.23)

where x ≡ NH2/2.34 × 1019 cm−2. The column density N is estimated using

N = nLchar, where n is the number density of the molecule species and Lchar the
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characteristic length scale. We set the latter equal to the local Jeans length, an ap-

proximation that is appropriate for self-gravitating systems (Schaye, 2001a,b) and

that performs well in comparison with more sophisticated approaches (e.g. Wolcott-

Green et al., 2011).

For reference, the LW intensity of a single Pop III star at distance r, com-

puted in the optically thin limit, is JLW,21 ≈ 0.1(r/1.6 kpc)−2, where JLW,21 ≡

JLW/(10−21erg s−1cm−2Hz−1sr−1). The LW flux from an accreting BH depends

on the accretion rate and the BH mass. For a 100M� BH with typical Bondi-Hoyle

accretion rates of 10−8 M� yr−1 we have JLW,21 ≈ 5.3 × 10−5(r/1.6 kpc)−2. The

flux of LW radiation implied by a single HMXB with a BH mass of 100 M� and

accreting at the Eddington rate is JLW,21 ≈ 4× 10−3(r/1.6 kpc)−2.

3.3 Results

In the following, we investigate how the impact of radiative feedback on

Pop III star formation and the early IGM varies between the simulations with and

without HMXBs. First, in Section 3.3.1, we discuss the feedback of the first HMXB

on the gas in and around its minihalo host. Then, in Section 3.3.2, we investigate

how the presence of HMXBs affects the cosmic star formation history. In Sec-

tion 3.3.3, we study the effects on the IGM, and in Section 3.3.4, we study the

effects on the gas in haloes in the two simulations with and without HMXBs. In

Sections 3.3.5 and 3.3.6 we discuss the implications of feedback from HMXBs for

reionization and BH growth.

We emphasize that both simulations account for the radiative feedback from
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Pop III stars and from BHs accreting diffuse halo gas. The comparison presented

here thus elucidates the impact of radiative feedback by HMXBs complementing

the radiative feedback from Pop III stars and miniquasars in a simulation of the

formation of the first stars and galaxies.

3.3.1 Gas Properties in the First Minihalo

In both runs, the first stellar binary forms at z = 28; the runs are identical

up to this redshift. The formation time and the size of the HII region with radius

∼ 2 − 3 kpc are consistent with previous works (Kitayama et al., 2004; Yoshida

et al., 2007a; Abel et al., 2007; Greif et al., 2009b). The density profile of the sur-

rounding gas and specifically the location of the shock driven by the photoevaporat-

ing gas from the minihalo host are in good agreement with the results of our earlier

simulations in Jeon et al. (2012) which started from identical initial conditions.

In Figure 3.2, we compare images of the gas temperature 2 Myr after the

collapse of the primary into a BH of mass 100 M� in the two simulations. In both

simulations, the gas in the relic stellar HII region has been heated to ∼ 104 K by

the Pop III progenitor. In the simulation without HMXBs, accretion of gas on the

BH occurs at a rate too low to sustain the high ionization of the gas (see Figure 3.9

discussed in Section 3.3.6), and the relic HII region recombines and cools. In the

simulation with HMXBs, on the other hand, thanks to the large X-ray luminosity

of the first HMXB, the gas in the relic HII region is kept highly ionized and at

∼ 104 K, and in addition, there is a significant heating of the gas ahead of the stellar

ionization front.
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Figure 3.3: Spherically averaged profiles of the temperature and ionization fractions
in the simulations with (open circles) and without (filled circles) HMXBs at 2 Myr
after the formation of the BH, the same time as in Figure 3.2. In the simulation
without HMXBs, the relic HII region left behind the first Pop III star has started
to recombine and cool. Recombination is enhanced in the dense photo-evaporation
shock located at r = 100 pc. The HMXB keeps the gas inside the relic stellar HII
region ionized and hot, and preionizes and preheats the IGM ahead of the stellar
ionization front. Ionization by the hard HMXB spectrum implies a strong increase
in the fraction of doubly ionized helium.
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In Figure 3.3 we quantify the impact of the first HMXB on the spherically

averaged properties of the halo gas at 2 Myr after the collapse of the primary into

a BH, the same time as in Figure 3.2. Owing to the slight overdensity at the posi-

tion of the photoevaporation shock, gas recombination occurs at an increased rate

around ∼ 100 pc from the source, which explains the dip in the ionized fractions.

The enhanced ionization beyond the I-front in the presence of the HMXB is mostly

due to secondary ionization of HI by electrons generated in absorptions of X-rays

by HeI (Figure 3.1; (Machacek et al., 2003; Madau et al., 2004). The efficient

ionization by X-rays emitted by the HMXB implies a strong increase in the abun-

dances of HeIII with respect to that in the simulation without HMXBs. The radii

of the HeII and HeIII regions are only slightly smaller than that of the HII region,

consistent with the results in Venkatesan & Benson (2011).

3.3.2 Star Formation History

It has been suggested that preionization of gas by the absorption of X-rays

may promote the formation of molecular hydrogen and increase the ability of the

gas to cool and form stars (e.g. Haiman et al., 2000; Ricotti et al., 2001). Several

studies have now confirmed this possibility (e.g. Machacek et al., 2003; Glover &

Brand, 2003; Kuhlen & Madau, 2005). However, the positive feedback from X-ray

ionization on the formation of molecular hydrogen needs to compete with the neg-

ative radiative feedback caused by pressure-smoothing in the photoheated gas (e.g.

Shapiro et al., 1994; Thoul & Weinberg, 1996; Gnedin, 2000; Dijkstra et al., 2004b;

Mesinger & Dijkstra, 2008; Okamoto et al., 2008; Wise & Abel, 2008b; Pawlik &
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Figure 3.4: Top: cumulative number of Pop III binaries in the runs with (red) and
without (black) HMXBs, and cumulative number of HMXBs (blue squares). The
number of stars formed is similar in the two simulations, and hence there is no
strong net feedback by HMXBs. Bottom: comoving star formation rate densities in
the two simulations. For comparison, we also show the fit to the star formation rate
density by Hernquist & Springel (2003, light blue dashed). The blue dash-dotted
curve shows a lower limit to the critical star formation rate density needed to sustain
ionization of the IGM, computed using Equation 3.24 and assuming C/fesc = 1.
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Figure 3.5: Hydrogen number densities (top) and temperatures (bottom) at z =
19.6, averaged along the line of sight, in a cubical cutout of linear extent
300 comoving kpc centred on the first sink particle, in the simulations without (left)
and with (right) HMXBs. The stronger photo-ionization heating in the presence of
HMXBs and the associated increase in the thermal gas pressure imply a stronger
smoothing of the gas density field.
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Schaye, 2009; Petkova & Springel, 2011; Sobacchi & Mesinger, 2013), and also

with the negative feedback from LW photons dissociating molecular hydrogen (e.g.

Haiman et al., 1997; Machacek et al., 2001; Ahn & Shapiro, 2007; O’Shea & Nor-

man, 2008). Accordingly, most investigations found at most a modest net positive

impact of X-ray ionization on gas collapse, even in the absence of a strong LW

background (e.g. Glover & Brand, 2003; Kuhlen & Madau, 2005). Consistent with

these earlier works, in Jeon et al. (2012), we found that X-ray ionization by the first

BHs generates at most a modest increase in the star formation rate in simulations of

high-redshift minihaloes. The exception was an initial brief phase of significantly

increased star formation in an idealized simulation of ionization by a HMXB.

Figure 3.4 compares the formation histories of Pop III stars and the asso-

ciated comoving star formation rate densities in our current simulations with and

without HMXBs. There is little difference between the two simulations, and hence

we find no significant net radiative feedback from HMXBs on the star formation

rate. This is consistent with the lack of a strong net radiative feedback on the star

formation history from either accreting BHs or HMXBs at z . 20 in Jeon et al.

(2012). However, our current simulations do not reproduce the strong early en-

hancement in the star formation rate at z & 20 in the presence of HMXBs seen in

the simulation BHB of Jeon et al. (2012), despite their identical initial conditions.

The lack of an early phase of a net positive feedback by HMXBs on star formation

likely owes to our adoption of a physically more realistic model of the formation of

HMXBs in the current simulations, as we now explain.

In Jeon et al. (2012), we followed the radiative feedback from a single
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HMXB continuously emitting X-ray photons throughout the simulation. In the cur-

rent work, on the other hand, there are 4 HMXBs forming at z > 20 (see Figure 3.4).

However, each of them emits radiation for only a brief interval of 2 Myr, which in

total corresponds to just about a tenth of the time during which the HMXB was

active in our previous simulation at z > 20. The lack of a net positive feedback on

early star formation in the current simulation is consistent with this reduced duty

cycle for emission of X-rays by HMXBs. Indeed, Figure 3.4 shows that near the

end of the simulation, at z . 20, when HMXB formation occurs more frequently

at an average rate of about once in 5 Myr, the star formation rates in the current

simulation with HMXBs are slightly higher than those in the simulation without

HMXBs.

In the current work we find 19 sink particles at the end of the simulation

without HMXBs at z ≈ 18. This is a larger number than the 11 sink particles

found at the same redshift in our previous simulation BHS in Jeon et al. (2012)

that included persistent X-ray radiation from an isolated BH miniquasar accreting

diffuse halo gas and that started from identical initial conditions. We identify two

key differences in the simulation methodology to explain this difference in star for-

mation rates. First, in the current work, we account for shielding of the primordial

molecular gas from LW photons that was ignored in the previous simulations. LW

feedback is therefore less effective in the present work than in the previous simula-

tions and this promotes gas cooling and condensation. Second, in Jeon et al. (2012),

we overestimated the radii of HII regions around Pop III stars by a factor of∼ 2 as a

result of a numerical error discussed in Jeon et al. (2012). Thus, in the current work,
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the suppression of star formation by stellar ionizing radiative feedback is expected

to be weaker than in the preceding work.

It is interesting to compare the simulated star formation rate densities with

the comoving critical star formation rate density to sustain ionization against re-

combinations (Madau et al., 1999),

ρSFR,crit = 0.02 M� yr−1 Mpc−3

(
C

fesc

)(
1 + z

20

)3

, (3.24)

where C ≡ 〈n2
H〉/n̄2

H is the clumping factor that parametrizes the recombination

rate in the IGM (e.g. Madau et al., 1999; Miralda-Escudé et al., 2000; Wise & Abel,

2005; Pawlik et al., 2009; Finlator et al., 2012; Shull et al., 2012), the brackets

indicate the volume-weighted average, n̄H is the cosmological mean gas density,

and fesc is the fraction of ionizing photons that escape haloes to ionize the IGM

(e.g. Razoumov & Sommer-Larsen, 2006; Gnedin et al., 2008; Wise & Cen, 2009;

Paardekooper et al., 2011; Yajima et al., 2011). Figure 3.4 shows that the simu-

lated star formation rate densities are generally below the critical star formation

rate density, indicating that the reionization of the simulated high-resolution region

remains incomplete. Because, typically, C > 1 (see Section 3.3.3) and, by defi-

nition, fesc ≤ 1, we have conservatively underestimated the ratios of critical and

simulated star formation rate densities.

3.3.3 Effects of HMXBs on IGM Properties

Figure 3.5 shows images of the gas density and temperature in the high-

resolution region centred on the site of formation of the first stellar binary near
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Figure 3.6: The properties of the gas in the high-resolution region of the simula-
tions with (red) and without (black) HMXBs. The individual panels show, from
left to right and top to bottom, temperature, electron fraction, molecular hydrogen
fraction, and HeII fraction. Solid (dotted) curves show mass-weighted (volume-
weighted) averages. HMXBs preionize and preheat the gas. The increased electron
fraction promotes the formation of molecular hydrogen. Ionization by the hard
HMXB spectrum generates an increased abundance of HeII.
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the end of the simulation at z = 19.6. In the simulation that included ioniza-

tion by HMXBs, the gas is photoheated to temperatures in excess of a few times

∼ 103 K throughout the simulation volume. In the simulation without HMXBs,

which misses the bright HMXB phases of the accreting BHs, on the other hand, the

average temperature is significantly lower, and heating to comparably high temper-

atures is limited to volumes inside stellar HII regions. The higher temperatures in

the simulation with HMXBs imply a cosmological Jeans mass (e.g. Shapiro et al.,

1994; Gnedin, 2000; Wise & Abel, 2008a) and hence a smoothing of the gas den-

sity field by thermal pressure that is visibly larger than in the simulation without

HMXBs (see Section 3.3.5 for a quantitative discussion).

Figure 3.6 quantifies the evolution of the properties of the gas averaged

within the high-resolution region in the two simulations. The additional ionization

by the hard radiation emitted by HMXBs increases the fraction of HeII with respect

to the fractions found in the absence of HMXBs. The electron fraction is increased

in the simulation with HMXBs over that in the simulation without HMXBs, largely

owing to secondary ionization of hydrogen (see Section 3.3.1). The fraction of the

primary electron energy that is used in secondary ionizations decreases with in-

creasing electron fraction and instead heats the gas (Figure 3.1; (e.g. Shull & van

Steenberg, 1985; Furlanetto & Stoever, 2010). Thus, once the local electron fraction

becomes & 0.1, further ionization is dominated by stellar radiation (e.g. Mesinger

et al., 2013). The increased electron fraction in the simulation with HMXBs pro-

motes the formation of H2, in agreement with earlier work (e.g. Kuhlen & Madau,

2005; Haiman et al., 2000; Machacek et al., 2003; Ricotti & Ostriker, 2004). Near
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the end of the simulations, when stellar radiation contributes significantly to pho-

toionization and dissociation of H2, the temperatures and species fractions become

similar in both simulations.

3.3.4 Effect of HMXBs on Gas Properties in Haloes

In Figure 5.4 we compare the properties of the gas inside haloes in the sim-

ulations with and without HMXBs. Halos were extracted from the high-resolution

region displayed in Figure 3.5 at z = 19.6 using the halo finder SUBFIND (Springel

et al., 2001) and adopting a linking length equal to a fifth of the mean inter-particle

distance in the high-resolution region to generate friends-of-friends (FOF) particle

group catalogues. Each circle in Figure 5.4 shows the mass-weighted average of the

corresponding gas particle property inside the virial sphere with radius r200 centred

on the most-bound particle of the main subhalo inside a given FOF particle group.

Several halo properties are similar in both simulations. For instance, the

maximum hydrogen number density nH,max shows an abrupt increase with increas-

ing halo mass above Mvir & 3× 105 M�. This is caused by the increased ability of

haloes above this mass to form H2 and to cool and condense the gas (e.g. Tegmark

et al., 1997; Machacek et al., 2001; Yoshida et al., 2003; O’Shea & Norman, 2008).

Indeed, the characteristic fraction of molecular hydrogen features an increase with

halo mass near this mass scale. The lowest mass haloes have characteristic tem-

peratures in excess of the virial temperature expected for their mass as their gas

is photoionized by stellar radiation from nearby stars. Halos with mass below the

cosmological Jeans mass, evaluated at the cosmic mean density and the cosmic
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Figure 3.7: Properties of the gas inside haloes at z = 19.6 for the simulations
without (blue circles) and with (red circles) HMXBs. The dashed curves of match-
ing color show the median relations to guide the eye. The individual panels show,
from left to right and top to bottom, the maximum hydrogen number density, the
mass-weighted average temperature, the baryon fraction, the mass-weighted aver-
age electron fraction, the mass-weighted average molecular hydrogen fraction, and
the fraction of cold dense gas (T ≤ 0.5Tvir and nH ≥ 104n̄H ≈ 20 cm−3). The
vertical dashed lines mark the mass of 100 DM particles. The red dashed-dotted
line in the top middle panel indicates the virial temperature Tvir assuming a mean
particle weight µ = 1.2, appropriate for mostly neutral gas. The vertical dotted
line in the top right panel marks the cosmological Jeans mass above which gravi-
tational attraction dominates pressure repulsion and haloes can accrete gas. In the
presence of HMXBs, the temperatures, electron fractions, and molecular hydrogen
fractions are strongly increased. The HMXBs exert a strong feedback on the baryon
fractions, which are strongly suppressed below the cosmic mean (horizontal dashed
line) across the range of halo masses. However, the feedback from HMXBs on the
fraction of cold dense gas is only mild, and the number of haloes above the crit-
ical mass for the onset of cooling and star formation is similar with and without
HMXBs, consistent with the lack of a strong net feedback from HMXBs on the star
formation history (Figure 3.4).
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mean temperature expected in the absence of star formation (e.g. Gnedin, 2000),

have baryon fractions substantially below the cosmic mean. The most massive

minihaloes achieve baryon fractions closer to the cosmic mean, but also at these

masses the scatter is large, owing to stellar radiative feedback and gravitational and

gas-dynamical interactions between haloes (e.g. Wise & Abel, 2008b; Wise et al.,

2012; Pawlik et al., 2013).

The presence of HMXBs leaves clear signatures in the halo gas properties.

The characteristic temperatures and electron fractions are significantly increased

at all mass scales. The increased electron fraction results in an enhancement of

the molecular hydrogen fraction by an order of magnitude compared to that in the

simulation without HMXBs in all but the most massive haloes. Furthermore, the

baryon fractions are significantly lower in the simulation with HMXBs than with-

out, even at the largest halo masses. The reason for this is that X-ray preheating

helps stellar radiative feedback by evaporating halo gas and suppressing baryonic

infall onto haloes (e.g. Machacek et al., 2003; Kuhlen & Madau, 2005; Jeon et al.,

2012). However, the presence of HMXBs does not hinder the build-up of cold

dense gas cores in the centres of haloes that fuel the formation of stars. Here, the

cold and dense gas is defined as the gas with T . 0.5Tvir and nH & 104n̄H where

n̄H ≈ 1.7×10−3 cm−3 is the cosmic mean gas density at z = 19.6 (Machacek et al.,

2003).

The mild impact on the cold dense gas suggests that the reduction in the

baryon fraction originates mostly in the outer lower density regions of the haloes

and is consistent with the lack of a strong net effect of HMXBs on the star formation
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history. In principle, the increase in H2 can help the collapse of the gas in haloes by

increasing the ability of the primordial gas to cool. Indeed, the simulation including

HMXBs shows an increased amount of cold dense gas for haloes above the critical

mass for the onset of efficient cooling. However, the number of haloes with cold

gas fraction & 0.1 is similar in both our simulations. Moreover, the critical mass for

the onset of cooling is insensitive to the presence of HMXBs, and above this mass

molecular hydrogen formation is already very efficient in the absence of additional

positive feedback.

Our results are consistent with the results of Machacek et al. (2003) and

Kuhlen & Madau (2005), both of which investigated the feedback from X-ray ion-

ization on structure formation and halo gas properties in cosmological simulations

of high-redshift minihaloes. Varying the strength of the X-ray flux by two orders of

magnitude with respect to the intensity of the imposed LW background, Machacek

et al. (2003) found only a mild effect on the ability of gas to cool and collapse to

high densities. Even a high X-ray flux was found to be insufficient to substantially

increase the fraction of cold dense gas or to significantly lower the critical halo mass

for the onset of efficient gas cooling. A similar insensitivity of the cold dense gas

fractions to X-ray ionization was found in Kuhlen & Madau (2005) and attributed

to the competition with the negative feedback from photoheating.

3.3.5 Reionization

It is generally accepted that the stellar radiation from galaxies is mainly

responsible for the reionization of the Universe (for reviews see, e.g. Barkana &
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Figure 3.8: The volume-weighted clumping factor of gas with overdensities ≤ ∆.
HMXBs preionize and preheat the gas, implying a strong smoothing of the diffuse
IGM, reducing its clumpiness. This makes it easier to keep the gas ionized, and
hence provides a positive feedback on reionization.
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Loeb, 2001; Barkana, 2009; Robertson et al., 2010). However, X-ray sources, such

as BHs, HMXBs, and structure formation and supernova remnant shocks (Oh, 2001;

Madau et al., 2004; Ricotti & Ostriker, 2004; Ripamonti et al., 2008; Power et al.,

2009; Johnson & Khochfar, 2011b; McQuinn, 2012; Mirabel et al., 2011; Haiman,

2011; McQuinn, 2012; Mesinger et al., 2013; Fialkov et al., 2014), could have es-

tablished a floor of ionized fractions of ∼ 10 per cent nearly uniformly throughout

the Universe and preheated the IGM to a few times∼ 103 K (Oh, 2001; Volonteri &

Gnedin, 2009; Johnson & Khochfar, 2011b; McQuinn, 2012; Mesinger et al., 2013).

The associated X-ray feedback may delay reionization by impeding galaxy forma-

tion due to photoionization heating (e.g. Efstathiou, 1992; Shapiro et al., 1994;

Gnedin, 2000; Finlator et al., 2011). Or it may accelerate it, by reducing the clump-

ing factor of the IGM, and hence the number of ionizing photons required to keep

the Universe ionized (e.g. Wise & Abel, 2005; Pawlik et al., 2009), or by promoting

the formation of molecular hydrogen (e.g. Haiman et al., 2000; Ricotti et al., 2001;

Oh & Haiman, 2002)

In Jeon et al. (2012) we showed that radiative feedback from the Pop III

progenitor stars strongly reduces the Bondi-Hoyle rates at which BHs accrete dif-

fuse gas in the first minihaloes (see also, e.g. Alvarez et al., 2009). Accordingly,

the initial radiative impact of these BHs on the gas was found to be small. This is

consistent with the results from our current simulation without HMXBs, in which

many properties of the gas in the IGM and in the haloes are similar to those found

in simulations of the first stars and galaxies that do not include the emission of

X-rays by accreting BHs. The X-ray luminosities of HMXBs, on the other hand,
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are insensitive to the radiative feedback from the Pop III progenitor stars, as mass

accretion occurs at high, near-Eddington rates directly from the stellar companion.

As a result, we find that HMXBs substantially preionize and preheat the gas ahead

of the ionization fronts driven by the first stars already at early times at which the

radiative impact from BHs accreting diffuse gas is still negligible.

A key quantity for discussing reionization is the clumping factor C, which

parametrizes the recombination rate in the IGM (see Section 3.3.2). Figure 3.8

shows the clumping factor computed by considering only gas with overdensities

∆ ≡ nH/n̄H ≤ ∆IGM characteristic of the IGM, where n̄H is the cosmic mean den-

sity. We adopt ∆IGM = 100 as reference, and show the sensitivity of the clumping

factor to changes in ∆IGM by a factor of 2 above and below the reference value.

The clumping factor is substantially smaller in the run with HMXBs than without,

confirming the visual impression of pressure smoothing in Figure 3.5. The evolu-

tion of the clumping factor in the absence of HMXBs, when gas temperatures are

determined mostly by stellar radiative feedback, is consistent with that in Wise &

Abel (2008a). In their simulations, radiative feedback from the first stars decreased

the gas clumpiness by ∼ 25 per cent compared to that in a comparison run without

star formation. Our work demonstrates that in the presence of X-ray heating by

HMXBs, the gas clumpiness can be reduced by an additional significant factor of

∼ 2.

In our current simulations, the rate at which stars form is insensitive to the

presence of HMXBs (Figure 3.4). As discussed earlier, this is likely because the

positive feedback by X-ray ionization on the formation of molecular hydrogen and
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Figure 3.9: BH accretion rates in the simulations with (top) and without (bot-
tom) HMXBs. The solid curves show the Bondi-Hoyle rates at which isolated
BHs accrete diffuse halo gas. The dotted curves show the Eddington rates,
2.2 × 10−6 M� yr−1(MBH/100 M�), of BHs accreting gas from the stellar com-
panion in an HMXB. Stellar radiative feedback from the Pop III progenitor stars
strongly reduces the rate of accretion of diffuse gas several orders of magnitude
below the Eddington rate. HMXB feedback typically leads to an additional sup-
pression of the Bondi-Hoyle accretion rates by a factor of a few.
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Figure 3.10: Comoving mass density accreted onto BHs in the simulations with
(red solid) and without (black dashed) HMXBs. The shaded area marks the upper
limit on the mass accretion density above z > 5 allowed by the unresolved CXRB
(Moretti et al., 2012), as computed in Salvaterra et al. (2012), without (dark shaded)
and with (light shaded) the contribution from faint sources at z < 5. The simulated
comoving mass accretion densities are consistent with the observational constraints.
However, they may violate these constraints if extrapolated to z = 5, implying a
tension between CXRB limits and models of BH growth highlighted in Salvaterra
et al. (2012).
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the cooling of the primordial gas is partially offset by the negative feedback from

photoheating and Jeans smoothing (Figure 5.4) (e.g. Machacek et al., 2003; Kuhlen

& Madau, 2005). On the other hand, the presence of HMXBs leads to a significant

reduction in the clumping factor of the IGM (Figure 3.8), and hence in the num-

ber of ionizing photons required to sustain ionization in the HII regions blown by

the first stars. Our simulations therefore demonstrate that ionization by HMXBs

can provide a significant net positive feedback on reionization. Such a net posi-

tive feedback has sometimes been assumed to operate in semi-analytic models (e.g.

Madau et al., 2004; Mirabel et al., 2011).

3.3.6 Black Hole Growth

Observations of supermassive BHs (SMBHs) at z & 6 (for reviews see, e.g.

Fan et al., 2006; Willott et al., 2010; Mortlock et al., 2011) have triggered the ques-

tion of their assembly. Various scenarios for SMBH formation have been suggested

(Volonteri & Bellovary, 2012), including the growth from a Pop III stellar-mass

seed BH by gas accretion and mergers with other stellar mass BHs. A strong ob-

stacle to this formation path is provided by the feedback from the first stars in the

galaxies hosting the BHs, impeding gas accretion and delaying BH growth for ∼

100 Myr (Johnson & Bromm, 2007; Pelupessy et al., 2007; Alvarez et al., 2009;

Jeon et al., 2012; Johnson et al., 2013), and by the feedback from the BHs them-

selves (e.g. Milosavljević et al., 2009a; Alvarez et al., 2009; Park & Ricotti, 2011;

Jeon et al., 2012). However, only a small fraction of all haloes needs to experience

runaway BH growth to reach the observed space density of SMBHs at z & 6 (e.g.
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Dijkstra et al., 2008; Tanaka et al., 2012; Johnson et al., 2013).

Figure 3.9 shows the gas accretion rates onto BHs in our two simulations

with and without HMXBs. The Bondi-Hoyle accretion rates are up to∼ 8 orders of

magnitude below the Eddington limit of 2.2× 10−6 M� yr−1(MBH/100 M�). This

owes primarily to the feedback from the Pop III stars, but in the simulation with

HMXBs, the Bondi-Hoyle accretion rates are suppressed, on average, to still lower

values by feedback from X-ray heating. Interestingly, in both simulations, near the

final simulation redshift, one of the BHs reaches diffuse accretion rates close to the

Eddington rate, triggered by the passage through dense clouds of gas. Such near-

Eddington accretion could be characteristic of BHs residing in rare, high-density

peaks in which self-gravity overcomes the feedback effects (e.g. Li, 2011).

Measurements of the cosmic X-ray background (CXRB) have been used

to constrain the population of high-redshift X-ray sources (Dijkstra et al., 2004a;

Ricotti & Ostriker, 2004; Salvaterra et al., 2007; Treister et al., 2011; McQuinn,

2012; Salvaterra et al., 2012; Dijkstra et al., 2012). Salvaterra et al. (2012) used

the Swift X-ray telescope data in the hard X-ray band (Moretti et al., 2012) to ob-

tain a limit of ρacc . 1.4 × 104M�Mpc−3 on the mass density accreted by BHs

above z ≥ 5, adopting the AGN spectra proposed by Sazonov et al. (2004) and a

radiative efficiency ε = 0.1. The dark shaded area in Figure 3.10 shows this upper

limit extrapolated to high redshifts using their equation 7. The light-shaded area

shows the corresponding reduced upper limit, discussed in Salvaterra et al. (2012),

of ρacc . 6.6× 103 M� Mpc−3 at z = 5, now accounting for the contribution from

faint sources at z . 5, as modeled in Gilli et al. (2007).
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Figure 3.11: 21 cm differential brightness temperatures δTb at z = 27.8, 25.9, and
18.1 (from left to right), averaged along the line of sight, in cubical cutouts of
linear extent 300 comoving kpc centred on the first sink particle, in the simulations
with (top) and without (bottom) HMXBs. The computation assumed that the spin
temperature is equal to the gas temperature, Ts = Tgas, as may be expected after
the establishment of a Ly-α background by the first stars. At early times (left and
middle panels), in the absence of HMXBs, there is no significant preheating of
the IGM outside the stellar HII regions, and the neutral IGM is seen in 21 cm
absorption (δTb < 0). In contrast, in the presence of HMXBs, X-ray preheating
quickly establishes a nearly uniform temperature floor, and the neutral gas outside
stellar HII regions is seen in 21 cm emission (δTb > 0). At late times (right panels),
the gas in the simulation with HMXBs is highly ionized and the 21 cm signal of
the IGM nearly vanishes. In contrast, in the absence of HMXBs, the IGM outside
stellar HII regions remains significantly neutral and is visible in 21 cm emission.
The systematic differences in the differential brightness temperature of the IGM
may potentially be used to constrain the nature of the first sources in upcoming
21 cm observations.
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The simulated comoving accretion mass densities onto BHs and HMXBs

shown in Figure 3.10 are computed using

ρacc =

∫ z=18

z=30

dt
∑
all

(ρ̇acc,BH + ρ̇acc,HMXB), (3.25)

where ρ̇acc,BH is the time-dependent accretion mass density onto BHs accreting dif-

fuse halo gas, and ρ̇acc,HMXB is the time-independent accretion rate density onto

BHs of mass 100 M� inside HMXBs accreting gas from the stellar companion at

the Eddington rate, 2.2 × 10−6 M� yr−1(MBH/100 M�), for a duration of 2 Myr

each. The accretion rate density is larger in the simulation with HMXBs than in the

simulation without HMXBs by up to several orders of magnitude, as expected from

the difference in accretion rates of HMXBs and miniquasars.

At the final simulation redshift, the accreted mass densities are still sig-

nificantly below the CXRB upper limits and hence consistent with observations.

However, if BH growth continues down to lower redshifts as expected, the accre-

tion mass densities would likely exceed the CXRB upper limits by z = 5. This

illustrates the tension between the CXRB limits and models of BH growth that was

highlighted by Salvaterra et al. (2012). However, our simulations may overesti-

mate the accretion mass density since a fraction of the Pop III stars may explode in

pair instability supernovae instead of collapsing into BHs (e.g. Heger et al., 2003;

Chatzopoulos & Wheeler, 2012; Yoon et al., 2012), a process that we have ignored.

Moreover, at lower redshifts, stellar radiative, kinetic and chemical feedback as well

as BH feedback may limit the ability of galaxies to grow BHs, further reducing the

accreted mass densities (e.g. Tanaka et al., 2012). The contribution of redshifted ra-

diation from high-z sources to the observed 2−10 keV band depends on their X-ray
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spectra (see Salvaterra et al., 2012) for a discussion) and will be reduced if the typi-

cal spectrum cuts off at rest-frame energies lower than (40−200)/[(1+z)/20] keV.

3.4 Impact on 21 cm Signature

The 21 cm line of atomic hydrogen is a promising tool to understand the

reionization history of the Universe (for review see, e.g. Furlanetto et al., 2006;

Pritchard & Loeb, 2012; Zaroubi, 2013). The relevant observable is the differential

brightness temperature, i.e., the 21 cm brightness temperature measured against

the CMB temperature TCMB, and which in the optically thin limit is given by (e.g.

Madau et al., 1997; Furlanetto & Oh, 2006)

δTb = 40 mK (1 + δ) ηHI

(
1 + z

25

)1/2(
1− TCMB

Ts

)
, (3.26)

where δ ≡ (nH − n̄H)/n̄H is the density contrast, and Ts is the spin temperature.

The spin temperature is the weighted sum of the kinetic gas temperature Tgas and

TCMB,

Ts =
TCMB + (ycol + yα)Tgas

1 + ycol + yα
, (3.27)

where ycol and yα are, respectively, the collisional and Lyα radiative coupling effi-

ciencies (e.g. Wouthuysen, 1952; Field, 1958), and we have assumed Tc = Tgas for

the color temperature Tc of the Lyα photons.

Depending on the spin temperature of the hydrogen atom, the 21 cm line

may be seen in emission (δTb > 0) or absorption (δTb < 0). Estimates of the spin

temperature are complicated by uncertainties in the radiative coupling by Lyα pho-

tons that may originate from stellar atmospheres or from recombining or excitepd
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ions, and whose intensity is difficult to compute because it requires solving the RT

equation for Lyα photons (e.g. Baek et al., 2009; Yajima & Li, 2013). Therefore,

most works simply assume either full collisional or full radiative coupling given

the circumstances (Greif et al., 2009b; Tokutani et al., 2009). E.g., once the first

generation of stars turns on, Lyα coupling is expected to quickly set the spin tem-

perature to the gas temperature (Chen & Miralda-Escudé, 2008; Ciardi et al., 2010;

Mesinger et al., 2013). Note from Equation 3.27 that for Ts � TCMB, the differ-

ential brightness temperature is independent of the spin temperature (e.g. Scott &

Rees, 1990).

Here, we compute the 21 cm signal assuming the two limiting cases of pure

collisional coupling (yα = 0) and perfect coupling to the gas kinetic temperature

(Ts = Tgas), due to Lyα scattering via the Wouthuysen-Field effect (Wouthuysen,

1952; Field, 1958), but neglecting any accompanying Lyα heating of the gas. Such

a strong radiative coupling is expected after the establishment of a Lyα background

by the first stars (e.g. Kuhlen et al., 2006). The efficiency of collisional coupling

is given by ycol = T∗(CH + Ce + Cp)/(A10Tgas). Here, T∗ = hPν21 cm/kB =

0.0681 K is the temperature associated with the 21 cm hyperfine-structure transi-

tion, A10 = 2.85 × 10−15s−1 is the Einstein A coefficient and CH, Ce, and Cp are

the de-excitation rates of the triplet state due to collisions with neutral atoms, elec-

trons and protons, respectively. The collisions with neutral atoms are determined

by CH = nHκ, where κ is the effective single-atom rate coefficient from Zygelman

(2005). The e-H collision term is written as Ce = neγe, where γe is given by Liszt

(2001) and Smith (1966). The rate coefficient for proton-induced de-excitation is
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just 3.2 times larger than that for neutral atoms at Tgas > 30 K (Smith, 1966),

γp = 3.2κ, and Cp = npγp. Excitation by protons is typically unimportant, as it

is much weaker than that by electrons at the same temperature (e.g. Kuhlen et al.,

2006).

We point out that our high-resolution region, corresponding to the angular

size of ∼ 0.1 and a frequency range of ∼ 0.01 MHz (e.g. Furlanetto et al., 2006),

is unlikely to be resolved in observations even with the SKA (e.g. Mellema, 2013).

However, it is expected that X-ray preionization affects the topology of the 21 cm

signal in a similar manner also on much larger scales than investigated here (e.g.

Pritchard & Furlanetto, 2007; Baek et al., 2010; Mesinger et al., 2013).

Figure 3.11 shows images of the differential brightness temperature in the

high-resolution region and centred on the location of the first stellar binary in the

runs with and without HMXBs at three characteristic redshifts z = 27.8, 25.9, and

18.1, assuming that Ts = Tgas. At z = 27.8, in both simulations, the photoheated

relic HII region with radius r ≈ 2 − 3 kpc left behind by the first Pop III bi-

nary is characterized by a weak emission signal 0 mK . δTb . 50 mK. Higher

brightness temperatures are achieved in dense neutral pockets and filaments of gas

that survived photoevaporation (e.g. Kuhlen et al., 2006). The 21 cm signal out-

side the relic HII region is very different in the two simulations. In the simulation

with HMXBs, X-ray heating induces the gas to glow in emission. In the simulation

without HMXBs, on the other hand, the gas remains cold and is observed in absorp-

tion. These trends are qualitatively consistent with those in previous works (Chen

& Miralda-Escudé, 2008; Zaroubi et al., 2007; Thomas & Zaroubi, 2008; Tokutani
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Figure 3.12: The probability distribution function (PDF) of the differential bright-
ness temperature δTb at z = 27.8, 25.9, and 18.1 (from top to bottom), in the high-
resolution regions of the simulations with (red dashed) and without (black solid)
HMXBs. Panels in the left column show the PDF computed assuming Ts = Tgas,
as will be the case after the establishment of a Lyα background by the first ionizing
sources, and panels in the right column show the PDF assuming that spin and gas
temperatures couple only through collisions (yα = 0 in Equation 3.27).
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et al., 2009; Venkatesan & Benson, 2011; Yajima & Li, 2013), and the claim of a

prominent 21 cm absorption feature of order δTb ∼ −150 mK as an observational

signature of the first stars (e.g. Cen, 2006; Chen & Miralda-Escudé, 2008).

Figure 3.12 compares the probability distribution function of the differen-

tial brightness temperature for the two limiting cases of collisional-only and perfect

coupling at the three redshifts discussed above. In the simulation with HMXBs, the

probability distributions are insensitive to the assumptions made about the spin tem-

perature. At late times, z = 18.1, the distributions peak around δTb = 0, because of

the strong preionization of the gas by HMXBs, confirming the visual impression of

Figure 3.11. In the simulation without HMXBs, on the other hand, the brightness

temperature distribution is initially sensitive to the assumptions made about the spin

temperature. At z = 27.8 and 25.9, assuming pure collisional coupling implies sig-

nificantly larger negative peak brightness temperatures (δTb ∼ −50 mK) and hence

a weaker 21 cm signal than assuming that the spin temperature equals the gas tem-

perature (δTb ∼ −100 mK). At z = 18.1, independent of the assumptions on

the spin temperature, the differential brightness temperature distribution peaks near

δTb ∼ 50 mK. This contrasts with the location of the peak around δTb = 0 in the

simulation with HMXBs, and may offer a route to deriving observational constrains

on the nature of the high-redshift X-ray sources (e.g. Kuhlen et al., 2006).

Additional constraints on X-ray preionization will come from measurements

of the optical depth towards reionization (e.g. Ricotti & Ostriker, 2004) and mea-

surements of the kinetic Sunyaev-Zeldovich (kSZ) effect (e.g. Zahn, 2012; Mesinger

et al., 2013; Park et al., 2013). In combination with observations of high-redshift
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quasars (e.g. Lidz et al., 2007; Datta et al., 2012), these measurements will help

uncovering the properties of the first sources of ionizing radiation and the role of

X-rays in the early Universe.

3.5 Summary and Conclusions

High Mass X-ray Binaries (HMXBs) are among the most luminous X-ray

sources in the local Universe. Recent high-resolution simulations with realistic

cosmological initial conditions have suggested that Pop III stars typically form in

binaries or as members of small multiple systems, in departure from the preceding

paradigm in which the first stars formed in isolation, thus rendering HMXBs plausi-

ble in the high-z Universe as well. Furthermore, the realization that low metallicity

favours the formation of HMXBs has led to an increased interest in the impact of

HMXBs on early cosmic history. In this work, we carried out a set of two radiation

hydrodynamic simulations with and without HMXBs to explore the X-ray feedback

from black holes accreting diffuse gas and from HMXBs on the surrounding gas,

on the larger-scale IGM, on subsequent star formation, and on early reionization.

It is often suggested that X-rays enhance the rate of star formation because

additional ionization boosts the abundance of H2, thus promoting the cooling of the

primordial gas. While our simulation with HMXBs shows such an enhancement in

H2, we find no strong net effect of X-rays on star formation. The number of haloes

with cold gas fraction & 0.1 is comparable in the simulations with and without

HMXBs, and the critical mass for the onset of cooling is insensitive to the presence

of HMXBs. Furthermore, the comparison with our preceding work in Jeon et al.
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(2012) suggests that the impact of HMXBs on star formation is subject to the duty

cycle of X-ray emission, such that a longer duty cycle favours a stronger positive

feedback.

We should note that we have neglected supernova feedback from Pop III

stars, which transfers kinetic energy and propagates metals into the surrounding

medium. The metal-enriched medium, capable of forming less massive Popula-

tion II stars, might experience a rather different feedback history. However, it is a

matter of active debate when the transition from Pop III to Pop II star formation

occurred and when Pop III star formation terminated. Some studies have suggested

that Pop III stars may still form until z ∼ 6, in regions that are uncontaminated by

SN enrichment (Trenti et al., 2009; Muratov et al., 2013).

Our simulations suggest that ionization by X-ray photons from HMXBs can

provide a significant net positive feedback on reionization. The star formation rate

is unaffected, but the clumping factor, which parametrizes the recombination rate in

the IGM, is reduced by a factor of∼ 2 by the feedback from HMXBs. Such a reduc-

tion in the recombination rate makes it easier to keep the reionized gas ionized. We

also examine the effect of X-ray feedback on black hole growth and show that the

Bondi-Hoyle black hole accretion rates in the presence of HMXBs are significantly

reduced. This negative feedback on BH growth could play a role in controlling the

abundance of intermediate mass BHs, in the range of 104 − 105M�, in SMBH for-

mation scenarios based on seeds left behind by the first generation of stars (Tanaka

et al., 2012).

Lastly, we compute the differential brightness temperature of the neutral hy-
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drogen 21 cm signal. Our simulations show that a promising way for observing the

signature of X-rays in the high-z Universe is through the 21 cm emission signal

imprinted by X-ray heating. This signature might depend on the characteristics of

the X-ray sources, such as their abundance, luminosity, and effective lifetime. In

addition, thanks to the pre-ionization by X-rays, the IGM around X-ray sources

can possibly achieve earlier reionization, reflected in the location of the peak of the

brightness temperature distribution. Thus, future long-wavelength radio observa-

tions offer the exciting prospect for constraining the nature of high-redshift X-ray

sources.
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Chapter 4

Recovery from population III supernova explosions
and the onset of second generation star formation3

4.1 Introduction

One of the most intriguing aspects of modern cosmology is the formation of

the first stars and galaxies. The first stars, so-called Population III (Pop III), were

responsible for the transition of the Universe from its simple, metal-free state to one

of ever increasing complexity. Therefore, exploring their feedback on the pristine

intergalactic medium (IGM) has been one of the key themes in elucidating early

cosmic evolution (e.g. Loeb & Furlanetto, 2013; Wiklind et al., 2013). Pop III stars

started forming at redshifts as early as z & 30 out of primordial gas in dark matter

(DM) minihaloes of total mass M ∼ 105 − 106M� (Haiman et al., 1996; Tegmark

et al., 1997; Bromm et al., 2002; Yoshida et al., 2003). Once the first stars began

emitting ionizing radiation, the gas inside minihalo hosts was photoheated to a few

104 K. As a consequence, pressure-driven outflows significantly suppressed central

gas densities. After their brief lifetime of ∼ 106 − 107 yr, Pop III stars may have

3This chapter has been published as Jeon, M., Pawlik, A. H., Bromm, V., Milosavljevic, M. 2014,
MNRAS, 444, 3288

3Author Contributions: M.J. and V.B. conceived and planned the project. M.J. ran the simula-
tions and performed main analysis. A.P. provided the modified version of the GADGET code and
M.J. developed the code. M.J. , A.P., V.B., and M.M. discussed results. M.J. wrote the manuscript
with contributions from co-authors.
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exploded as supernovae (SNe) or collapsed directly in black holes (BHs), possibly

without explosion. The subsequent evolution of the surrounding IGM was shaped

by the feedback from such Pop III remnants (Barkana & Loeb, 2001; Bromm &

Larson, 2004; Ciardi & Ferrara, 2005; Bromm et al., 2009). If a Pop III star died in

a SN explosion, the ambient gas, already rarified by the radiation-hydrodynamical

reaction to the star’s ionizing radiation, was shock heated and hydrodynamically

evacuated from the minihalo as the shock traversed the halo. The dispersal of heavy

elements and dust from the first SNe initiated the long history of cosmic chemical

enrichment (Karlsson et al., 2013). This enrichment was critical for star formation

because the metal-enriched dusty gas was able to cool to the temperature floor set

by the cosmic microwave background, TCMB = 2.7 K (1 + z), similar to the char-

acteristic temperatures of star-forming clouds in the nearby Universe. Such low

temperatures were hard to reach in metal-free primordial gas, in which molecular

hydrogen was the main available coolant. Therefore, the initial stellar mass function

(IMF) is expected to have changed from the top-heavy IMF, predicted for Pop III,

to the low-mass dominated IMF of Population II (Pop II), once enrichment levels

exceeded a critical threshold. Whether this threshold was linked to fine-structure

line cooling or dust-continuum cooling is still debated, but there is general agree-

ment that such a ‘critical metallicity’ played an important role (e.g. Omukai, 2000;

Bromm et al., 2001a; Schneider et al., 2002; Bromm & Loeb, 2003b; Omukai et al.,

2005; Schneider & Omukai, 2010; Schneider et al., 2012; Chiaki et al., 2014; Ji

et al., 2014). If, on the other hand, a Pop III star ended its life as a BH via di-

rect collapse, subsequent gas accretion onto the remnant may have resulted in a
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miniquasar—a stellar mass black hole accreting near the Eddington limit —that

emitted X-rays (e.g. Glover & Brand, 2003; Kuhlen & Madau, 2005; Milosavljević

et al., 2009a,b; Alvarez et al., 2009; Park & Ricotti, 2011; Venkatesan & Benson,

2011; Wheeler & Johnson, 2011; Jeon et al., 2012, 2014a; Xu et al., 2014).

The fate of a Pop III star was determined by its mass and degree of rotation.

Non-rotating Pop III stars with masses between 10M� and 40M� are thought to

end their lives as core collapse SNe, or as highly energetic pair-instability super-

novae (PISNe) for masses in the range of 140M� . M∗ . 260M� (Heger &

Woosley, 2002), or directly collapse into a BH for other progenitor masses (Heger

et al., 2003). Stellar rotation may introduce significant changes to this picture

(Maeder & Meynet, 2012). Core-collapse of rapidly rotating stars may trigger en-

ergetic hypernovae (Umeda & Nomoto, 2005), and the lower mass-limit for a PISN

could be reduced to ∼ 85M� (Chatzopoulos & Wheeler, 2012; Yoon et al., 2012).

The characteristic mass scale of Pop III stars remains an open question

(Bromm, 2013). Previously, the first stars were thought to be isolated and rather

massive, with a characteristic mass of ∼ 100M� (e.g. Abel et al., 2002; Bromm

et al., 2002; Yoshida et al., 2006). However, recent improved simulations have

identified a ubiquitous disk fragmentation mode, revising the typical mass scale

downwards to a few 10M� (e.g. Turk et al., 2009; Stacy et al., 2010; Clark et al.,

2011a; Prieto et al., 2011; Smith et al., 2011; Greif et al., 2011, 2012; Stacy et al.,

2012; Dopcke et al., 2013). Moreover, radiative feedback has recently been shown

to put an additional limit to the masses of these stars (e.g. Hosokawa et al., 2011;

Hirano et al., 2014; Susa et al., 2014). Consequently, Pop III stars were more likely

119



Table 4.1: Properties of host haloes, Pop III progenitors, and SNe.

Halo Mvir [M�] zform M∗ [M�] tlife [Myr] Ṅion [s−1] ESN [ergs] y Recovery time [Myr]
HALO1 5× 105 28 15 10 1.86× 1048 1.0× 1051 0.05 8.9
HALO1 5× 105 28 25 6.4 7.58× 1048 1.0× 1051 0.05 24
HALO1 5× 105 28 40 3.8 2.47× 1049 0.6, 1.0× 1051 0.05 92, 92
HALO1 5× 105 28 200 2.2 2.69× 1050 1052 0.5 300
HALO2 9× 105 25 25 6.4 7.58× 1048 1.0× 1051 0.05 3.7
HALO2 9× 105 25 40 3.8 2.47× 1049 1.0× 1051 0.05 6
HALO3 3× 105 23 40 3.8 2.47× 1049 1.0× 1051 0.05 140

From left to right, the columns show the host minihalo identifier, the total virial
mass of the minihalo Mvir, the Pop III star’s formation redshift zform and mass
M∗, the main-sequence lifetime tlife, the ionizing photon emission rate Ṅion

(Schaerer, 2003), the SN energy ESN and metal yield fraction y (Table 2 in
(Karlsson et al., 2013)), and recovery time for return of gas into the center of
the host halo (see Section 4.3). The recovery time for the SN explosion of
energy 1052 ergs is taken from Greif et al. (2010), who used identical initial
conditions.

to end their lives as core collapse SNe, rather than PISNe. In addition, observed

abundance patterns in the atmospheres of metal-poor Galactic halo stars, expected

to form out of gas enriched by Pop III stars, have until recently not exhibited the

strong elemental odd-even effect and the absence of any neutron-capture elements,

which would be manifest signatures for PISNe (Aoki et al., 2014). Therefore, very

massive stars were rare, making them hard to detect, in agreement with some the-

oretical predictions (Salvadori et al., 2007; Karlsson et al., 2008), or Pop III stellar

masses may have been limited to . 140M� (e.g. Heger & Woosley, 2010; Joggerst

et al., 2010; Keller et al., 2014), or the paucity of chemical evidence for PISNe is

due to the fact that the elements synthesized by PISNe were widely dispersed due

to the PISN’s large explosion energies (Cooke & Madau, 2014).

There has been a number of numerical studies investigating the impact of

early SNe on the gas surrounding the explosion sites and on the assembly process of
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the first galaxies (e.g. Kitayama & Yoshida, 2005; Greif et al., 2007, 2010; Whalen

et al., 2008; Wise & Abel, 2008b; Maio et al., 2010; Bland-Hawthorn et al., 2011;

Vasiliev et al., 2012; Ritter et al., 2012; Wise et al., 2012; Chen et al., 2015). Since

the first stars were initially estimated to have very large masses M∗ & 100M�,

most of these early studies focused on the impact of the more energetic PISNe.

For instance, Greif et al. (2010) and Wise & Abel (2008b) followed the impact of

a single PISN with an explosion energy of 1052 ergs until an atomic-cooling halo

assembled at z ≈ 10. They found that even a single PISN explosion could enrich

the region out of which the first galaxies formed to supercritical metallicities Z >

10−3 Z�, such that the first galaxies would typically host already metal-enriched

Pop II stellar systems.

In contrast to PISNe, the impact of the less energetic core collapse SNe

critically depended on the Pop III progenitor mass and their environments, as was

already found in one-dimensional, radiation-hydrodynamic simulations (e.g. Ki-

tayama & Yoshida, 2005; Whalen et al., 2008; Chiaki et al., 2013). For instance,

the gas in minihaloes with masses close to the cooling threshold for collapse, ∼

105 − 106M�, was more vulnerable to photoionization heating by the stellar pro-

genitor, which decreased the density of the gas into which the SN exploded. Such

conditions allowed SN ejecta to more easily escape the haloes. On the other hand,

the ionizing radiation from Pop III stars inside more massive ∼ 107M� host sys-

tems remained more strongly confined, such that the SN remnants encounter mostly

intact high-density clouds. Most of the SN explosion energy then was rapidly radi-

ated away, and this impeded the escape of the metal-enriched gas to the IGM.
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Ritter et al. (2012) investigated such a case of prompt fallback in a three di-

mensional, cosmological grid-based hydrodynamic simulation, where a 40M� SN

exploded in a minihalo of ∼ 106M�. The SN remnant remained partially trapped

within the minihalo. Roughly half of the ejecta turned around and fell back toward

the center of the halo, with 10% of the ejecta reaching the center in ∼ 10 Myr.

The average metallicity of the combined returning ejecta and the pristine cosmic

web filaments feeding into the halo center was ∼ 0.001 − 0.01Z�, but the two

fluids remained unmixed until accreting onto a central hydrostatic core, unresolved

in the simulation. Ritter et al. concluded that if Pop III stars had moderate masses,

they could promptly enrich the host minihalos with metals and trigger Pop II star

formation.

While these pioneering studies brought into focus the key physics, they ei-

ther considered only a few specific cases, not exploring the dependence on a varying

cosmic environment, or employed somewhat simplified initial conditions. Taking

into account realistic cosmological initial conditions and exploring a broader pa-

rameter space is clearly desirable. As an example, an insufficient number of ion-

izing photons from 10 − 40M� Pop III stars to achieve substantial gas evacuation

from the host system might produce a highly asymmetric pre-explosion density

distribution. The ensuing SN blastwave would then preferentially propagate along

low-density channels, usually perpendicular to the cosmic filaments, resulting in

highly non-uniform metal dispersal (Wise & Abel, 2008b; Greif et al., 2010).

To address the environmental complexity of early SN feedback, we here re-

port on a suite of cosmological radiation-hydrodynamics simulations. We followed
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the evolution of the SN-processed gas to the point at which the second generation of

stars began to form out of this metal-enriched material. We specifically ask: What is

the delay between the initial Pop III star formation event and the re-establishment

of conditions for subsequent star formation? Addressing this question is crucial

for understanding the assembly process of the first galaxies and their properties

(Bromm & Yoshida, 2011).

The severity of the Pop III feedback is reflected in the mass scale of the

first galaxies, since stronger feedback requires the assembly of more massive host

systems for the SN-processed gas to be able to cool and recondense. This mass

scale for the first galaxies in turn determines their luminosities and number den-

sity, with important implications for early reionization (e.g. Barkana & Loeb, 2001;

Barkana, 2009; Robertson et al., 2010). Pushing the high redshift frontier by ob-

serving the first galaxies is one of the main goals of next-generation facilities, such

as the James Webb Space Telescope (JWST), the planned extremely large ground-

based telescopes, the Atacama Large Millimitre Array (ALMA), and the Square

Kilometre Array (SKA). The observability of the first galaxies will be determined

by their star formation efficiencies and stellar IMFs (e.g. Johnson et al., 2009; Za-

ckrisson et al., 2011).

Recently, it has been suggested that the strength of SN driven outflows may

be responsible for the observed dichotomy between carbon-enhanced and carbon-

normal metal-poor stars (Cooke & Madau, 2014). These authors invoke two classes

of SNe with greatly different times for recovery from supernova explosions, such

that rapid recovery is connected to weak explosions with large carbon overabun-
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dances, and slow recovery with strong explosions with normal carbon yields. Pin-

ning down gas dynamics in the aftermath of Pop III supernovae is clearly essential

for completing the picture of how the early Universe evolved and what kind of long-

lived relics it left in the nearby Universe. Ritter et al. (2014) suggested another

explanation for carbon-enhanced metal-poor stars. Because the entropy to which

the reverse shock raises the SN ejecta decreases with the ejecta mass coordinate,

the central, iron-bearing ejecta are raised to a higher entropy and predominantly

convect outward without cooling. This prevents the bulk of the Pop III iron yield

from returning to the halo center to enrich the second-generation star forming event.

Having lower entropy, the carbon-bearing ejecta are more susceptible to cooling and

can return to the central cloud, enriching new stars.

This section is organized as follows. Our numerical methodology is de-

scribed in Section 5.2 and the simulation results are presented in Section 4.3. Fi-

nally, our main findings are summarized in Section 4.4. For consistency, all dis-

tances are expressed in physical (proper) units unless noted otherwise.

4.2 Numerical Methodology
4.2.1 Gravity, Hydrodynamics, and Chemistry

We carry out our investigation using the N -body/TreePM SPH code GAD-

GET ((Springel, 2005); (Springel et al., 2001); our specific implementation is based

on that discussed in (Schaye et al., 2010)). Our simulations start with a snapshot

from the earlier zoomed simulation of Greif et al. (2010), which was initialized at

z = 99 in a periodic box of size 1 comoving Mpc. The initial conditions in Greif
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Figure 4.1: Test of SN blast wave dynamics in the absence of radiative cooling.
The shocked gas properties are shown at tsh = 0.02 after the SN explosion with
E0 = 1. The red solid line is the self-similar Sedov-Taylor solution. The agreement
between the simulation and the self-similar solution is reasonable and the location
of the shock is captured very well.
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et al. (2010) were generated by assuming a ΛCDM cosmology with a matter density

parameter of Ωm = 1 − ΩΛ = 0.3, baryon density Ωb = 0.04, present-day Hubble

expansion rate H0 = 70 km s−1Mpc−1, spectral index ns = 1.0, and normaliza-

tion σ8 = 0.9. We follow the evolution until the gas affected by the radiation of

the Pop III progenitor star and the ensuing SN explosion has recollapsed, reaching

conditions where a second round of star formation can take place.

Employing nested refinement of the cosmological initial conditions, the

masses of dark matter (DM) and SPH gas particles in the highest resolution re-

gion with an approximate linear size of 300 comoving kpc are mDM ≈ 33M� and

mSPH ≈ 5M�, respectively. Therefore, the baryonic mass resolution is Mres ≡

NngbmSPH ≈ 240M�, where Nngb = 48 is the number of particles in the SPH

smoothing kernel (Bate & Burkert, 1997). This resolution makes it possible to

follow the gas evolution to a density of nH ' 104 cm−3 characteristic of the quasi-

hydrostatic loitering state before the onset of the runaway collapse that ultimately

leads to Pop III star formation (Abel et al., 2002; Bromm et al., 2002). We adopt a

Plummer-equivalent gravitational softening length of 70 comoving pc for both dark

matter and baryonic particles.

We use the primordial chemistry and cooling network in Greif et al. (2010),

where all relevant cooling mechanisms are taken into account, specifically, H and

He collisional ionization, excitation and recombination cooling, bremsstrahlung, in-

verse Compton cooling, and collisional excitation cooling of H2 and HD. The code

self-consistently solves the non-equilibrium chemistry for 9 species (H,H+,H−,H2,

H+
2 ,He,He+,He++, and e−), as well as for the three deuterium species D,D+, and
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Figure 4.2: Projected gas density (top) and temperature (bottom) in a slab of size 35
kpc (comoving) and thickness 7 kpc (comoving), centered on the locations of the
15M�, 25M�, and 40M� Pop III stars (from left to right) in HALO1 at the end of
each star’s lifetime and just before the subsequent explosion in a SN. The ionizing
photons from the stars preferentially propagate into the voids, perpendicular to the
high density cosmic filaments, forming noticeable H II regions around the 25M�
and 40M� stars. The HII region around the 15M� star is unable to outrun the
hydrodynamical shock it generates, leaving it in a highly compact state.
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HD. Moreover, after the SN explodes, the primordial gas is polluted with heavy

elements. The code allows us to follow the chemical evolution of C, O, and Si,

ejected by the SN explosion, assuming solar relative abundances, and includes the

corresponding metal line collisional excitation and cooling rates (Glover & Jappsen

2007). The chemical network comprises the key species, C,C+,O,O+, Si, Si+, and

Si++.

4.2.2 Pop III Properties and Ionizing Radiative Transfer

The characteristic mass of the first stars is a matter of intense research. Re-

cent high-resolution simulations have revised the characteristic scale downward to

tens of solar masses and have suggested a broad Pop III IMF, as explained in the

Introduction. In this work, we aim to explore a representative subset of progeni-

tor masses. We provide the properties of Pop III progenitors and SN explosions in

Table 4.1 (e.g. Heger & Woosley, 2002; Schaerer, 2003; Karlsson et al., 2013). To

consider environmental effects on the evolution of Pop III SN remnants, we insert

Pop III stars in three different minihaloes inside the most highly resolved region.

Properties of these halos are provided in Table 4.1.

We start our simulations at z ≈ 30, corresponding to the time just before the

first Pop III star has formed. Once the hydrogen number density exceeds nH,max =

104 cm−3, the highest-density SPH particle is converted into a collisionless sink

particle, subsequently accreting neighboring gas particles until its mass has reached

the target Pop III progenitor star mass (see Table 4.1).

The sink particle then becomes a source of ionizing radiation, emitted at
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Figure 4.3: Density (left) and temperature (right) profiles at the end of the pro-
genitor’s life, altered by the radiation from the 15M�, 25M�, and 40M� Pop III
stars (from top to bottom) in HALO1. The asymmetric structure of the H II regions
around the 25M� and 40M� stars, shown in Fig. 4.2, is reflected in the bifurcation
of the gas properties inside r . 50 pc: the gas lying along the cosmic filaments
remains dense nH & 10 cm−3 and cold T < 103 K, while that in the less dense
regions is photoevaporated to nH . 1 cm−3 and photoheated to T ≈ 104 K. The
H II region created by the 15M� star remains too small to significantly impact the
distribution of the gas in the halo.
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a rate averaged over the main sequence lifetime computed by Schaerer (2002).

The radiation spectrum is assumed to be a black-body spectrum at temperature

104.76 K, 104.85 K, and 104.9 K for the stars of 15, 25, and 40 solar mass, respectively

(Schaerer, 2002). We transport this ionizing radiation using the radiative transfer

(RT) code TRAPHIC (Pawlik & Schaye, 2008, 2011). TRAPHIC solves the time-

dependent RT equation in SPH simulations by tracing photon packets emitted by

source particles in a photon-conserving manner. The RT is controlled by a set of

parameters, which we choose identical to those employed in Jeon et al. (2014a),

except that we here use two frequency bins with bounding energies of [13.6 eV,

400 eV, 10 keV]. Recombination radiation is treated in the Case B approximation

(for a discussion of the applicability of this approximation see, e.g., Raičević et al.

(2014), and references therein).

In addition to the ionizing radiation from Pop III stars, we also track the

Lyman-Werner (LW) radiation that dissociates H2 and HD. The latter is treated in

the optical thin limit with a self-shielding correction. For further details on our RT

methodology and the treatment of LW radiation we refer the reader to Jeon et al.

(2014a).

4.2.3 Supernova Energy Injection

We explode each SN at the end of the progenitor’s main-sequence lifetime.

The explosion energy is distributed among the nearest N̄ngb = 32 neighbor SPH

particles with equal weight. This establishes a strong pressure jump relative to the

surrounding medium, in turn launching a blast wave.
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Within SPH schemes, particles are often assigned individual time steps,

sorted in a hierarchical fashion, such that only a fraction of particles is ‘active’

at any time. Only the properties of active particles are updated at any given time.

Therefore, if a SN blast wave alters the internal energies of neighboring gas parti-

cles, only the active particles among them are able to react to this sudden change.

Inactive particles cannot be updated right away and this introduces serious errors

into the hydrodynamics. These errors can be reduced by imposing a sufficiently

small upper limit on the individual time steps. However, using such a global con-

straint on the time steps is computationally expensive.

Instead, in order to elicit a prompt response to energy injection, we employ

the time step limiter originally suggested by Saitoh & Makino (2009) and developed

further by Durier & Dalla Vecchia (2012). This limiter restricts the time steps of

neighboring particles, specifically those within an SPH smoothing kernel, such that

the time step ratios do not exceed a given factor fstep. However, Durier & Dalla

Vecchia (2012) have shown that when only the time step limiter is used, energy

conservation may be strongly violated if energy is injected at a random time. To

tackle this problem, Durier & Dalla Vecchia (2012) implemented an update scheme

where at the time of the SN explosion all N̄ngb neighboring particles inside of the

explosion volume become active. In our simulations, we use both the time step

limiter and the time step update by adopting the value of fstep = 4. This ensures the

accurate integration of the SN explosion, and is substantially less computationally

expensive than comparably accurate simulations that impose a small global upper

limit on the particle timestep (Greif et al., 2007). For reference, the typical timesteps
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in our simulations are ∆t ≈ 103 − 104 yr. Those can be reduced by an order

of magnitude when needed, and the change in timesteps is controlled both by the

timestep limiter and update procedure.

We tested our implementation by simulating the self-similar Sedov-Taylor

(ST) problem, which has a known analytic solution. Fig. 4.1 shows the shocked

gas properties affected by a SN explosion of energy E0 = 1, at a time tsh = 0.02

after energy injection. Initially, N = 1283 gas particles were uniformly distributed

in a glass-like configuration with mean density ρ0 = 1 (White, 1996). The initial

internal energy was set to u0 = 10−3. We show the self-similar ST solution with red

solid lines (Shu, 1992; Durier & Dalla Vecchia, 2012). The location of the shock

front, Rsh ∼ (E0t
2
sh/ρ0)1/5, where tsh is the evolution time and ρ0 the density of

the surrounding medium, is consistent with the numerical result. Directly behind

the shock, the gas accurately approximates the Rankine-Hugoniot jump conditions

for the density, velocity, and pressure, [ρsh, vsh, Psh] ≡ [4ρ0, 3ṙsh/4, 3ρ0ṙ
2
sh/4] ≈

[4, 3.78, 19]. Here, ṙsh ≈ 5 is the shock velocity.

4.2.4 Metal Transport

The modeling of the chemical transport in SPH simulations is a difficult

task. In pure SPH schemes, there is no mass flux between particles. Also, for

SPH to resolve the turbulent cascade that is the pre-condition for mixing would

require much higher resolution than attainable in cosmological simulations. Here,

we implement a subgrid prescription for compositional diffusion as in Greif et al.

(2009a), where metal transport between particles was modelled as a diffusion pro-
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Figure 4.4: The evolution of the binding (solid), kinetic (dot-dashed), and thermal
(dashed) energy of the gas particles inside the virial radius of the host halo, up to
the point at which the central gas density reaches nH = 104 cm−3 (top panels).
The horizontal axis shows the time elapsed since the SN explosion. The bottom
panels show the evolution of the baryon fraction computed within the central 30
pc (dashed) and within the virial radius (solid). The blue lines show the baryon
fraction affected by both the SN and its progenitor, while the black lines represent
the case when only the photoionization by the Pop III star is taken into account.
The horizontal dotted lines show the universal baryon fraction.
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cess (Klessen & Lin, 2003). The discretized diffusion equation in the SPH formal-

ism is
dci
dt

=
∑
j

Kij(ci − cj), (4.1)

with

Kij =
mj

ρiρj

4DiDj

(Di +Dj)

rij · ∇iWij

r2
ij

, (4.2)

where ci is the concentration of SPH particle i, mi the particle mass, ρi the density

at the particle location ri, Wij the smoothing kernel evaluated at rij = |ri − rj|,

the separation between particles i and j, and Di is a diffusion coefficient associated

with particle i.

If a diffusion process is to meaningfully emulate turbulence-assisted chem-

ical mixing, the diffusion coefficient must somehow reflect the amplitude of the

local turbulent cascade on subgrid scales. For example, a cascade may be expected

in the presence of strong shear that would excitep the Kelvin-Helmholtz instability.

More generally, one might anticipate the strength of the subgrid turbulent cascade

to scale with the amplitude of gas motions on the smallest resolved scales, ignoring

the motions on larger scales. In grid-based hydrodynamic simulations, the loss of

kinetic energy to subgrid scales has been modeled with a diffusion term with dif-

fusivity ∼ ∆(ρKsgs)
1/2, where ∆ is the grid spacing and Ksgs is the kinetic energy

density on subgrid scales (Schmidt et al., 2006; Schmidt & Federrath, 2011). In

SPH, we replace the grid spacing with the SPH smoothing length l̃ and the kinetic

energy density with ρṽ2, where ṽ is the velocity dispersion within the SPH kernel,
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which for particle i equals

ṽ2
i =

1

Nngb

Nngb∑
j=1

|vi − vj|2, (4.3)

where vi is the velocity of particle i. The diffusion coefficient is then proportional

to ρṽl̃ and we adopt

D = 2ρṽl̃. (4.4)

A direct integration of Equation (4.1) then yields

ci(t0 + ∆t) = ci(t0)eA∆t +
B

A
(1− eA∆t), (4.5)

where A =
∑

jKij and B =
∑

jKijcj . We use Equation (4.5) to advance the con-

centrations of SPH active particles. In evaluating the right hand side, the densities

and smoothing lengths are evaluated at the advanced time t0 + ∆t.

Initially, the metals from a SN are evenly distributed among the N̄ngb neigh-

boring particles. Therefore, the initial metallicity of neighboring SPH particles is

defined by

Zi =
mmetal,i

mSPH +mmetal,i

, (4.6)

where the metal mass of individual SPH particles is mmetal,i = yM∗/N̄ngb, where y

is the metal yield as given in Table 4.1.

4.3 Results

In this section, we present our results. First, in Section 4.3.1, we show

how the initial configuration for the SN explosion is affected by photoionization by
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Figure 4.5: Projected hydrogen number densities (left), temperatures (middle), and
metallicities (right) in the same slab as in Fig. 4.2 for Pop III progenitor star masses
15M�, 25M�, and 40 M�, respectively (from top to bottom). The snapshots
show the time at which the gas blown out by photoionization and the SN blastwave
begins to flow back into the minihalo. This corresponds to≈ 5 Myr,≈ 9 Myr, and≈
15 Myr after the SN explosion for the 15M�, 25M�, and 40 M� stars, respectively.
We emphasize that the simulations are identical except for the progenitor’s ionizing
luminosities, hence any differences in the results are entirely due to the sensitivity of
the dynamics of the SN heated and accelerated gas to the pre-processing by ionizing
radiation from the progenitor.
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Figure 4.6: Recovery times for the central gas disturbed by photoionization and the
SN blastwave as a function of Pop III progenitor mass. Colors are used to distin-
guish between haloes. The recovery times from simulations of stars in HALO1 with
an H II region but no SN in which gas outflow was driven solely by the radiation-
hydrodynamical response to photoionization heating, are marked by open circles.
For comparison, results from previous studies are shown by diamonds.
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the Pop III progenitor star as a function of the star’s mass, and how it is affected

by the environment provided by the host halo. In Section 4.3.2, we describe the

evolution of the SN blast wave. In Section 4.3.3, we quantify the Pop III star’s

destructive impact in terms of the time scale on which baryons return to the center

of the halo after the SN explosion, establishing conditions for the formation of a

second generation of stars. In addition, we also assess the properties of this second

generation event, in particular the metallicity of the star-forming gas.

4.3.1 Photoionization

In our simulation box, the first star forms at z ≈ 28 out of primordial gas

inside a Mvir ≈ 5 × 105M� minihalo. Fig. 4.2 shows the projected densities and

temperatures of the gas surrounding the Pop III stars with masses 15M�, 25M�,

and 40M� (from left to right). The sizes and shapes of the H II regions, as depicted

in Fig. 4.2, reflect the detailed transport of the ionizing photons emitted by the stars

in the inhomogeneous density field of a given halo. Some gas around the 25M�

and 40M� stars is photoheated to temperatures ∼ 104 K, forming an extended H II

region, whereas the ionized region created around the 15M� star remains trapped

inside the hydrodynamic shock, giving rise to a D-type ionization front. In the

latter case, the time for ionizing photons to break out of the shock front, tB, is

longer than the stellar lifetime, tB > t∗. Our results are consistent with those

in Alvarez et al. (2006) and Whalen et al. (2008), where the authors find that no

ionizing radiation will escape into the IGM for M∗ < 15M�. Specifically, in our

simulations, the breakout times are 3.5 Myr and 1.95 Myr for the 25M� and 40M�
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stars (in HALO1).

The high ionizing luminosities of very massive Pop III stars with M∗ &

100M� are sufficient to photoevaporate even the densest gas in the halo, producing

a smooth H II region (Greif et al., 2009b; Jeon et al., 2012). On the other hand,

as also noted by Abel et al. (2007), Bland-Hawthorn et al. (2011), and Ritter et al.

(2012), at lower ionizing luminosities (say, from Pop III stars in the mass range

10M� . M∗ . 40M�), the densest clouds in the halo, often aligned with the

filaments of the cosmic web, may self-shield and remain intact. The resistance

to photoevaporation at low ionizing luminosities is also expected from analytical

considerations (Bertoldi & McKee, 1990). The residual neutral clouds cast shadows

inside the halo and produce a highly asymmetrical, sometimes butterfly-shaped H II

region.

These asymmetric structures are evident in Fig. 4.3 in the form of two dis-

tinct branches in the density and temperature radial profiles. Except for the 15M�

star, there are photo-heated gas particles with nH . 1 cm−3 and T ≈ 104 K near

the star, while at the same time, the gas embedded in a neighboring cosmic fila-

ment remains dense (nH & 100 cm−3) and cold (T ∼ 200 K). The sizes of the H II

regions are ≈ 800 pc and ≈ 1 kpc in diameter for the 25M� and 40M� stars, re-

spectively (in HALO1). We note that even for a fixed Pop III stellar mass, the size

of the resulting H II region could vary by a factor of 2, depending on halo environ-

ment. For instance, the H II regions of a 40M� Pop III star in HALO2 and HALO3

reach ≈ 1.8 kpc and ≈ 2 kpc, respectively. Allowing for a solitary Pop III star to

form in a star-forming cloud is an approximation that focuses on the feedback by

139



an individual Pop III star. Following the evolution of the cloud up to high densities

(nH & 104 cm−3), sufficient to see further fragmentation, is beyond the scope of this

work. None of the haloes hosting Pop III stars considered in this work show other

baryon density peaks high enough to meet the criterion for star formation within

their virial radii.

4.3.2 Supernova Blastwaves

The SN is triggered at the end of the progenitor’s lifetime, when the preced-

ing photoionization has significantly modified the conditions in the ambient gas.

Thus, the explosions occur in a wide range of environments, as discussed in Sec-

tion 4.3.1. In most simulations, we choose an explosion energy of ESN = 1051 ergs.

We also perform an additional run for the 40M� star (in HALO1) with ESN =

6 × 1050 ergs. Due to the limited resolution, the explosions are initiated after the

end of the free expansion phase, where the ejecta mass roughly equals the swept-up

mass. The time when the free expansion phase ends (Kitayama & Yoshida, 2005)

tfe = 1.6× 104 yr

×
( nH

1 cm−3

)−1/3
(

Mej

200M�

)5/6(
ESN

1051 ergs

)−1/2

(4.7)

is ≈ 200 yr, ≈ 2.8 × 103 yr, and ≈ 4.7 × 103 yr for the 15M�, 25M�, and 40M�

stars, respectively. The latter two expand freely on time scale tfe comparable to the

time step, ∆t ≈ 103 − 104 yr, encountered in our simulations. The injection of the

SN energy leads to a sudden increase in the mean temperature of the particles near

the explosion to Tinit ≈ 5× 107 K.
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Subsequently, the thermal SN energy is rapidly converted into kinetic en-

ergy (see the top panels of Fig. 4.4), at ≈ 2 − 3 × 10−3 Myr for the 15M� and

25M� cases, and at≈ 0.1 Myr for the 40M� case. As the resulting blast wave prop-

agates outward, the gas cools by adiabatic expansion. Afterwards, forming a dense

shell, the energy of the gas behind the shock is radiatively lost primarily via inverse

Compton scattering against the CMB, and also by free-free emission. In particular

for the 15M� and 25M� stars, due to the initial configuration where the density

of nearby gas remains high (nH & 103 cm−3), the free-free cooling, operating on

a timescale, tcool,ff ∝ 1/nH, plays an important role in decreasing temperatures to

106 K within < 0.5 Myr. Once the gas cools to ∼ 106 K, H and He resonance pro-

cesses begin to dominate the cooling. As the blastwave energy dissipates, it even-

tually drops below the total binding energy of the gas, EB = 3GMvirMb/(5Rvir),

where Mb ' Ωb/Ωm ×Mvir is the total baryonic mass, and Mvir and Rvir are the

virial mass and radius of the given halo, respectively.

In Fig. 4.4 (bottom panels), we illustrate the evolution of the baryon fraction,

both within the virial radius of the host halo and within the central 30 pc from the

SN explosion site, up to the point when the central gas becomes dense enough

to support new star formation. For comparison, we also show the evolution of

the baryon fraction when only photoionization by the Pop III star was enabled,

with no subsequent SN explosion (denoted by the black lines in Fig. 4.4). Fig. 4.4

shows that photoionization by the 40M� Pop III star was already strong enough

to blow out most of the gas, at r . 30 pc, resulting in a significant decrease of

the baryon fraction to fb ≈ 0.01 prior to the SN explosion. At 9 Myr after the
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Figure 4.7: Hydrogen number densities 25 Myr after the SN explosion for the
40M� progenitor in different environments. The central gas in HALO2 (middle)
has already recovered to form a second generation of stars, while that in HALO1
(left) and HALO3 (right), which are less massive, still shows low central densities.

death of the star, about 80% of the gas mass is driven out of the virial radius. The

resulting deficit of gas at the center lasts for 42 Myr and 3.5 Myr with and without

SN explosion, respectively. The relative impact of the SN explosion on the central

region is stronger in the 25M� case. This can be seen by comparing the baryon

fraction with and without SN explosion, the latter remaining nearly constant over

the run time, and dropping by 40% at ≈ 9 Myr when the SN is included. After

≈ 8 Myr, ≈ 9 Myr, and ≈ 50 Myr for the 15M�, 25M�, and 40M� stars (in

HALO1), the central baryon fraction starts to increase as the gravitational force

pulls back the gas. The haloes then attain central densities of up to nH = 104 cm−3

within the next 2 Myr, 14 Myr, and 40 Myr, respectively.

In Fig. 4.5, we present the projected hydrogen number densities, tempera-

tures, and metallicities for the 15M�, 25M�, and 40M� stars (from top to bot-
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tom). The snapshots show the time at which the gas flow reverses from net outflow

to inflow. After 1 Myr, for the 40M� star, the forward shock passes rsh ≈ 120 pc,

beyond the virial radius of the host halo, Rvir ≈ 75 pc. As the shock propagates, the

central gas densities decrease over 1 Myr from nH ≈ 0.8 − 1 cm−3 to nH ≈ 0.01

cm−3 for the 25M� and 40M� stars, and from nH ≈ 104 cm−3 to a few nH ≈

103 cm−3 for the 15M� star. Similar to the expansion direction of the H II region,

the SN energy is preferentially transferred into underdense regions, perpendicular

to the direction of cosmic filaments.

4.3.3 Onset of Second Generation Star Formation

4.3.3.1 Recovery Timescale

We next estimate the recovery timescale, defined as the time delay between

the first star formation event in a given halo and the recollapse of the gas affected

by photoionization and the SN blastwave to high densities, such that a second gen-

eration of stars can form. This timescale sensitively depends on the SN progen-

itor mass. If we consider the same SN input energy, the difference in recovery

timescale arises solely from the pre-explosion configuration shaped by the stellar-

mass-dependent ionizing luminosity. Specifically, more massive Pop III stars have

a stronger impact on the ambient gas, suppressing central gas densities prior to

the explosion more strongly. As a consequence, the SN remnants suffer smaller

radiative losses, and are thus able to escape further into the IGM. In our simula-

tions, we find recovery times of ≈ 8 Myr, ≈ 24 Myr, and ≈ 90 Myr for the 15M�,

25M�, and 40M� stars, respectively (in HALO1). These timescales are shorter by
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8 Myr, 15 Myr, and 30 Myr when no SN explosion is included (see open circles in

Fig. 4.6). We emphasize that since we use a fixed SN energy, ESN = 1051 ergs, for

all three progenitors, the difference in the recovery time arises from differences in

the photoionization feedback during the pre-explosion phase.

In Fig. 4.6 we also mark the results from Greif et al. (2010), where they

followed the evolution of the gas after a 200M� PISN explosion. Given that we

here use the same initial conditions as in Greif et al. (2010), a direct comparison is

possible. The recovery time in their work was of order the Hubble time,≈ 300 Myr,

at z ≈ 10. On the other hand, the work by Ritter et al. (2012), where they studied

the gas evolution and metal enrichment from a 40M� core collapse SN withESN =

1051 ergs, suggests a shorter recovery timescale, . 10 Myr. The reason for the much

shorter recovery timescale compared to our simulation of a SN explosion with a

40M� progenitor, is twofold. First, their halo mass at recovery was 2 × 106M�,

which is four times higher than the mass of our HALO1. Second, as they explain

in their Section 2.4, their treatment of the pre-explosion photoionization by the

Pop III progenitor artifically underestimated the degree of photoheating, such that

gas densities remained high. Any radiative losses from the SN blastwave thus were

overestimated. In addition to the core-collapse SNe, we show the case of a 40M�

hypernova with an energy 3 × 1052 ergs exploding in a substantially more massive

halo of 1.2× 107M� (Whalen et al., 2008). Here, the gas again quickly recollapses

in ≈ 8 Myr. This broad range of recovery timescales suggests a strong dependence

on environment.

To explore this environmental dependence, we have performed additional
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simulations by assuming that a 40M� or a 25M� Pop III star forms in HALO2

with mass ≈ 106M� and HALO3 with mass ≈ 3 × 105M�. We use the same ex-

plosion energy ESN = 1051 erg in all cases. Due to the deeper potential well of

HALO2, the deleterious impact of the Pop III stars is weaker than in HALO1 and

HALO3. In HALO2, a larger fraction of the gas is more likely to resist photoevapo-

ration by the 40M� Pop III star, maintaining central densities of nH ≈ 104 cm−3.

These are substantially higher than the typical densities in HALO1 when exposed to

the same Pop III stellar radiation. Consequently, the SN remnants encounter higher

density gas, thus experiencing more rapid energy dissipation through radiative cool-

ing, leading to a shorter recovery time. Specifically, the estimated recovery time for

the 40M� star in HALO2 is ≈ 6 Myr, similar to the recovery time found in Ritter

et al. (2012), which investigated a 40M� Pop III star exploding in a halo with mass

≈ 106M�.

On the other hand, the impact of the Pop III feedback in HALO3 extends to

much longer times: it takes more than 100 Myr for the gas expelled by photoion-

ization and the SN blastwave of a 40M� star to recollapse to high densities. This

is largely due to the rather isolated environment of HALO3 which impedes gas ac-

cretion onto the halo. In Fig. 4.7, we compare the density field in different haloes

25 Myr after the SN explosion for the 40M� case. In all haloes, the hydrodynamic

shock driven by the explosion propagates to ≈ 400− 600 pc. While the central gas

in HALO2 (middle panel of Fig. 4.7) has already reached densities high enough to

fulfill the condition for star formation, densities in HALO1 and HALO3 are still low.

Next, we address the question of when the gas flow changes sign, reverting
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from net outflow to inflow. Fig. 4.8 presents the evolution of the gas (circles) and

metal (triangles) flow through a sphere of radius 30 pc, centered on the location

of the SN explosion. Inflow dominates after ≈ 6 Myr, ≈ 8 Myr, and ≈ 11 Myr

after the SN for the 15M�, 25M�, and 40M� stars (in HALO1). Along with the

gas, metal-enriched material is brought back in. The transition from net outflow to

inflow for the metals occurs a few million years after it has occurred for the gas

regardless of the metal content. This is because metal-free gas can also be delivered

onto the central region along the filaments of the cosmic web. The situation is more

complicated in HALO2. For the 40M� case, the transition happens at ≈ 3 Myr,

but again reverting into an outflow for the next 25 Myr. This unstable flow is due

to the environmental complexity, leading to unsteady accretion. We also note that

the stellar feedback from the 25M� Pop III star in HALO2 is initially not strong

enough to reverse the cosmological inflow of gas, resulting in a delayed outflow

until ≈ 2 Myr after the SN explosion.

4.3.3.2 Metallicity of Star-Forming Gas

To what levels can the first SNe, triggered by Pop III stars, enrich the sur-

rounding medium prior to the onset of second generation star formation? For

the 40M� star, the total mass in heavy elements, yM∗ ' 2M�, is initially dis-

tributed evenly among N̄ngb = 32 nearby SPH particles, resulting in a metallicity of

yM∗/(mSPHN̄ngb) = 0.0125. Afterwards, metal dispersal is modeled as a diffusion

process, as described in Section 4.2.4. As seen in the top panels of Fig. 4.9, at the

end of the simulation the metals from the 15M� explosion can penetrate to r ≈ 600
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Figure 4.8: Gas (circles) and metal (upside down triangles) net mass flow rate
through a sphere of radius 30 pc centered on the location of the SN explosion.
Black and colored circles distinguish between inflow and outflow.
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pc, mainly enriching the underdense regions (nH ≈ 0.01 cm−3) to ∼ 5 × 10−4 Z�,

while the high density regions (nH & 10 cm−3) located far (r & 300 pc) from the

halo, hosting the 15M� star, are kept primordial. About 17%, 20%, and 42% of

the gas mass within 600 pc is enriched above 10−4 Z� for the 15M�, 25M�, and

40M� stars, respectively. The typical extent to which the metals are dispersed is

≈ 550 pc, ≈ 1 kpc, and ≈ 1.5 kpc, for the 15M�, 25M�, and 40M� stars, respec-

tively. As expected, metal dispersion preferentially proceeds into the low-density

phases of the IGM.

Interestingly, in HALO1 the central gas at r . 10 pc, where densities are

high enough to form stars, is enriched to 2− 6× 10−4 Z�. This is above the critical

metallicity, Zcrit ' 10−3.5 Z�, for enabling low-mass star formation via metal or

dust grain cooling. As shown in the left-bottom panel of Fig. 4.9, there are other

high density peaks close to nH = 104 cm−3 within the central 600 pc. The high

density gas (nH & 100 cm−3) near r = 560 pc has not yet been contaminated with

metals, while the surrounding, relatively low density gas, is enriched to & 10−5 Z�.

The high-density peak has avoided contamination because the gas collapsed into

the halo prior to the arrival of the metals, and the mixing of metals into such pre-

condensed structures was inefficient and slow. On the other hand, the density peak

near r ≈ 260 pc is enriched to & 10−5 Z�, demonstrating the large range of possi-

bilities.

Whether such levels of enrichment suffice to achieve the transition from

primordial, high-mass dominated, star formation to a normal, low-mass dominated,

(Pop II) mode, depends on the detailed physics behind Zcrit. In elucidating this
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Figure 4.9: Hydrogen number density as a function of distance from the SN (left)
and the metallicity as a function of the hydrogen number density (right) for the 15,
25, and 40 M� Pop III star (from top to bottom), all shown at the corresponding
recovery times.
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physics, significant uncertainties remain. By way of fine-structure line cooling,

mainly involving C II and O I, metal-enriched gas is able to fragment to form a

cluster of Pop II stars (Bromm et al., 2001a; Safranek-Shrader et al., 2014a,b). The

minimum metallicity required to enable such widespread fragmentation is Zcrit '

10−3.5 Z�. Although with fine-structure cooling, thermal Jeans masses are of order

a few 10M�, it may still be possible to form low-mass stars (M∗ . 0.8M�) if

some of the fragments get dynamically ejected from the cluster, thus prematurely

curtailing gas accretion (Ji et al., 2014). A second pathway toward low-mass star

formation is enabled when the initial dust-to-gas mass ratio, where the dust grains

are produced during the first SN explosions (Schneider et al., 2006), exceeds a

critical level of Dcrit = [2.6 − 6.3] × 10−9 (Schneider et al., 2012; Chiaki et al.,

2014). The critical metallicity in this scenario is a few orders of magnitude below

that for the atomic line cooling scenario. Therefore, the density peak at ≈ 260

pc, enriched to a few 10−5 Z�, is not capable of forming Pop II stars based on

atomic line cooling alone, but it satisfies the condition for fragmentation set by dust

cooling.

Do current observations, obtained by the stellar archeology of low-mass,

metal-poor stars, provide us with hints for this theoretical debate? Most metal-poor

stars with [Fe/H] < −4.0 found in the Hamburg/ESO survey (Frebel et al., 2006;

Christlieb et al., 2008) satisfy the condition for fine-structure cooling (Frebel et al.,

2007). In addition, the recently discovered star SMSS 0313-6708 has no detected

iron, with an upper limit of [Fe/H] < −7.1, but exhibits a high carbon abundance,

[C/H] = −2.6 (Keller et al., 2014), thus again exceeding the fine-structure thresh-
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old. However, there are counter-examples, specifically the most metal-poor star

found to date, in which all elements, including C and O, are underabundant (Caffau

et al., 2011). Here, dust cooling seems to be required (e.g. Klessen et al., 2012;

Schneider et al., 2012; Chiaki et al., 2014). The empirical picture is thus complex,

with possible roles for both cooling channels (Ji et al., 2014).

4.4 Summary and Conclusions

We have performed a suite of cosmological three-dimensional simulations

to investigate the recovery from Pop III core-collapse SNe with a mass range for

the progenitor stars of M∗ = 15 − 40M�. We have also investigated the chemical

impact of the SNe on the next episode of star formation.

We found that the radiative feedback from Pop III stars plays an important

role in setting the initial configuration for the subsequent SN by reducing the gas

density prior to the explosion. Unlike the photoionization by massive Pop III stars

withM∗ ∼ 100M�, the radiative impact from less massive Pop III stars withM∗ ∼

15 − 40M� is less strong in evacuating gas out of the host halo. Therefore, the

ejecta from the SNe are more likely to encounter a high density ambient medium,

in which the ejecta cool more rapidly and may be re-accreted earlier. We find that

the time it takes for the SN-processed gas to fall back into the halo that hosts a

Pop III star with a moderate mass is of the order of a few 10 Myr. We also explore

the effect of the environment by exploding SNe in different host haloes. We find

that the impact of a Pop III SN explosion in a Mvir ∼ 105M� halo is more violent

than in a Mvir ∼ 106M� halo.
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Figure 4.10: Assembly of a first galaxy under Pop III feedback. Minihaloes that
host Pop III stars first collapse at z & 30 and then grow for ∼ 300 Myr to assemble
an atomically cooling galaxy in a 108M� DM halo. The impact of a PISN is very
destructive, delaying the gas collapse in the halo for trecover ∼ 300 Myr (Greif et al.,
2010). On the other hand, the delay of second generation star formation that is
introduced by Pop III core-collapse SNe is shorter, of the order of a few 10 Myr.
The properties of the first stars, in particular their mass, thus govern the nature of
the first galaxies.
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In the context of hierarchical cosmology, structures assemble from the bot-

tom up: smaller objects collapse first, making bigger structures. The first galaxies,

thus, are believed to have grown by assembling roughly ∼ 10 Pop III star-forming

minihaloes (Greif et al., 2008). Theoretically, one often defines the first galaxies as

the DM haloes with masses Mvir ∼ 108M�, collapsing at z ' 10. These objects

are massive enough to retain the gas that was affected by previous star formation,

and this gas inside the galaxy is able to cool via atomic hydrogen line emission.

Previous works by, e.g., Wise & Abel (2008b) and Greif et al. (2010) show that

a single PISN explosion in a minihalo can be sufficiently violent, destroying the

minihalo in which the PISN explodes and enriching the central star-forming gas in

the nascent galaxy to 10−3 Z�.

On the other hand, as shown in this work, the impact of core-collapse SNe

with progenitor masses 15 − 40M� on the delay of gas collapse and thus on the

next episode of star formation is prompt, trecover ≈ 10 Myr. Depending on the halo

environment and halo mass, this timescale may vary from 10 Myr to 100 Myr, but

always remains substantially smaller than the delay of trecover ∼ 300 Myr resulting

from a PISN. This suggests that multiple star formation episodes, likely occurring

in the Pop II mode, may be triggered at the site that was affected by core-collapse

Pop III stars, even before the system evolves into a substantially more massive

galaxy (Wise et al., 2012).

Finally, we would like to point out that the range of primordial stellar masses

remains uncertain. A recent investigation carried out by Hirano et al. (2014), where

they study ∼100 different cosmological sites of Pop III star formation, shows that
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the masses of Pop III stars might be from a few tens to hundreds of solar masses,

depending mainly on gas accretion rates in the star-forming clouds. In addition,

a recently observed metal-poor Milky Way star exhibits the elemental odd-even

effect, possibly a chemical signature of PISNe (Aoki et al., 2014). Consequently,

the relative importance of core-collapse SNe and PISNe in shaping the formation

of the first galaxies will depend crucially on the Pop III IMF.

In summary, our simulations imply that the central cold and dense gas can

be enriched above Z = 10−4 Z� by a single core-collapse Pop III SN. Given the

expected multiple star formation events before the collapse of the minihalo host

into a 108M� atomically cooling halo, it is likely that the central star-forming gas

in the first galaxies is substantially polluted with metals, possibly initiating Pop II

star formation in the first galaxies.
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Chapter 5

The First Galaxies: Simulating Their
Feedback-Regulated Assembly4

5.1 Introduction

An important goal of modern cosmology is to understand the formation

and properties of early galaxies that formed a few hundred million years after the

Big Bang (e.g. Bromm & Yoshida, 2011; Loeb & Furlanetto, 2013; Wiklind et al.,

2013). In the context of hierarchical cosmology, where small structures form first

and evolve into bigger systems, dwarf galaxies with virial masses of Mvir = 107 −

109M� at z ' 6 − 15 were the basic building blocks of large galaxies seen today.

Furthermore, it is thought that these galaxies played a pivotal role in reionizing the

Universe, the global phase transition from an early neutral medium to a fully ionized

one (e.g. Barkana & Loeb, 2007; Furlanetto et al., 2006; Robertson et al., 2010).

Specifically, the first galaxies were the drivers of the initial stages of reionization

(e.g. Haardt & Madau, 2012; Shull et al., 2012; Robertson et al., 2013).

4This chapter has been published as Jeon, M., Pawlik, A. H., Bromm, V., Milosavljevic, M. 2015,
MNRAS, 452, 1152

4Author Contributions: M.J. and V.B. conceived and planned the project. M.J. ran the simula-
tions and performed main analysis. A.P. provided the modified version of the GADGET code and
M.J. developed the code. M.J. , A.P., V.B., and M.M. discussed results. M.J. wrote the manuscript
with contributions from co-authors.
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Over the past decade, there have been enormous efforts to push the high

redshift frontier to z ' 7, detecting light from galaxies with a stellar mass of

M∗ & 108M� (e.g. Bouwens et al., 2011; Oesch et al., 2012; Finkelstein, 2013;

Schenker et al., 2014; Stark et al., 2015). To assess the observability of even smaller

galaxies, and galaxies at even higher redshifts, we need to predict the properties

of the first galaxies by pushing numerical simulations to new levels of physical

realism and detail. Our goal here is to derive ab-initio predictions for key quan-

tities, such as their stellar population mix, quantified by a possibly time-variable

initial mass function (IMF), star formation rates (SFRs), metallicities, and resulting

broad-band colour and recombination-line spectra (e.g. Johnson et al., 2009; Pawlik

et al., 2011; Zackrisson et al., 2011). A SFR above 0.1M� yr−1, corresponding to

M∗ ∼ 107M�, might be required for galaxies at z & 10 to be observed with the

James Webb Space Telescope (JWST) (Inoue, 2011; Pawlik et al., 2013). For JWST

deep fields to reach even fainter systems, a magnification boost from gravitational

lensing may be required (Zackrisson et al., 2012, 2015).

The properties of such early galaxies were determined by the feedback from

preceding generations of stars (for a review see, e.g. Ciardi & Ferrara, 2005). The

first generation of stars, the so-called Population III (Pop III), formed at z . 30 in

dark matter (DM) minihaloes with Mvir = 105 − 106M�, predominately via ro-

vibrationally excitepd molecular hydrogen (H2) cooling (e.g. Haiman et al., 1996;

Tegmark et al., 1997; Bromm et al., 2002; Yoshida et al., 2003). Radiation from

Pop III stars dramatically altered the gas within their host minihaloes, through

photoionization, photoheating, and photoevaporation (e.g. Kitayama et al., 2004;
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Whalen et al., 2004; Alvarez et al., 2006; Yoshida et al., 2007a; Wise & Abel,

2008b). Once a Pop III star died as a supernova (SN), heavy elements were dis-

persed, enriching the intra-host and intergalactic medium (IGM), thus initiating the

prolonged process of chemical evolution (reviewed in Karlsson et al., 2013). The

resulting SN feedback from the first stars greatly affected the gas in the shallow

potential wells of the host system (Greif et al., 2007, 2010; Whalen et al., 2008).

The more distant, diffuse IGM was heated as well by X-rays emitted by accreting

single black holes (BHs), or high-mass X-ray binaries (HMXBs), both remnants

of Pop III stars (e.g. Glover & Brand, 2003; Kuhlen & Madau, 2005; Milosavljević

et al., 2009a,b; Alvarez et al., 2009; Mirabel et al., 2011; Wheeler & Johnson, 2011;

Hummel et al., 2014; Jeon et al., 2012, 2014a; Xu et al., 2014).

The critical role of feedback from stars in massive galaxies with Mvir ∼

109 − 1013M� is also emphasized by many authors (e.g. Schaye et al., 2010; Stin-

son et al., 2013; Kim et al., 2013; Wise et al., 2014). Photoionization, radiation

pressure, and SN feedback operate in a non-linear, coupled fashion, such that con-

sidering a full treatment of the radiation-hydrodynamics and time dependence of

these feedback mechanisms is necessary to reproduce the observed histories of star

formation, including their stochastic nature, particularly in dwarf galaxies (Pawlik

et al., 2009; Hopkins et al., 2014). However, due to the prohibitive computational

cost related to the baryonic physics, simulating the assembly of massive galaxies

from first principles is not feasible. The first dwarf galaxies with virial masses

Mvir . 109, where such ab-initio modeling is coming within reach, thus provide

us with ideal laboratories to develop a detailed theory of feedback-regulated galaxy
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formation.

The birth of the first galaxies is often defined by theorists as the emergence

of atomic cooling haloes, systems assembled at z . 15 with masses of Mvir &

5× 107M�, within which the primordial gas was able to cool via atomic hydrogen

lines instead of molecular hydrogen (Oh & Haiman, 2002; Bromm & Loeb, 2003a).

The deeper potential wells of these haloes allowed them to sustain self-regulated

star formation in a multi-phase medium by holding on to the gas driven out by

stellar feedback. Another feature that renders the atomic cooling haloes viable first

galaxy candidates is the presence of supersonic turbulence, which is believed to

play an important role in present-day star formation (McKee & Ostriker, 2007).

Such turbulence is expected to develop during the build-up of the first galaxies due

to the inflow of cold gas along cosmic filaments (e.g. Wise & Abel, 2007; Greif

et al., 2008; Safranek-Shrader et al., 2012).

The relative importance of Pop III stellar feedback on first galaxy forma-

tion is determined by the mass range of Pop III stars (e.g. Bromm, 2013). Stars

with initial masses in the range of 40M� − 140M�, or larger than 260M�, are

expected to directly collapse into BHs, whereas they undergo pair-instability super-

novae (PISNe) in the range of 140M� − 260M� (Heger & Woosley, 2002). The

PISN range can be extended down to ∼ 85M� if the progenitor is rapidly rotating

(Chatzopoulos & Wheeler, 2012; Yoon et al., 2012). Finally, stars with masses be-

tween 8M� and 40M� likely died as conventional core-collapse SNe (CCSNe), or

energetic hypernovae in case of high rotation rates (Umeda & Nomoto, 2005).

Earlier studies had predicted that the first stars formed in isolation, with
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a characteristic mass of ∼ 100M� (e.g. Abel et al., 2002; Bromm et al., 2002;

Yoshida et al., 2006). However, recent high-resolution simulations, exploring the

high densities encountered in protostellar disks, have suggested that the primordial

cloud can further fragment, giving rise to the possibility of binary or multiple sys-

tems (e.g. Turk et al., 2009; Stacy et al., 2010; Clark et al., 2011a; Prieto et al., 2011;

Smith et al., 2011; Greif et al., 2011, 2012; Stacy et al., 2012; Dopcke et al., 2013).

Radiation-hydrodynamical simulations that take into account the feedback from the

protostellar radiation suggest that the first stars typically reached masses of a few

∼ 10M� (e.g. Wise & Abel, 2008b; Greif et al., 2010; Wise et al., 2012; Pawlik

et al., 2013; Muratov et al., 2013; Xu et al., 2013; Wise et al., 2014). One prominent

result is that even a single PISN with an explosion energy of ESN ∼ 1052 erg, and a

metal yield of y ∼ 0.5, has a dramatic impact on subsequent evolution, evacuating

the gas within the host halo, and preventing further star formation for about a Hub-

ble time, ∼300 Myr at z ∼ 10. As the ejected metals fall back into the emerging

galaxy, the central gas is enriched up to Z & 10−3.5 Z� (Wise & Abel, 2008b; Greif

et al., 2010). On the other hand, the recovery from the feedback of less massive

Pop III stars (. 40M�), followed by CCSNe with ESN ∼ 1051 and y = 0.05, was

rather prompt, with recovery timescales of only a few∼ 10 Myr (Jeon et al., 2014b).

Such prompt recovery allowed the first galaxies to experience multiple episodes of

star formation prior to their assembly (Ritter et al., 2012, 2014). Related to this

weakened feedback, the star-forming gas inside the first galaxies was possibly en-

riched by multiple SNe. The resulting metal enrichment was sufficient to affect a

transition of the star formation mode from Pop III to normal, Population II (Pop II)
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stars. Thus, regions that hosted moderate mass Pop III stars would locally undergo

the transition to (low-mass dominated) Pop II star formation earlier on.

The minimum (“critical”) metallicity for the Pop III/Pop II transition de-

pends on which cooling is responsible for the gas fragmentation (e.g. Omukai,

2000; Bromm et al., 2001a; Schneider et al., 2002; Bromm & Loeb, 2003b; Omukai

et al., 2005; Schneider & Omukai, 2010; Schneider et al., 2012; Chiaki et al.,

2014; Ji et al., 2014). Fine-structure line cooling, mainly via C II and O I, above

Z ∼ 10−3.5 Z�, leads to vigorous fragmentation of the gas cloud, giving rise to the

formation of stellar clusters. Further fragmentation can be achieved at very high

densities, nH & 1016 cm−3, via dust continuum cooling if the initial gas-to-dust ra-

tio exceeds Dcrit = [2.6− 6.3]× 10−9 (Schneider et al., 2012; Chiaki et al., 2014).

Globally, the Pop III/Pop II transition is a gradual process, as the ejected metals are

brought back into virialized host haloes, keeping a large fraction of the IGM still

pristine. Therefore, those two populations co-existed, such that Pop III star forma-

tion was still possible even at z ∼ 6 (e.g. Trenti et al., 2009; Maio et al., 2010, 2011;

Scannapieco et al., 2003; Wise et al., 2012; Johnson et al., 2013).

Here, we present the results of a cosmological zoom-in, high-resolution

radiation-hydrodynamics simulation, following the first galaxy assembly process

from first principles. We consider realistic descriptions of Pop III/Pop II star for-

mation, photoionization and photoheating from stars, the mechanical and chemical

feedback from PISNe and CCSNe, and the X-ray feedback from accreting BHs and

HMXBs. Guided by the results from recent investigations of primordial star forma-

tion, we in particular explore the implications of a somewhat less top-heavy Pop III
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IMF, with a characteristic mass of a few ∼ 10M�, giving rise to a large fraction of

CCSNe rather than PISNe.

The outline of the section is as follows. Our numerical methodology is

described in Section 2, and the simulation results are presented in Section 3. Finally,

our main findings are summarized in Section 4. For consistency, all distances are

expressed in physical (proper) units unless noted otherwise.

5.2 Numerical Methodology
5.2.1 Gravity, Hydrodynamics, and Chemistry

We have performed our simulations using a modified version of the N -

body/TreePM SPH code GADGET (Springel et al., 2001; Springel, 2005). The

initial conditions within a cubic volume 1 comoving Mpc on a side are gener-

ated by assuming a ΛCDM cosmology with a matter density parameter of Ωm =

1 − ΩΛ = 0.3, baryon density Ωb = 0.04, present-day Hubble expansion rate

H0 = 70 km s−1Mpc−1, spectral index ns = 1.0, and normalization σ8 = 0.9. The

initial conditions are hierarchically refined by a consecutive zoom-in technique, ren-

dering the masses of dark matter (DM) and SPH particles in the highest resolution

region with an approximate linear size of 300 comoving kpc mDM ≈ 33M� and

mSPH ≈ 5M�, respectively. We adopt the gravitational softening length εsoft = 70

comoving pc for both DM and baryonic particles. We start our simulations at

z ≈ 100 and follow the cosmic evolution of the DM and gas until the assembly

process of the first galaxy has been completed at z ≈ 10.

We consider all relevant primordial chemistry and cooling processes. Specif-
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ically, we include H and He collisional ionization, excitation and recombination

cooling, bremsstrahlung, inverse Compton cooling, and collisional excitation cool-

ing of H2 and HD. The code self-consistently solves the non-equilibrium chemistry

for 9 abundances (H,H+,H−,H2,H
+
2 ,He,He+,He++, and e−), as well as for the

three deuterium species D,D+, and HD. Additionally, metal-enriched gas can also

be cooled by metal species, specifically C, O, and Si, with solar relative abundances.

For the metal cooling rates, we adopt the results of Glover & Jappsen (2007). The

chemical network comprises the key species, C,C+,O,O+, Si, Si+ and Si++. We

assume that all the metals are in gas phase atoms or ions, and thus we do not con-

sider dust cooling as the gas densities explored in this work are far below the thresh-

old value above which it starts to become important.

5.2.2 Star Formation Physics

5.2.2.1 Population III

For the star formation, we do not form stars by following the evolution from

the initial protostars to the final mass (Hirano et al., 2014), rather we adopt a sink

algorithm (Johnson & Bromm, 2006), where stars are represented by sink particles.

Once a gas particle exceeds the threshold density, nH,max = 104 cm−3, the highest-

density SPH particle is converted into a collisionless sink particle, subsequently

accreting neighboring gas particles until the mass of the Pop III star is reached. The

masses of Pop III stars are randomly sampled from an IMF with a functional form

of
dN

d lnM
∝M−1.3 exp

[
−
(
Mchar

M

)1.6
]
, (5.1)
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where Mchar = 20M� is the characteristic mass. Above Mchar, it behaves as a

Salpeter-like IMF, but is exponentially cutoff below that mass (Chabrier, 2003;

Wise et al., 2012). Once a sink particle forms, we prevent the subsequent star

formation in a sphere with radius 30 pc centered on the sink particle for ∼ 1

Myr. This is because it takes time for the hydrodynamical shocks with a veloc-

ity ∼30 km/s, generated by photoheating to sweep up and evacuate the central

gas, reducing the central gas densities. Without such temporary suppression in

star formation, multiple stars might form at the same location at the same time.

This would correspond to fragmentation within the SPH smoothing kernel, which

is not resolved, and would thus be physically unreliably. We allow sink particles to

merge once their distance falls below 1 pc, similar to the baryonic resolution scale

lres ≡ [(3XMres)/(4πnH,maxmH)]1/3 ≈ 0.5 pc, where X = 0.76 is the hydrogen

mass fraction. Here, the baryonic mass resolution is Mres ≡ NngbmSPH ≈ 240M�,

where Nngb = 48 is the number of particles in the SPH smoothing kernel (Bate &

Burkert, 1997). The new positions and velocities of the merged sinks are computed

by mass-weighted averaging.

5.2.2.2 Population II

Pop II stars are formed out of the gas cloud which is metal-enriched by the

previous generation of stars. The star formation recipe is similar to that of Pop III

star formation except for one more condition: if the metallicity of a gas particle,

eligible for star formation, exceeds the characteristic metallicity, Zcrit = 10−3.5 Z�,

for the transition from Pop III to Pop II, we assume that a newly formed sink particle
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represents a Pop II star cluster. Therefore, once a SPH particle satisfies those two

criteria, nH,max = 104 cm−3 and Zcrit = 10−3.5 Z�, we immediately create an

effective sink particle with a mass of MPop II = 500M�, by accreting surrounding

gas particles. The mass of a Pop II cluster MPop II = 500M� is chosen to host

one massive star ∼ 20M�, given a Salpeter IMF, dN/d logm ≈ m−α, with a slope

α = 1.35, which is from Schaerer (2003) where they provide photoionization rates

derived from an assumed IMF for a Pop II cluster. In the presence of a 20M� star,

further star formation inside of the cluster after the initial burst is truncated by the

photoheating of the star (Safranek-Shrader et al., 2014b).

5.2.3 Feedback Physics

5.2.3.1 Photoionization Feedback

Once a star forms, the star particle emits ionizing radiation over its lifetime

with a black-body spectrum. We use the radiative transfer (RT) code TRAPHIC

to transport ionizing photons (Pawlik & Schaye, 2008, 2011). In simulations with

TRAPHIC, photon packets from radiation sources are transferred along the irreg-

ular, spatially adaptive grid set by SPH particles in a photon-conserving manner

through the simulation box. Thanks to a photon packet merging technique in TRAPHIC,

the computational cost is independent of the number of ionizing radiation sources,

which enables large simulations considering many sources, and as presented here.

The RT is controlled by a set of parameters, which we choose identical to those em-

ployed in Jeon et al. (2014a), except that we here use two frequency bins, Nν = 2

instead of Nν = 4, with bounding energies located at [13.6 eV, 400 eV, 10 keV].
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While the main focus of Jeon et al. (2014a) is to investigate the impact of X-rays on

the gas in haloes and IGM, requiring to track high energy photons denoted by the

high characteristic frequencies, in this work we focus on the stellar feedback impact.

To do so, two frequency bins, Nν = 2, are sufficient to represent the stellar spec-

trum. We refer the reader to the original papers (Pawlik & Schaye, 2008, 2011) for

further details concerning RT methods and to Jeon et al. (2014a) for the RT param-

eters we use in this work. The RT computation is coupled to the hydrodynamical

evolution by passing the photoionization, photoheating, and photodissociation rates

computed by the RT to the non-equilibrium solver for the chemical and thermal

evolution of the gas.

For the ionizing photon rates of Pop III stars and their lifetimes, we employ

polynomial fits (Schaerer, 2003) as a function of initial mass of a star, log10 Ṅion =

43.61+4.90x−0.83x2 and log10 t∗ = 9.785−3.759x+1.413x2−0.186x3, respec-

tively, where x = log10(MPop III/M�). For Pop II clusters, we use the value from

Schaerer (2003) that provides the properties of integrated stellar populations at var-

ious metallicities. In particular, we fixed the ionizing photon rate for the initial ∼ 3

Myr at Ṅion = 1047s−1 M�
−1, which is derived by averaging over a Salpeter IMF

with a slope of α = 1.35 and a metallicity of Z = 5 × 10−3 Z� in the mass range

of [1M�, 150M�]. For the following evolution of the rates, we use a polynomial

fit (Schaerer, 2003), log10 Ṅion = 48.13 − 0.42t + 0.01t2 s−1 M�
−1, where t is the

elapsed time in Myr after Pop II cluster formation. The emission from Pop II stars

lasts for 20 Myr, corresponding to the typical lifetime of OB stars in the cluster.

In addition to the ionizing radiation from individual Pop III stars and Pop II
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clusters, we also track the Lyman-Werner (LW) radiation from both populations that

dissociates molecular hydrogen (H2) and deuterated hydrogen (HD). This is treated

in the optical thin limit with a self-shielding correction (Wolcott-Green et al., 2011).

The rate at which LW photons are emitted by Pop III stars is fit using log10 ṄLW =

44.03 + 4.59x − 0.77x2 (Schaerer, 2002). We only allow stars to form within the

highly resolved region corresponding to a linear size of ≈ 300 comoving kpc and

do not follow the propagation of photons outside the region. For simplicity, we do

not consider a global UV background here.

5.2.3.2 Supernova Feedback

The SN explosion energy is inserted as thermal energy into the neighboring

SPH particles, N̄neigh = 32, a subset of the particles within the SPH smoothing

kernel, Nneigh, around a sink particle. To ensure high accuracy and energy conser-

vation, we use a timestep-limiter, with which the ratio of timesteps of neighboring

SPH particles cannot be larger than 4 (Saitoh & Makino, 2009; Durier & Dalla Vec-

chia, 2012). Additionally, using a timestep-updater, implemented by Durier & Dalla

Vecchia (2012), all neighboring particles, N̄neigh, around an exploding sink particle

become active particles at the time of SN energy injection, enabling an immediate

hydrodynamical response.

At the end of a Pop III star’s lifetime, the fate of the Pop III star is deter-

mined by its initial mass. For instance, Pop III stars with masses between 9M�

and 40M� are expected to end their lives as conventional core collapse SNe. Here,

we use the fixed CCSN energy of ESN = 1051 ergs and metal yield, y = 0.05,
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Figure 5.1: The history of comoving star formation rate density (SFRD) in the
simulated region for Pop III (black solid line) and Pop II (red dotted line) stars.
For comparison, we also show the analytic fitting formula, derived by Hernquist
& Springel (2003), for higher-mass systems where atomic cooling is active (light
blue-dashed line). Earlier on, at z > 13, Pop III star formation dominates, but as
the gas is metal-enriched, the Pop II mode becomes dominant below z ≈ 13.
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for Pop III progenitors. We should mention that the CCSN explosion energies and

the metal yields can vary depending on the progenitor’s mass (Heger & Woosley,

2010). In particular, under the existence of rotation of Pop III progenitor in a mass

range of 25− 40M�, a much stronger explosion may be expected, likely resulting

in a hypernova (Fryer & Heger, 2000; Nomoto et al., 2006). However, due to the

uncertainty in the degree of spin of Pop III stars, which is subject to stellar winds,

gravitational and hydromagnetic instabilities (Stacy et al., 2011), we only consider

conventional CCSNe by fixing the explosion energy and metal yield.

For the highly energetic PISNe from Pop III stars with masses in the range

of 140M� . M∗ . 260M� (Heger & Woosley, 2002), we adopt the SN energy

of 1052 ergs and y = 0.5. Out of a Pop II cluster with a mass of 500M�, a total

of 9 stars more massive than 8M�, above which the stars are eligible to explode

as CCSNe, are expected to form. We simultaneously trigger 9 SNe explosions at

the end of the lifetime of a Pop II cluster, injecting an energy of 9× 1051 ergs with

an IMF-averaged effective metal yield yeff = 0.005 onto the neighboring particles

around the Pop II sink particle.

Initially, the metals from SN explosions are evenly distributed among the

neighboring SPH particles, implying initial metallicities,

Zi =
mmetal,i

mSPH +mmetal,i

, (5.2)

wheremmetal,i = M∗y/N̄neigh for Pop III stars andmmetal,i = MPop IIyeff/N̄neigh for

Pop II clusters. The lack of mass flux between SPH particles means that metals are

transported ballistically in an SPH scheme (Wiersma et al., 2009). Physically, the
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mixing of metals is achieved through an unresolved turbulent cascade from large

scales to small scales, which is unresolved. Therefore, often, a metal mixing is

implemented by subgrid models in which physical processes below the smallest

resolved scale are determined by physical quantities at resolved scales (Schmidt &

Federrath, 2011). We adopt a diffusion-based method implemented by Greif et al.

(2009b) which assume that the mixing efficiency on unresolved scales is determined

by the physical properties on the scale of the SPH smoothing kernel (Klessen &

Lin, 2003). Consequently, the metal diffusion rate is set by the local diffusion

coefficient, D = 2 ρ ṽ l̃, where the length scale, l̃, is comparable to the smoothing

length of the SPH kernel, l̃ = h, and ρ is the gas density. The velocity dispersion

within the kernel, ṽ, is given by

ṽ2
i =

1

Nngb

∑
j

|vi − vj|2. (5.3)

Here, vi and vj are the velocities of particles i and j within the kernel.

5.2.3.3 Black Hole Feedback

Pop III stars with masses between 40M� and 140M�, or larger than 260M�

will directly collapse into BHs (Heger et al., 2003). The BHs then grow by Bondi-

Hoyle accretion (Bondi & Hoyle, 1944), assuming that a fraction ε = 0.1 of the

accreted mass is converted into ionizing radiation. Such stellar mass BHs accreting

diffuse gas are called miniquasars (Kuhlen & Madau, 2005). The ionizing luminosi-

ties of miniquasars are determined by normalizing the total accretion luminosity

LBH ≡
∫ 10keV/hP

0

Lνdν =
ε

1− ε
ṀBHc

2, (5.4)
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where hP is Planck’s constant and c is the speed of light. The BH (sink) particles

grow in mass by accreting surrounding gas according to the accretion rate, ṀBH =

(1− ε)Ṁacc, which is computed as

Ṁacc =
4πG2M2

BHρ

(c2
s + v2

vel)
3/2
. (5.5)

Here, cs is the sound speed, ρ the gas density, MBH the BH mass, and vrel the rel-

ative velocity of the BH to the surrounding gas. Note that Bondi-Hoyle accretion

is thus a numerical input, or recipe, and not an independent simulation result. The

estimated rate is an upper limit. In reality, the true accretion rates are likely smaller

than the nominal Bondi-Hoyle value, if feedback from radiation pressure is consid-

ered (e.g. Milosavljević et al., 2009a,b; Park & Ricotti, 2012). In addition, at later

time as the gas in an atomic cooling halo becomes turbulent, the vorticity of the

turbulent gas can reduce the accretion onto the BH (Krumholz et al., 2005). Moti-

vated by observations at low redshifts, we take the same form of a spectral energy

distribution of the emerging radiation from an accreting single black hole, which

is characterized by a thermal multi-color disk (Pringle, 1981; Mitsuda et al., 1984)

at frequencies lower than 0.2 keV/hP and a non-thermal power law component at

higher frequencies (Kuhlen & Madau, 2005). For the details, we refer the reader to

Jeon et al. (2014a).

Further, we assume that half of the black holes are formed in a binary system

and then every third of those evolve into a HMXB after the primary turned into a

BH (Power et al., 2009). For the HMXB phase of duration ∆tHMXB = 2 Myr,

corresponding to the typical main-sequence lifetime of the donor stellar companion
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(Belczynski et al., 2012), we assume an HMXB luminosity equal to the Eddington

luminosity,

LHMXB ≡
∫ 10keV/hP

0

Lνdν = LEdd (5.6)

= 1.4× 1040erg s−1

(
MBH

100M�

)
, (5.7)

corresponding to accretion of gas from the companion at a rate 2.2× 10−6 M� yr−1

(MBH/100M�). The X-ray radiation is followed using RT. We also take into ac-

count the secondary ionizations, which are mainly done by high energy electrons

left behind the first ionizations of hydrogens by hard energy photons emitted from

an accreting BH or a HMXB. We use the energy dependent fits to the secondary

ionization and heating fractions provided by Ricotti et al. (2002).

5.3 Simulation Results

In the following, we present our results. First, in Section 3.1, we discuss the

global properties of the IGM and of haloes within the highly resolved region and

their evolution to z ≈ 10. In Section 3.2, we focus on the assembly process of the

central halo hosting the emerging galaxy. Then, based on the physical quantities

derived from this galaxy, we compare the properties of the first galaxy with those

of the local counterparts in Section 3.3. Finally, in Section 3.4, we discuss the

detectability of the simulated first galaxy.
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Figure 5.2: Morphology in the highly resolved region at z ≈ 10.5. Clockwise from
upper left: Dark matter overdensity, H II fraction, gas metallicity, and gas tempera-
ture, averaged along the line of sight within the central' 350 kpc (comoving). The
central white circles denote the size of the virial radius, rvir ≈ 1.1 kpc, of the emerg-
ing target galaxy. The target halo grows in mass through mergers with neighboring
haloes and accretion along the filaments of the cosmic web. The gas in haloes that
are undergoing star formation is evacuated and heated, and metal-enriched by stel-
lar feedback. The main metal contributors to the diffuse IGM are two energetic
PISNe, formed at z ≈ 16 and z ≈ 15.5, and ejecting a total of ∼ 160M� in heavy
elements into the IGM.
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Figure 5.3: The evolution of ionizing photon rates (left) and total accumulated pho-
tons (right) from the Pop III stars, Pop II clusters, and HMXBs. The contribution
from Pop III stars dominates the total ionizing photon budget up to z ≈ 10.5, but
Pop II clusters are about to overtake it, as the global star formation mode changes
to Pop II star formation. The total photon production from the 11 HMXBs formed
during the run is negligible, mainly due to our assumption here of a very brief in-
terval of 2 Myr, over which the X-ray source is active. This interval, however, is
uncertain, and could be larger. If so, the relative HMXB contribution to the ionizing
photon budget could be more significant.
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5.3.1 Global Evolution

5.3.1.1 Star Formation History

In the simulation, the first Pop III star, with a randomly assigned mass of

100M�, forms at z ≈ 28 out of the primordial gas in a minihalo with mass Mvir ∼

5 × 105M�. After its short lifetime of 2.7 Myr, the star ends up as a BH in a

binary system, forming a HMXB. Over a brief interval of ∆tHMXB = 2 Myr, X-

rays emitted from the HMXB further heat the surrounding gas, which was already

heated to ∼ 104 K by the Pop III progenitor, and they heat the distant IGM to

a few ∼ 103 K. At z ≈ 23, the first Pop II star formation event takes place in

metal-enriched gas, which was previously polluted by a Pop III star, whose mass

of 20M� was again randomly drawn from the underlying IMF Pop III star. The

time delay between the onset of second-generation, Pop II, star formation and the

death of the 20M� Pop III star is ∼ 16 Myr, consistent with our earlier study (Jeon

et al., 2014b). By the end of the simulation at z ≈ 10.5, a total of NPop II = 65

Pop II clusters and NPop III = 183 individual Pop III stars has formed, with 128, 2,

44, and 11 Pop III stars ending their lives as CCSNe, PISNe, BHs, and HMXBs,

respectively.

Fig. 5.1 shows the comoving star formation rate density (SFRD) for the

Pop III individual stars and the Pop II clusters. During the initial 50 Myr, only

Pop III stars exist. However, once metal pollution commences by Pop III SNe,

the metallicity of the gas increases to trigger the transition of the star formation

mode from Pop III to Pop II. Therefore, at z . 23, two star formation modes

coexist over the next ∼ 350 Myr. As the dense gas available for star formation
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gets metal-enriched, the dominant star formation mode changes from Pop III to

Pop II. Accordingly, the SFRD for Pop II stars begins to increase and reaches a few

∼ 10−2 M�yr−1Mpc−3 at z ≈ 14. On the contrary, Pop III star formation starts to

decline from∼ 7×10−3 M�yr−1Mpc−3 at z ≈ 14 to a few∼ 10−3 M�yr−1Mpc−3

at z ≈ 10.5 as the amount of dense pristine gas decreases.

It is noteworthy that the SFRDs measured in the simulation are very episodic

rather than continuous. This episodic, bursty star formation is mainly caused by a

stellar feedback cycle: dense gas inside a halo is evacuated by photoheating from

stars, the subsequent SN blastwave, or both, rendering it gas-starved for a certain

time, until fresh gas is provided through smooth accretion or mergers with other

haloes. Such self-regulated star formation on short timescales is also exhibited

by simulations of more massive galaxy formation (Hopkins et al., 2014), where

stellar feedback, i.e. photoheating, SNe, winds, and radiation pressure, is taken

into account with approximate sub-grid prescriptions. For comparison, we overplot

the analytic fitting formula, derived by Hernquist & Springel (2003), for higher-

mass systems, where atomic cooling is active, which agrees well with the SFRD for

Pop II stars predicted by our simulation. We, however, should note that the SFRDs

both for Pop III and Pop II stars are higher than those computed in the adaptive

mesh refinement simulation of Wise et al. (2012) by a factor of ∼ 5. The reason

for this is the biased nature of our zoomed, high-resolution region, focusing on a

small volume and omitting under-dense void regions, which results in enhanced star

formation activity compared to the cosmic mean.
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5.3.1.2 Global Impact of Stellar Feedback

Fig. 5.2 shows images of the dark matter overdensity, ionized hydrogen frac-

tion, gas temperature, and gas metallicity at z ≈ 10.5 in the high-resolution region,

corresponding to ∼ 350 comoving kpc across, centered on the site of the emerging

target galaxy. The virial radius of the halo hosting the target galaxy, depicted as

the white dashed circle in Fig. 5.2, grows over time from rvir ≈ 100 pc at z = 28

to rvir ≈ 1.1 kpc at z = 10.5. Correspondingly, the halo grows in mass from

5 × 105M� to 8 × 107M�. Both the gas inside haloes and in the diffuse IGM

are subject to a variety of heating sources, such as UV radiation from Pop III and

Pop II stars, X-rays from accreting BHs and HMXBs, and thermalized SN explo-

sion energy. The temperature inside HII regions reaches T ' 104 K by stellar

photoionization heating, and further increases to 107−108 K due to SN shock heat-

ing. Such high-temperature gas is primarily cooled via inverse Compton cooling

off the cosmic microwave background (CMB) and free-free emission to 106 K, and

then H and He recombination cooling begins to dominate at the lower temperature

of 104 − 106 K (Greif et al., 2007).

In order to disentangle the contribution of radiation sources to ionization

and heating, in Fig. 5.3 we compare the ionizing photon rates from Pop III stars,

Pop II stars, and HMXBs. While the ionizing photons from Pop III stars are re-

sponsible for ionizing the gas at high redshifts z & 13, the contribution from Pop II

stars becomes competitive at later times. On the other hand, the contribution from

a handful of HMXBs is negligible owing to their rarity and their short lifetime,

∆tHMXB = 2 Myr, although the latter quantity is very uncertain and may be larger.
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Figure 5.4: The properties of gas, stars, and metals in haloes at z ≈ 10.5, extracted
from the high resolution region using the SUBFIND halo finder (Springel et al.,
2001). Clockwise from upper left: halo baryon fraction, total mass in Pop III BH
remnants and long-lived (low-mass) Pop II stars, average metallicity of the total
halo gas and of the high-density gas, and the maximum hydrogen number density.
These properties are computed by mass-weighted averaging inside the virialized
region centered on the most bound halo particle. Due to the feedback from pho-
toheating, SNe, or both, the gas inside the haloes is significantly evacuated, giving
rise to baryon fractions below the cosmic mean value (dashed horizontal line in
the upper-left panel). For comparison, we also show the predicted suppression in
baryon fraction due to the presence of a global, external UV background, as given
in Equ. 8 (dotted line in the upper-left panel). About 46% of star-forming haloes
(colored circles) only host a single or a few Pop III stars (red circles), whereas
the remainder hosts both populations (blue circles). The haloes more massive
than Mvir = 106M� are substantially metal-enriched, giving rise to an average
metallicity above Z = 10−5.5 Z�. The dotted and dashed horizontal lines in the
bottom right panel denote the critical metallicity for the Pop III/Pop II transition,
Zcrit = 10−3.5 Z� and Zcrit,dust = 10−5.5 Z�.
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Figure 5.5: History of the global metal enrichment. As a series of SNe are triggered,
the total amount of metals in the simulated region increases over time. Due to the
large yield, y = 0.05, of Pop III CCSNe, compared to the effective yield of Pop II
SNe, yeff = 0.005, the former dominate, a situation that is reversed at later times,
z . 11. In terms of the total metal budget, about 75% of the heavy elements are
produced by only two PISNe owing to their extremely large yield, y ≈ 0.5, in
combination with their large progenitor mass. The average metallicity increases up
to Zavg = 10−4 Z� at z ≈ 10.5. On the other hand, the majority of the simulated
volume remains almost pristine, below Z . 10−3.5 Z� or Z . 10−5.5 Z�, as shown
in the bottom panel.
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Figure 5.6: Top: Evolution of the metal-enriched volume filling fraction as a func-
tion of metallicity at four different times. As more and more regions are polluted
by SNe, the volume filling fraction increases over time, but the peaks remain at the
same metallicity Z = 10−4 − 10−3 Z� at all times. We normalize the volume by
the total simulated volume, most of which is still pristine as shown in the bottom
panel of Fig. 5.5. Bottom: The distribution of metallicity depending on the gas
density. Which range of gas density is preferentially metal-enriched is sensitively
determined by the gas conditions prior to a SN explosion. For a SN with a low mass
progenitor, high density gas (nH = 100 cm−3) is likely to be polluted, while the low
density gas (nH = 0.1 − 0.001 cm−3) is preferentially enriched by a SN triggered
by a massive progenitor.
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In Jeon et al. (2014a), the impact of X-rays from HMXBs on star formation was

similarly negligible, while the effect of X-ray heating in the diffuse IGM was sig-

nificant, smoothing out small-scale structures. This smoothing effect is less promi-

nent in the current simulation, which hosts only a single HMXB by z ' 18, instead

of the 8 sources present at that time in our previous study.

We assess the impact of the stellar feedback on individual haloes by using

the SUBFIND halo finder (Springel et al., 2001) to identify haloes from the highly-

refined region in the simulated volume, allowing us to investigate their gas, stellar,

and metal properties. Each circle in Fig. 5.4 marks the mass-weighted average of

the corresponding stellar or gas properties inside the virial sphere, which is centered

on the most bound DM particle of the halo, and bounded by radii where the DM

density is 200 times higher than the mean density of the Universe. Star formation

takes place only in haloes more massive than Mvir = 5× 105M�, below which the

haloes are not massive enough to satisfy the condition tcool < tff , where tcool and tff

are the cooling time and the free-fall time, respectively, for the gas to cool and form

stars (Tegmark et al., 1997; Bromm et al., 2002).

Fig. 5.4 shows the gas properties of the extracted haloes at z ≈ 10.5, includ-

ing the baryon fraction, the total mass of Pop III BH remnants and Pop II low-mass

(long-lived) stars, the highest gas density achieved, and the average metallicity of

the gas in the halo. Photoheating and SNe drive the gas out of the haloes, lowering

the baryon fraction below the cosmic mean (upper-left panel of Fig. 5.4). Among

the haloes more massive than 106M� at z ≈ 10.5, about 40%, corresponding to 7

out of 17 haloes (blue circles in Fig. 5.4), experience photoheating and SN blast-
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wave heating by both Pop III stars and Pop II clusters. Specifically, the three most

massive haloes, (Mvir ∼ 7 × 107M�, ∼ 3 × 107M�, ∼ 2 × 107M�) at z ≈ 10.5

have experienced (32, 9, 7) Pop III SNe and (28, 2, 3) SNe from Pop II clusters. The

gas fractions of these haloes at z ≈ 10.5 are 5.1%, 3.3%, and 3%, respectively. For

lower-mass haloes, on the other hand, the scatter in the gas fraction is much more

substantial, due to their susceptibility to negative stellar feedback in the shallow

potential wells. Those haloes are more likely to lose their gas once they undergo

star formation, and it takes longer for the ejected gas to be re-incorporated.

About 35% of the haloes larger than Mvir & 106M�, denoted as red circles,

only host Pop III stars. Most of them experience subsequent CCSN explosions,

whereas 2 haloes host a rare PISN. The effect of a PISN is much more disruptive

than that of a CCSN. As an example, the third heaviest halo hosts a 160M� PISN

at z = 16, when its mass reaches Mvir ∼ 107M�. This hyper-energetic explosion

effectively evacuates the gas within the halo, lowering the baryon fraction by an

order of magnitude, from fbar = 0.088 at z = 16 to fbar = 0.0046 at z = 13.7.

Subsequently, the halo gas begins to be replenished through accretion of both the

ejected metal-enriched gas and fresh primordial gas along the cosmic filaments,

such that at the end of the simulation the baryon fraction again reaches fbar = 0.03.

Despite the gas recovery, however, any further star formation inside the halo has

been completely suppressed since z = 16.

Haloes with Mvir . 108M�, corresponding to the mass range considered

in this work, are susceptible not only to the local stellar feedback inside the host

itself, but also to the external global UV background that also photoheats the gas
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in their shallow potential wells, reducing the baryon fraction. For comparison, we

overplot a fit (dotted line the upper-left panel of Fig. 5.4) that describes how the

baryon fraction is affected by reionization as a function of halo mass and redshift

(Gnedin, 2000; Okamoto et al., 2008):

fbar(M, z) =< fbar >

(
1 + (2β/3 − 1)

[
M

Mc(z)

]−β)−3/β

, (5.8)

where <fbar> is the cosmic mean baryon fraction, β = 2 a fitting parameter, and

Mc(z = 10) = 7 × 106M� the characteristic mass, below which galaxies are

strongly affected by the UV background. The gas in haloes affected by internal

feedback from both Pop III and Pop II stars tends to be more strongly evacuated,

compared to the external UV background case, whereas fbar in haloes hosting only

Pop III stars is less severely attenuated.

The average gas metallicity in the haloes with Mvir & 106M� lies be-

tween Zavg = 10−5 − 10−3 Z�. The metal-enrichment in the individual haloes is

mainly achieved by CCSNe, because the relatively low characteristic mass,Mchar =

20M�, for the Pop III IMF results in only two PISNe during the run. When the

160M� PISN is triggered, the surrounding gas is immediately polluted to an aver-

age of Z = 4 × 10−3 Z�. However, those heavy elements are quickly driven out

beyond the virial radius of the host halo. After 50 Myr, the ejected metals start to

fall back as gas is accreted, and the average gas metallicity reaches Z = 3×10−4 Z�

in the halo with a mass of Mvir ≈ 2 × 107M� at z ≈ 10.5. This agrees with the

results by Wise et al. (2012), where they found that for haloes Mvir > 3× 107M�,

all haloes are enriched above [Z/H] > −4. However, we should point out that the
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metal contributors were Pop III PISNe in their work, while the haloes at z = 10.5

in the current work are mainly polluted by CCSNe. At z ≈ 10.5, if we consider

all haloes with a mass above Mvir = 105M�, only 2% of them experience in-situ

star formation, while 25% of the haloes exhibit an average gas metallicity above

Z = 10−6 Z�. Thus, some of them were enriched by SNe in nearby haloes.

Given that star formation takes place in cold dense gas, specifically consid-

ering the metallicity of the densest gas in the haloes is meaningful. In the most

massive three haloes, the densest gas is enriched above Zcrit = 10−3.5 Z� (see the

bottom-right panel of Fig. 5.4), indicating that Pop II stars are expected to form out

of the gas. However, it does not necessarily imply that the haloes cease forming

Pop III stars. Instead, Pop III stars may continue to form until the end of the simu-

lation in the highest density regions, which are already metal-enriched, but possibly

insufficiently so to enable Pop II star formation. The time at which the Pop III/Pop II

transition occurs depends on the choice of the critical metallicity, which is still quite

uncertain. For instance, the densest clouds (open circles above 103 cm−3 in the

bottom-left panel of Fig. 5.4) in the haloes between 3× 106M� .Mvir . 107M�

are about to form stars. Based on Zcrit = 10−3.5 Z�, which is assumed in this

work, some Pop III stars are expected to form, whereas Pop II stars would form if

we adopted a critical metallicity, Zcrit = 10−5.5 Z� (dashed horizontal line in the

bottom-right panel of Fig. 5.4), set by dust-continuum cooling (e.g. Omukai, 2000;

Bromm et al., 2001a; Schneider et al., 2002; Bromm & Loeb, 2003b; Omukai et al.,

2005; Schneider & Omukai, 2010; Schneider et al., 2012; Chiaki et al., 2014; Ji

et al., 2014). Therefore, the latter case would give rise to an earlier transition in star
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formation, and would more rapidly extinguish the Pop III mode.

5.3.1.3 Metallicity Evolution

By the end of the simulation, a total of 128 out of 183 Pop III stars end

up as CCSNe and 2 stars explode as PISNe. Fig. 5.5 displays the resulting metal

enrichment history of the simulated region. While the gas confined inside the haloes

is mainly enriched by Pop III and Pop II CCSNe, the enrichment in the diffuse

IGM is dominated by the rare PISN events. Indeed, although only two PISNe have

occurred, they produce a total of ∼ 150M� in metals, accounting for 75% of the

total metal budget at z ≈ 10.5. Intriguingly, the optimal strategy to search for

PISN-enriched material may thus be to probe the high-redshift IGM with absorption

spectroscopy (Wang et al., 2012). The average mass-weighted metallicity of the

region increases to 10−4 Z� at z ≈ 10.5. However, the majority of the region is

metal-enriched below the critical metallicity Zcrit = 10−3.5 Z�, giving rise to a

volume filling factor of fV ≈ 0.95 (. 10−3.5 Z�) and fV ≈ 0.69 (. 10−5.5 Z�).

The volume filling fraction, fV , is defined as

fV =

∑
subsetmi/ρi∑
totalmi/ρi

. (5.9)

For gas that is sufficiently metal-enriched to form Pop II stars, the volume filling

fraction keeps increasing and reaches fV ≈ 0.05 (& 10−3.5 Z�) and fV ≈ 0.29

(& 10−5.5 Z�) at z ≈ 10.5.

The upper panel of Fig. 5.6 shows the volume filling fraction of the gas as

a function of metallicity at four different characteristic times. Overall, the metal-

enriched volume fraction increases over time, peaking at Z ≈ 2− 3× 10−4 Z� and
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Figure 5.7: Assembly history of the emerging target galaxy. Clockwise from upper
left: Mass growth of the target galaxy, growth rate of various halo components,
H I/H II fractions, and the average gas temperature. Starting from Mvir ≈ 5 ×
105M� at z ≈ 28, the galaxy grows in mass and reaches the threshold for atomic
hydrogen cooling at z ≈ 11.7. The final virial mass at the end of the simulation,
z ≈ 10.5, is Mvir ∼ 108M�. The stellar content of the galaxy is dominated by
Pop II, with a total mass of M∗ ≈ 6 × 103M�, formed with an effective star
formation rate of ∼ 10−4M� yr−1. Through a complex interplay between metal
ejection and re-accretion along the filaments of the cosmic web, roughly ∼ 40M�
in metals are present inside the galaxy at the end of the simulation.
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declining at high metallicities Z > 10−3 Z�. We also show the average metallicity

as a function of gas density at the four selected times. The metallicity distribution

sensitively depends on the gas density at the time when the SN is about to explode.

The initial conditions for a SN explosion are set by the photoheating from its pro-

genitor star. If the stellar radiative feedback is strong enough to evacuate the gas

around the star, lowering the gas density to nH = 0.1 − 10−3 cm−3, this low den-

sity gas is first likely to be polluted. For lower mass progenitor stars, on the other

hand, due to their weaker ability of evacuating gas in their surroundings, such high

density gas is preferentially enriched by the explosion.

This trend is clearly displayed in the bottom panel of Fig. 5.6. The progeni-

tor mass of the first SN, triggered at tH = 133 Myr, is 25M�. The outflow, driven

by the photoheating of the 25M� Pop III star, is not strong enough to evacuate the

surrounding dense gas. Therefore, the subsequent SN ejecta encounter this high

density gas first, giving rise to the metallicity peak at nH = 100 cm−3 (see solid line

in the bottom panel of Fig. 5.6). On the contrary, sufficiently strong radiative feed-

back from massive progenitor stars sets the stage for the following SN explosions

to occur in low-density gas, with nH = 0.01 − 0.1 cm−3. This low density gas is

then preferentially enriched, corresponding to the cases shown as dotted and dashed

lines in Fig. 5.6. In summary, the derived trend is as follows: a SN with a low mass

Pop III progenitor tends to pollute dense gas while a massive progenitor followed

by a SN is more likely to enrich low density gas. This trend, however, disappears as

both low and high density regions are equally polluted as SN events become more

frequent.

186



Figure 5.8: Morphology in the target galaxy at z ≈ 10.5. Clockwise from upper
left: Dark matter overdensity, hydrogen number density, gas metallicity, and gas
temperature, averaged along the line of sight within the central ' 80 kpc (comov-
ing). Dashed white circles denote the virial radius, which is rvir ≈ 1.1 kpc at this
time, with a corresponding virial mass of Mvir ≈ 8 × 107M�. The positions of
the Pop III remnants are marked as filled circles in the upper-right panel: BHs as
yellow, neutron stars left behind by lower-mass CCSNe as blue, whereas the lo-
cation of Pop II clusters are shown in white. Due to the ongoing star formation
inside the galaxy, the central gas is substantially evacuated into the void that is
roughly perpendicular to the filaments of the cosmic web, resulting in gas densities
nH . 10−4 cm−3 with temperatures well above 106 K due to SN blastwaves. The
central region is substantially metal-enriched to Z ≈ 10−2 Z�, and all gas inside
the virial radius is polluted above Z = 10−5 Z�.
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Figure 5.9: Trajectories of all stellar remnants formed during the assembly process
of the target galaxy. The dotted line denotes the virial radius of the halo. As can
be seen, about 30% of the remnants, corresponding to 15% of total remnant mass,
formed in neighboring haloes and were incorporated into the target halo. The ma-
jority of Pop II clusters are born in-situ, out of gas inside the galaxy, and only 3
clusters arise from mergers.
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Figure 5.10: Top: Density-temperature phase diagram of the gas inside the target
galaxy at z ≈ 10.5. The color coding indicates gas metallicity. Thanks to the
metal cooling, high density gas (nH & 100 cm−3) is able to cool down to the CMB
temperature floor at∼ 30 K. Bottom: Density-metallicity phase diagram. The color
coding now indicates gas temperature. The metallicity spread in the range Z =
10−4 − 10−3 Z� for high density gas, which is mainly responsible for subsequent
star formation, implies that both Pop III and Pop II might form in the enriched gas,
but this depends on the choice of critical metallicity (see main text). Note that the
gas with nH < 0.01 cm−3 is highly enriched to ∼ 0.01 Z�, due to the recent SN
explosion in the rarified region established by photoheating from its progenitor.
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Figure 5.11: Enriched gas mass fraction within the virial radius of the galaxy as a
function of metallicity at z ≈ 10.5. It can be seen that the peak remains roughly
at Z = 10−4 − 10−3 Z� for all densities, except for the lowest density gas, with
nH < 0.01 cm−3, which shows a peak at & 10−3 Z�. This is due to a recent SN
explosion, which is preferentially propagating along the underdense region of the
galaxy.
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5.3.2 Assembly of the First Galaxy

5.3.2.1 Mass Evolution

The first star in the Lagrangian volume of the emerging target galaxy forms

at z ≈ 28 out of the primordial gas within the main progenitor minihalo of mass

∼ 5 × 105M�. After its short lifetime of 2.7 Myr, the star collapses into a BH,

acting as a HMXB source for the next 2 Myr. Stellar and BH feedback evacuate

the gas by reducing the baryon fraction of the halo from fbar = 0.12 at z ≈ 28

to essentially zero at z ≈ 25. Afterwards, the baryon fraction again increases,

and at z ≈ 16 gas densities have increased to nH = 104 cm−3, thus enabling

further star formation. Subsequently, the baryon fraction remains above fbar = 0.05

throughout since z . 16, even in the presence of ongoing star formation, as the halo

is sufficiently massive, Mvir & 5× 106M�, to hold onto its gas despite feedback.

The first Pop II stars in the target halo form at z = 13.1 out of gas that was

enriched by a 33M� Pop III star that ended its live as a CCSN, thus initiating the

prolonged chemical enrichment process. Until z = 13.3, the halo grows in mass

mainly via smooth accretion along the filaments of the cosmic web and through

minor mergers. At z ≈ 13.3, the halo experiences a major merger and doubles

its mass to 2 × 107M� at z ≈ 12.6, over a time span of ∼ 25 Myr. The average

growth rate during this period is Ṁ ≈ 0.5M� yr−1. At z = 11.7, the halo exceeds

3.5 × 107M�, and fulfills the criterion for the onset of atomic hydrogen cooling

(see Fig. 5.7). At the end of the simulation at z ≈ 10.5, the target halo has reached

a virial mass of ∼ 8× 107M�, after undergoing another major merger at z = 11.3.

Fig. 5.7 also shows the growth rates onto the target halo, the evolution of
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the average gas temperature, and the H I/H II fraction. The gas is photoheated by

Pop III and Pop II stars to temperatures of ∼ 104 K, temporarily reaching even

higher temperatures in the wake of SN explosions or due to X-ray heating from

accreting BHs and HMXBs. Early on, the gas can quickly recombine once an

emission source is turned off. However, at . z ≈ 12, about 50% of the gas remains

ionized by continuous star formation activity. The morphology of the emerging

galaxy at z ≈ 10.5 is shown in Fig. 5.8. Along a direction roughly perpendicular

to the filaments of the cosmic web, the gas is highly evacuated to nH < 10−4 cm−3

by Pop II stellar feedback, heating it to T ∼ 106 − 107 K and enriching it to Z ∼

10−2.5 Z� (see the bottom panels of Fig. 5.7).

5.3.2.2 Star Formation History

Until z = 12.5, star formation in the target halo is dominated by Pop III

stars, but afterwards Pop II stars form out of metal-enriched gas, and become the

dominant stellar population. By the end of the simulation, the emerging target

halo has hosted 15 accreting BHs, 2 HMXBs, 40 Pop III CCSNe, possibly leaving

neutron stars behind, and 31 Pop II clusters. The total mass of the stellar remnants

increases from ∼ 100M� at z ≈ 28 to 3 × 104M� at z ≈ 10.5 (see the left-upper

panel of Fig. 5.7). However, not all of them are formed inside the halo. In order

to determine their birth places, we trace their trajectories in Fig. 5.9, by recording

their distances from the center of the target halo. We find that 30% of the remnants,

corresponding to 15% in mass, formed in neighboring haloes and were subsequently

accreted by the target halo.
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One of the key physical quantities of the galaxy is the total stellar mass,

needed to predict its observational signature. Given the extremely short lifetime of

Pop III stars, of order a few Myr, we only consider Pop II clusters to estimate the

stellar mass, computed as M∗,Pop II ∝
∫ mmax

mmin
m−αm dm, where the IMF slope is

α = 1.35, and the lower mass limit mmin = 0.1M�. The upper mass limit, mmax,

on the other hand, is time variable and depends on the age of the Pop II cluster,

such that only stars with a main-sequence lifetime larger than the age of the cluster

contribute to the persistent stellar mass. The estimated stellar mass in the halo starts

from 540M� at z ≈ 13 and increases to 6×103M� at z ≈ 10.5. The corresponding

star formation rate (SFR) is a few ∼ 10−4M� yr−1.

The small characteristic mass for Pop III stars, Mchar = 20M�, adopted in

this simulation, results in a qualitatively very different star formation and galaxy

assembly history, compared with the Mchar = 100M�, which was often used in

previous first galaxy formation work (Bromm & Yoshida, 2011). For instance, our

simulation employs the same initial conditions as those in Greif et al. (2010) and

Jeon et al. (2012), both of which used Mchar = 100M� for Pop III stars and ne-

glected the Pop III/Pop II transition. Greif et al. (2010) showed that the strong

feedback from a single PISN and its progenitor, formed at the beginning of their

simulation at z ≈ 28, evacuates most of the gas out of the host halo. Except for

one additional star at z ≈ 14, the halo remained without further star formation for

the next ∼ 300 Myr after the PISN. More stars formed in the simulation of Jeon

et al. (2012), where the target halo hosted a total of 8 stars in the presence of the

positive X-ray feedback from an accreting BH source. To the contrary, the same
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target halo here forms a total of 52 Pop III stars and 31 Pop II clusters by the end

of the simulation. This striking difference in the star formation history reflects the

relative strength of radiative and mechanical feedback from Pop III stars, depending

on their masses: photoheating from massive Pop III stars strongly evacuates the gas

and suppresses further star formation, as demonstrated in Greif et al. (2010) and

Jeon et al. (2012).

5.3.2.3 Metal Enrichment

The 40 Pop III and 248 Pop II CCSNe that exploded in the target halo pro-

duce a total of 28M� and 70M� in metals, respectively. Most (60%) of the metals

are permanently ejected from the target system into the diffuse IGM, leaving only

40M� of metals in the galaxy, supplied partially by the re-accretion of metals, or

provided by in-situ SN events. The mass-weighted, average gas metallicity in the

galaxy is <Z>= 7 × 10−4 Z� at z ≈ 10.5, whereas that of the densest gas, out of

which new stars form, is higher by a factor of ∼ 30.

A notable difference from many previous studies is that all the heavy chem-

ical elements inside the target galaxy are produced by CCSNe, and not in PISN

events. Despite the smaller yield y = 0.05 for CCSNe, in contrast to y = 0.5

for PISNe, and the smaller masses of Mchar = 20M� for Pop III stars, the total

mass in metals, now provided by a large number of Pop III CCSNe, is comparable

to the metal production by a single 200M� PISN. The result is a level of overall

metal enrichment similar to previous studies. For instance, the central gas within a

Mvir ≈ 108M� halo at z ≈ 10 is enriched to an average of ∼ 10−3 Z� by a single
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200M� PISN (Greif et al., 2010). With a series of PISN events, the central gas

cloud in Mvir = 5×107−108M� haloes could be enriched to [Z/H] = −2.5−3.0,

as well (Wise et al., 2012; Biffi & Maio, 2013). Therefore, we emphasize that

while the choice of characteristic Pop III mass results in substantially different star

formation histories, as discussed above, the degree of metal enrichment might be

similar whether a first galaxy is enriched by a single or a few energetic PISNe, or

by numerous CCSNe.

To gain further insight into the stellar population mix in our target galaxy,

in Fig. 5.10 we show the gas temperature (top) and gas metallicities (bottom) inside

the galaxy as a function of hydrogen density at z ≈ 10.5. The metallicities of the

high-density gas (nH & 103 cm−3), which is the main reservoir for star formation,

are in the range 10−4 Z� to 10−3 Z�. As a result, instead of having a clear termi-

nation of Pop III star formation, both populations may coexist within the galaxy.

Lowering the critical metallicity, however, as suggested by the dust-cooling theo-

ries, would lead to exclusively Pop II star formation inside the target system. Gas

temperatures reach the floor set by the CMB at ∼ 30 K (horizontal line in the top

panel of Fig. 5.10), due to efficient metal fine-structure line cooling. Without it,

the gas would only be able to cool to ∼ 200 K via molecular hydrogen cooling.

Overall, 40% of the gas mass within the galaxy is enriched above the critical metal-

licity for fine-structure cooling, and no primordial gas (Z . 10−5 Z�) remains. As

shown in Fig. 5.11, across all densities, the gas metallicity peaks at 10−4−10−3 Z�,

excluding the lowest densities, nH . 0.01 cm−3, where the peak is located above

10−3 Z�. This difference is associated with recent metal pollution in low density
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regions, which are already highly evacuated by photoheating from the massive SN

progenitor.

The bright afterglow spectra of possible Pop III gamma-ray bursts (GRBs),

with absorption lines imprinted by intervening metal-enriched clouds, would be an

ideal tool for probing the metal enrichment of the early Universe simulated here

(Wang et al., 2012; Macpherson et al., 2013). Specifically, the equivalent widths

of the metal absorption spectra may allow us to distinguish whether the first heavy

elements were produced by a PISN or a CCSN, and in turn constrain the Pop III IMF

(Wang et al., 2012). As we have discussed in Section 3.1, the diffuse, low column

density, IGM may be the preferred hunting ground for a possible PISN enrichment

signature, whereas the higher-column density systems may be dominated by the

conventional CCSN signature.

5.3.3 Stellar and Galactic Archeology

A promising method to constrain the properties of primordial stars is to

probe the metal-poor stars in the halo of our Milky Way, or in nearby dwarf satellite

galaxies. This approach, often termed stellar or galactic archeology (see, e.g. Frebel

et al., 2010; Brown et al., 2012; Karlsson et al., 2013; Vargas et al., 2013; Milosavl-

jević & Bromm, 2014), is based on the assumption that such metal-poor halo stars

were born out of gas that was polluted by a single or a few Pop III SNe, and have

survived until the present day, thus preserving the signature of the first generation

of stars (Simon et al., 2015). In particular, investigating the metallicity distribution

of metal-poor stars, the so-called metallicity distribution function (MDF) (see, e.g.

196



Beers & Christlieb, 2005), places constraints on several key physical quantities,

such as the critical metallicity, Zcrit, and the characteristic mass of Pop III stars.

The MDF for the metal-poor Milky Way halo stars exhibits a peak at [Fe/H] ≈ −2,

and rapidly declines toward lower metallicities with a sharp cutoff at [Fe/H] ≈ −4.

The semi-analytical study by Salvadori et al. (2007), where a Monte Carlo

methodology based on an analytic Press-Schechter merger-tree is employed, shows

that their model for which Zcrit = 10−4 Z� and MPop III,char = 200M� can nicely

reproduce the observed Galactic halo MDF, except for the existence of hyper metal-

poor stars below [Fe/H] = −5. Fig. 5.12 shows the MDF of Pop II stars in our sim-

ulation, within the target halo (red) and within the more extended high-resolution

region (black), evaluated at the end of our simulation at z ≈ 10.5. We should men-

tion that stellar metallicities, Zs, are different from the gas metallicities discussed in

previous sections. The stellar metallicity is inherited from the gas metallicity when

a star is born out of its birth cloud. For the conversion between Zs and [Fe/H], we

use the relation [Fe/H] ' log10(Zs/Z�) − 0.25, adopting the relative iron fraction

produced by Pop III stars (Heger & Woosley, 2010). The cut-off at [Fe/H] = −3.75

arises from the critical metallicity Zcrit = 10−3.5 Z� adopted here, below which

Pop II stars cannot form. Thus, all stellar metallicities exceed [Fe/H] = −3.75 by

design, and the maximum is at [Fe/H] = −3.75 and [Fe/H] = −3.55 for the target

halo and the high-resolution region, respectively.

The stellar metallicity is determined by a complex interplay between the

strength of photoheating by Pop III stars and the ability of haloes to retain their gas.

In a halo with a shallow potential or in a halo hosting a massive Pop III star, the
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stellar metallicity of Pop II stars tends toward the metallicity of the reincorporated

gas that was ejected out of the host halo by a previous SN blastwave. On the other

hand, if photoheating is not strong, as is usually the case for the low mass Pop III

stars (MPop III . 40M�), or if a host halo is massive, Pop II stars are likely to

be born out of the gas that is highly enriched, because after a SN explosion the

ejected metals remain in the central region and the central gas density remains high,

promptly triggering Pop II star formation.

We should caution that our MDF is not directly comparable to the ob-

served MDF, particularly to the low-metallicity tail of the observed MDF ([Fe/H] <

−3.75). The main reason for the lack of these extremely metal-poor (EMP) stars in

the simulated MDF is due to the critical metallicity we adopt. Hence, in order to

include such stars we might use a lower value of the critical metallicity. The other

way of explaining EMP stars would be to assume that low mass, long-lived metal-

free stars (MPop III < 0.8M�) were formed, and that their surfaces were polluted

externally later on by accretion of gas enriched with metals (Shigeyama et al., 2003;

Trenti & Shull, 2010; Johnson & Khochfar, 2011a).

One of the interesting open questions in high-z galaxies is whether or not

we can find any fossils of the first galaxies in the Local Group, especially in local

dwarf galaxies (e.g. Tolstoy et al., 2009; Bovill & Ricotti, 2009; Simpson et al.,

2013; Milosavljević & Bromm, 2014). One widely discussed scenario for the ori-

gin of dwarf galaxies invokes the suppression of their gas supply due to reionization

(Salvadori & Ferrara, 2009). Specifically, most stars are argued to have formed be-

fore reionization in haloes with Mvir = 108 − 109M�, giving rise to systems that
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have then passively evolved into a subset of the dwarf galaxies. Next to reioniza-

tion, photoheating and SN feedback act to evacuate the gas from the haloes. This

scenario would naturally explain both the old age of the extant stellar populations,

and the absence of any ongoing star formation in dwarf galaxies. However, the

probability of a galaxy formed near the reionization era to remain intact and iso-

lated, not undergoing mergers, is small, of order ≈ 10% (Sasaki, 1994). Therefore,

only a subset of the present-day Local Group dwarfs might be suitable candidates

for comparison with the first galaxies (Frebel & Bromm, 2012; Frebel et al., 2014).

Fig. 5.13 shows the relation between the mean metallicity of metal-poor

stars and their masses in dwarf galaxies of the Milky Way and M 31 (Kirby et al.,

2013b). Assuming that stellar metallicities remain unchanged until today, the es-

timated mean metallicity of our simulated galaxy is <[Fe/H]>≈ −3.3, which is

lower by ≈ 0.5 dex than what is expected from the empirical relation, <[Fe/H]>≈

−1.69 + 0.30 log10(M∗/106M�) (see equ. 4 in Kirby et al., 2013b). However, our

simulation ends before reionization is complete. Indeed, further star formation and

metal enrichment will likely occur, leading to Pop II stars with higher metallicities.

The effect of this missing activity may be to raise the average metallicity, possi-

bly up to levels consistent with the empirical Kirby-relation. Therefore, tracing the

evolution of the galaxy to z ' 5, and ideally even beyond that, might be necessary

to directly compare simulation results with observations.

To infer the star formation history of dwarf galaxies, Webster et al. (2014)

have recently performed simulations that follow the evolution of an isolated system

with a dark matter mass of∼ 107M� for 600 Myr, accounting for metal enrichment
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by Type II and Type Ia SNe. They found that their simulated system has a mean

metallicity of [Fe/H] = −2.1 and a stellar mass of 2 × 103M� after 600 Myr,

suggesting Segue 1 as the closest observed match (Frebel et al., 2014). However,

their simulation is performed in a small region (< 400 pc) with a rather idealized

setup. In particular, their high mean metallicity is caused by the assumption of

an enrichment floor that is linearly increasing with the number of SNe. On the

other hand, Pop II SN enrichment in our simulation does not impose any artificial

metallicity floor, thus enabling lower metallicity conditions.

5.3.4 Luminosity

One of the imminent challenges for the next generation of telescopes, such

as the JWST, is to detect the first light from high-redshift dwarf galaxies in the

early Universe. In order to assess the detectability of these sources, we compute

the expected bolometric and line emission luminosities for the simulated galaxy.

Due to the short lifetime of Pop III stars, we only consider emission from Pop II

stars. Assuming an instantaneous starburst, the bolometric luminosity from a Pop II

cluster is represented by the following equation,

LBol,Pop II ∝
∫ mmax

mmin

m−αφ(m) dm, (5.10)

where φ(m) is the mass-luminosity relation. Depending on the mass of a star, a

different power-law is used: L ∝ m2.3 (m < 0.43M�), L ∝ m4 (0.43M� < m <

2M�), L ∝ m3.5 (2M� < m < 20M�), and L ∝ m (m > 20M�). Additionally,

we compute the nebular emission, i.e. the luminosity in recombination lines, partic-

ularly for Hα and Lyα, from the surrounding gas that is ionized by star formation
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Figure 5.12: Metallicity distribution function of Pop II stars formed by the end
of the simulation. The MDF peaks at Zs = 10−3.5 Z� and Zs = 10−3.3 Z�, re-
spectively, for the stars inside the target halo (red) and for all Pop II stars in the
high-resolution region (black). The lower cutoff is a consequence of the adopted
critical metallicity, which may be lower in reality.
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Figure 5.13: Stellar mass–mean metallicity relation from observations of dwarf
galaxies around our Milky Way and M 31. They are strongly correlated, well fitted
by the formula <[Fe/H]>≈ −1.69 + 0.30 log10(M∗/106M�), shown as the dashed
line (Kirby et al., 2013b). For comparison, we also plot the estimate for the mean
metallicity of our simulated galaxy (red dot). This value is lower than the empirical
relation by ≈ 1 dex, implying that the simulated system cannot give rise to the
observed local dwarfs. However, see the main text for further discussion.

202



Figure 5.14: Bolometric luminosity (left) and recombination line luminosity from
Hα and Lyα (right) for haloes hosting Pop II clusters. The target galaxy has a
bolometric luminosity of LBol = 3.5 × 106 L�. Except for this target galaxy, the
bolometric luminosities of the other haloes are of order a few times 105 L�. The
numbers next to the red dots in the left panel indicate the mass-to-light ratios, which
are quite large, similar to that of the local dwarf galaxies. The recombination line
luminosities from Hα and Lyα are smaller than LBol by 1− 4 orders of magnitude.
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(Johnson et al., 2009),

LHα =
∑
i

jHα
mi

ρi

[
ρi

µimH

]2

fefHII, (5.11)

LLyα =
∑
i

jLyα
mi

ρi

[
ρi

µimH

]2

fefHII, (5.12)

where j is the temperature-dependent emission coefficient of the lines (Osterbrock

& Ferland, 2006), and fe and fHII are the fractions of electrons and H II ions of the

SPH particles inside the virial volume of a given halo.

Fig. 5.14 shows that the most massive halo with a mass Mvir ∼ 8×107M�,

hosting the target galaxy, has a bolometric luminosity of LBol = 3.5× 106 L�. We

note that 20% of Pop II clusters (out of 34) are younger than 20 Myr, and these

are the main contributors to the luminosity. For the other less massive haloes in the

mass range of Mvir = [1.2×106M�, 3×107M�], the bolometric luminosity varies

in the range ofLBol = [8.7×104 L�, 2.6×105 L�]. Our estimates are consistent with

those in Wise et al. (2014), who use a more sophisticated stellar population model

to derive bolometric luminosity. As stated above, we only consider the luminosity

from Pop II clusters. We should note, however, that the simulated target galaxy

continues to form Pop III stars as well, out of the gas with metallicity below Zcrit =

10−3.5 Z�. At z ≈ 10.5, the galaxy hosts 6 Pop III stars with a total luminosity

of 1.4 × 106 L�, corresponding to 40% of the Pop II bolometric luminosity. Thus,

adding the contribution from Pop III stars, the combined luminosity may increase

roughly by a factor of ∼1.4.

Using our bolometric luminosity estimates, we can predict the observed flux

at a rest-frame wavelength of λe = 1500Å, characteristic of the soft (non-ionizing)
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UV continuum. The observed continuum flux for an unresolved object is given by

(Oh, 1999; Bromm et al., 2001b)

fν(λo) =
Lν(λe)

4πd2
L(z)

(1 + z) (5.13)

∼ 1 nJy

(
Lν(λe)

1027 erg s−1Hz−1

)(
1 + z

11

)−1

, (5.14)

where dL is the luminosity distance to a source at redshift z, which is ∼ 100 Gpc at

z = 10. The predicted flux for the galaxy (Mvir = 8× 107M�) in our simulation is

≈ 10−3 nJy for LBol = 3.5 × 106 L�. This is smaller by two orders of magnitude

than the detection limit of the Near Infrared Camera (NIRCam) onboard the JWST

for extremely deep imaging (Gardner, 2006). Therefore, more promising targets

for detection with the JWST will be more massive, luminous, systems with Mvir =

109−1010M� (Pawlik & Schaye, 2011). The other possible way of detecting those

small galaxies is through gravitational lensing with a boost in brightness by a factor

of µ ∼ 100 (Zackrisson et al., 2012, 2015). However, magnifications of µ > 100

are extrmely rare, mainly due to the low probability of having sight lines for the

gravitational lensing, P (> µ) ∝ µ−2 (Pei, 1993), requiring very large survey areas

to find the lensed galaxies.

On the other hand, the nebular emission in recombination lines are LHα =

4× 103 L� and LLyα = 4.8× 104 L�, respectively, both of which are even weaker

than the bolometric luminosity by 2− 3 orders of magnitude. This is mainly due to

the low gas densities as a result of the photoheating from the newly forming stars,

resulting in low recombination rates. In our estimate, we have assumed escape frac-

tions for Hα and Lyα photons of unity, rendering the calculated line luminosities
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upper limits. Although the recombination luminosity in Lyα is higher than that in

Hα, in reality Lyα photons are more likely to scatter in the neutral IGM (Dijkstra

& Wyithe, 2007; Smith et al., 2015), and thus the observed flux in Lyα may be sub-

stantially lower than implied by the intrinsic luminosity. Because of the hard spectra

of massive Pop III stars, strong nebular emission, particularly in the He II λ1640

line, has been suggested as a possible observable signature of metal-free Pop III

galaxies (e.g. Schaerer, 2003; Dawson et al., 2004; Nagao et al., 2008; Johnson

et al., 2009; Cai et al., 2015). However, as implied by our simulation, the gas inside

the first galaxies is likely already metal-enriched, and thus their stellar content is

expected to be dominated by Pop II, instead of Pop III, stars, making it more diffi-

cult to use the recombination lines as a probe to detect such metal-enriched small

systems.

Finally, a complementary method is to look for counterparts of the first

galaxies in the Local Group. Assuming, probably unrealistically so, that star for-

mation in our simulated galaxy is completely quenched after z ≈ 10.5, and that it

has passively evolved until the present day, the total stellar mass is 1.4× 103M� at

z = 0 for the IMF we use. This is comparable to the stellar mass M∗ = 900M� of

Segue 2, the least luminous dwarf galaxy known in the local Universe (Kirby et al.,

2013a). More high-resolution observations of the faintest galaxies are needed to

further elucidate the connection between the fossils of the first galaxies and local

dwarf galaxies.
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5.4 Summary and Discussion

We have carried out a radiation hydrodynamical simulation of a galaxy

reaching a mass of Mvir = 8× 107M� at z ≈ 10. This simulation tracked ionizing

photons from individual Pop III stars and from Pop II clusters. High spatial reso-

lution allowed us to explicitly account for the mechanical and chemical feedback

from CCSNe and PISNe. Additionally, we followed the transport of X-ray photons

from accreting black holes (BHs) and high mass X-ray binaries (HMXBs). Mo-

tivated by recent works on primordial star formation, which suggest Pop III stars

with a few tens of M�, we adopted a characteristic mass, Mchar = 20M� for the

Pop III IMF. This is substantially smaller than Mchar = 100M�, which has been

used in most previous studies. We also investigated the metal enrichment history

in the early Universe, including the transition in star formation mode from metal-

free Pop III stars to low-mass, metal-enriched Pop II stars at the critical metallicity

Zcrit = 10−3.5 Z�. Our main results are as follows.

(i) Adopting a moderate characteristic mass Mchar = 20M�, instead of

Mchar = 100M�, for the Pop III IMF, results in a substantially different star for-

mation history during the assembly process of the target halo that hosts the first

galaxy. This is caused by the relatively weak stellar feedback, particularly photo-

heating, from the less massive Pop III stars.

(ii) The gas inside the galaxy is enriched to Zavg ∼ 10−3 Z� by a total of

40 Pop III and 248 Pop II core-collapse supernovae (CCSNs). Despite the striking
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difference in the star formation history, the degree of metal enrichment by CCSNe

is comparable to that by a single 200M� Pop III pair-instability supernova (PISN).

(iii) The metals produced by two PISNe outside the main galaxy are mainly

responsible for the metal enrichment in the diffuse IGM, setting a metallicity floor

of Z = 10−4 Z�. Therefore, signatures of PISNe in the early Universe may be

found by studying the state of the IGM, e.g. employing bright Pop III GRB after-

glows.

(iv) There is no gas with metallicity Z . 10−5 Z� inside the main galaxy.

Given the critical metallicity Zcrit = 10−3.5M� adopted here, Pop III stars continue

to form out of the gas in the metallicity range 10−5 Z� . Z . 10−3.5 Z�. Thus,

both Pop III and Pop II stars coexist. This conclusion, however, is uncertain, as the

critical metallicity may well be lower, which would not allow any extended Pop III

star formation.

(v) Due to the rarity of HMXBs and their short lifetimes, in combination

with the low BH accretion rates ṀBH = 10−9 − 10−12M� yr−1, the impact of X-

rays on the gas inside haloes that host X-ray sources and on the IGM is negligible

in this simulation.

(vi) The bolometric luminosity of the simulated galaxy is LBol ≈ 3.5 ×
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106 L� and the total stellar mass is 6× 103M� at z ≈ 10.5. Therefore, the UV flux

of the galaxy, redshifted into the near-IR is 1.4 × 10−3 nJy, significantly less than

the detection limit for NIRCam onboard the JWST.

(vii) The estimated metal distribution function (MDF) of Pop II stars in

the galaxy peaks at [Fe/H] = −3.75 and the stellar metallicities are in the range

[Fe/H] = [−3.75,−2.7] with a mean metallicity of [Fe/H] = −3.3. The stellar

mass of M∗ = 1.4 × 103M� of the simulated galaxy, passively evolved to the

present day, is comparable to that of Segue 2, the least luminous dwarf known in

the local Universe.

It has often been pointed out that including a physically motivated descrip-

tion of stellar feedback is crucial for modeling galaxy formation, especially for

small galaxies, which are susceptible to stellar feedback due to their shallow poten-

tial wells (Wise et al., 2012; Kim et al., 2013; Hopkins et al., 2014). We confirm

that stellar feedback plays a crucial role in shaping the properties of the first galax-

ies: by reducing the baryon fraction (fbar ≈ 0.05), corresponding to 15% of the

cosmic mean, and by enriching the gas to an average of <Z> ≈ 10−3 Z�, making

Pop II star formation the dominant mode inside the first galaxies. However, galaxies

may continue to form Pop III stars because not all gas is enriched above the critical

metallicity.

In our simulation, we needed to fix a large number of numerical input pa-

rameters, such as the random sampling of the Pop III stellar masses from the under-
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lying IMF. Given that computational resources limit us to only one such realization

from a very large ensemble of likely parameter choices, the question arises what as-

pects of our simulation are contingent on the specific choice, and which results are

likely robust. An example of a robust feature is that the first galaxies were already

metal-enriched, such that their stellar content is expected to be Pop II; the precise

level of this ‘bedrock metallicity’, on the other hand, is uncertain, but likely of or-

der Zavg > 10−4 Z� at z ≈ 10. An example of a contingent, numerical-parameter

dependent feature is the impact of X-ray feedback from early HMXB sources. We

mention that X-ray feedback is negligible in our simulation, but the population of

HMXBs, which are likely the strongest X-ray sources, and their luminosity and

duty-cycle are unknown at high redshifts. We refer the reader to Jeon et al. (2012)

for discussion of a case where X-ray feedback is more significant.

We show that the stellar mass fraction in halos is f∗ = M∗/Mvir ∼ 10−4,

which is smaller by an oder of magnitude than the values found in other studies,

for example Behroozi et al. (2013) and O’Shea et al. (2015), using abundance-

matching techniques and grid-based simulations, respectively. However, the scatter

from their work is large, such that f∗ ranges from 10−5 to 10−1 at a given mass

of Mvir = 108M�. On the other hand, our estimated for f∗ is in a good agree-

ment with the results from Garrison-Kimmel et al. (2014), in which they use an

updated abundance-matching technique and reproduce the stellar mass functions of

the Milky Way and Andromeda satellites more accurately. The fact that near the

end of our simulation the baryon fraction of the target halo is significantly reduced

to 15% of the cosmic mean, leading to a reduction in star formation, robustly im-
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plies a highly feedback-regulated regime. Such inefficiency of star formation could

be attributed to how we implement stellar feedback, especially the efficiency of SN

feedback. However, even if the stellar mass were increased by a factor of 10 by

adopting a different parameter implementation, this system would still be observa-

tionally out of reach for the JWST, at least in the absence of gravitational lensing.

Whether fine-structure line cooling or dust-continuum cooling was mainly

responsible for Pop II star formation is still debated (e.g. Omukai, 2000; Bromm

et al., 2001a; Schneider et al., 2002; Bromm & Loeb, 2003b; Omukai et al., 2005;

Schneider & Omukai, 2010; Schneider et al., 2012; Chiaki et al., 2014; Ji et al.,

2014). If we had adopted a critical metallicity Zcrit,dust = 10−5.5 Z�, set by dust

continuum cooling, the assembly history of the target galaxy would have proceeded

quite differently. Adopting a lower critical metallicity than Zcrit = 10−3.5 Z� would

boost the relative importance of Pop II star formation, and long-lived Pop II stars

could hence contribute to the total stellar mass. The estimated MDF of Pop II

stars would also be changed depending on the critical metallicity. The nature and

observational properties of the first galaxies thus sensitively depend not only on the

mass scale of the first stars, as has previously been pointed out Bromm2011, but

also on additional astrophysical parameters, such as the critical metallicity.

Considerable uncertainties remain in the treatment of metal mixing. We

used a subgrid model (Greif et al., 2009b) in which we assume that the efficiency of

metal mixing below the resolved scales is determined by physical quantities at re-

solved scales. Shen et al. (2010) propose a new implementation to more accurately

capture the turbulent mixing in SPH. Further theoretical and observational studies
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are required to better understand the metal mixing process. As discussed, explor-

ing a large range of parameters is needed to derive representative characteristics of

high-z dwarf galaxies. However, performing such a comprehensive suit of high-

resolution, radiation-hydrodynamical simulations is computationally challenging.

As mentioned above, the direct detection of the simulated galaxy, with

Mvir . 108M�, will be out of reach even for the JWST, unless extreme, and prob-

ably unattainable, gravitational lensing magnifications are involved. Therefore, a

more promising strategy to infer their nature may be to use “stellar" or “galactic"

archeology by searching for metal-poor stars in the Milky Way or in nearby dwarf

galaxies. To fully unleash its potential, both simulations and observational surveys

need to be pushed further, a process that clearly has been set in motion now.
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Chapter 6

Outlook

We are entering an interesting era in which high-redshift galaxies have now

been observed up to z ≈ 8, corresponding to just ∼ 600 million years after the

big bang, and sophisticated computer simulation techniques allow us to study these

galaxies from first principles. For a decade of study, theorists have been studying

the properties of the first generation of luminous objects, the first stars and galaxies.

We are now ready to compare the theoretical work with upcoming observations,

given that one of the main goals of the next generation of telescopes is to detect the

first luminous objects in the Universe.

The first galaxies at z ≈ 10 are expected to already be metal-enriched, com-

plex system, similar to the galaxies at low redshifts. Their detectability will be

determined by how actively they formed stars in the early epoch. We expect that

systems with a virial mass of Mvir = 109M� at z ' 10 will be feasible obser-

vational targets for the upcoming JWST. The derived properties of first galaxies

will allow us to infer the characteristics of the first generation of stars as well by

back-tracking their star formation history. It will, on the other hand, be difficult to

directly detect the light from the first stars with the JWST unless they end their lives

as gamma-ray bursts or explode as extremely luminous supernovae.
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The 21 cm emission from the neutral hydrogen in the IGM that is heated

by various radiation sources may carry imprints of important properties of the first

galaxies, such as the contribution from X-ray sources, star formation rates, and

the ionizing UV emission. It would also constrain the role of such galaxies on

the early stage of reionization. Finally, we could turn our attention to the local

Universe to find fossils of the first galaxies. This approach is often termed “galactic

archeology" in which after the initial metal-enrichment by Pop III stars, only one or

few early star formation events took place in the first galaxies, and they have then

evolved until the present day without further star formation. Therefore, the observed

abundances of metal-poor stars in dwarf galaxies should reflect the signatures of the

earliest stages of chemical enrichment and intrinsic features of the first galaxies. In

addition, the observed abundance patterns of local metal-poor stars from which we

could distinguish the type of explosion, PISNe or CCSNe, will provide us with a

constraint on the mass of the first generation of stars, and thus their IMF.
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Milosavljević, M., Bromm, V., Couch, S. M., & Oh, S. P. 2009a, ApJ, 698, 766
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Safranek-Shrader, C., Milosavljević, M., & Bromm, V. 2014a, MNRAS, 438, 1669

—. 2014b, MNRAS, 440, L76

Saigo, K., Matsumoto, T., & Umemura, M. 2004, ApJ, 615, L65

233



Saitoh, T. R., & Makino, J. 2009, ApJ, 697, L99

Salvadori, S., & Ferrara, A. 2009, MNRAS, 395, L6

Salvadori, S., Schneider, R., & Ferrara, A. 2007, MNRAS, 381, 647

Salvaterra, R., Haardt, F., & Volonteri, M. 2007, MNRAS, 374, 761

Salvaterra, R., Haardt, F., Volonteri, M., & Moretti, A. 2012, A&A, 545, L6

Sasaki, S. 1994, PASJ, 46, 427

Sazonov, S. Y., Ostriker, J. P., & Sunyaev, R. A. 2004, MNRAS, 347, 144

Scannapieco, E., Schneider, R., & Ferrara, A. 2003, ApJ, 589, 35

Schaerer, D. 2002, A&A, 382, 28

—. 2003, A&A, 397, 527

Schaye, J. 2001a, ApJ, 562, L95

—. 2001b, ApJ, 559, 507

Schaye, J., et al. 2010, MNRAS, 402, 1536

Schenker, M. A., Ellis, R. S., Konidaris, N. P., & Stark, D. P. 2014, ApJ, 795, 20

Schleicher, D. R. G., Spaans, M., & Glover, S. C. O. 2010, ApJ, 712, L69

Schmidt, W., & Federrath, C. 2011, A&A, 528, A106

Schmidt, W., Niemeyer, J. C., & Hillebrandt, W. 2006, A&A, 450, 265

234



Schneider, R., Ferrara, A., Natarajan, P., & Omukai, K. 2002, ApJ, 571, 30

Schneider, R., & Omukai, K. 2010, MNRAS, 402, 429

Schneider, R., Omukai, K., Inoue, A. K., & Ferrara, A. 2006, MNRAS, 369, 1437

Schneider, R., Omukai, K., Limongi, M., Ferrara, A., Salvaterra, R., Chieffi, A., &

Bianchi, S. 2012, MNRAS, 423, L60

Scott, D., & Rees, M. J. 1990, MNRAS, 247, 510

Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337

Shang, C., Bryan, G. L., & Haiman, Z. 2010, MNRAS, 402, 1249

Shapiro, P. R., Giroux, M. L., & Babul, A. 1994, ApJ, 427, 25

Shapiro, P. R., & Kang, H. 1987, ApJ, 318, 32

Shen, S., Wadsley, J., & Stinson, G. 2010, MNRAS, 407, 1581

Shigeyama, T., Tsujimoto, T., & Yoshii, Y. 2003, ApJL, 586, L57

Shu, F. H. 1992, The physics of astrophysics. Volume II: Gas dynamics, University

Science Books, Mill Valley, CA (USA)

Shu, F. H., Lizano, S., Galli, D., Cantó, J., & Laughlin, G. 2002, ApJ, 580, 969

Shull, J. M., Harness, A., Trenti, M., & Smith, B. D. 2012, ApJ, 747, 100

Shull, J. M., & van Steenberg, M. E. 1985, ApJ, 298, 268

235



Sijacki, D., Springel, V., Di Matteo, T., & Hernquist, L. 2007, MNRAS, 380, 877

Simon, J. D., Jacobson, H. R., Frebel, A., Thompson, I. B., Adams, J. J., & Shect-

man, S. A. 2015, ApJ, 802, 93

Simpson, C. M., Bryan, G. L., Johnston, K. V., Smith, B. D., Mac Low, M.-M.,

Sharma, S., & Tumlinson, J. 2013, MNRAS, 432, 1989

Smith, A., Safranek-Shrader, C., Bromm, V., & Milosavljević, M. 2015, MNRAS,
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