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Abstract

Direct-collapse black holes (DCBHs) are the leading candidates for the seeds

of the first quasars, over 300 of which have now been found at z > 6, less

than a billion years after the Big Bang. They form in massive, pristine

cosmological halos at z ∼ 10 - 20 that reach virial temperatures of 104 K,

triggering atomic cooling and catastrophic baryon collapse with infall rates

of up to 1 M� yr−1. Such rates are thought to build up supermassive

primordial stars that can reach 3× 105 M� before collapsing via the general

relativistic instability. However, until now no one has ran these events long

enough for the stars to collapse to DCBHs or modeled their evolution in the

cosmological flows that create them. Here, I present cosmological simulations

of direct collapse out to 3 Myr, ten times longer than studies to date sufficient

to form quasar seeds. I also model the evolution of these stars with simulation

accretion rates in an attempt to determine their masses at death and build

up a rough initial mass spectrum for DCBHs. This simulation suite thus

reproduces the mass of the first quasars at birth from first principles. I also

present calculations of near infrared and radio signatures from DCBHs to

determine if they could be detected by the next generation of telescopes such

as the James Webb Space Telescope, the Square Kilometre Array and the

Next-Generation Very Large Array.
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Chapter 1

Introduction

With advances in spectroscopic surveys over recent years, astronomers have

now confirmed the existence of over 300 quasars beyond z = 6 (Mortlock

et al., 2011). These include the newly discovered quasar by the Banados

team (Banados, 2017), currently the highest redshift quasar observed to date

at z = 7.5. The inferred masses of the supermassive black holes (SMBHs)

powering these high redshift quasars are exceptionally large and range up to

1.2 × 1010 M� in the case of the Wu quasar (z = 6.3) (Wu et al., 2015).

The discovery of objects with such extreme masses at these high redshifts

naturally inspires the question of how they came into existence within only

1 Gyr of the Big Bang.

Years of accumulated observational data evidence that every low redshift

galaxy harbours a SMBH at its center (Ferrarese and Ford, 2005) (Rich-

stone, 1998). In low redshift galaxies astronomers have observed a tight

correlation between black hole (BH) mass and the stellar velocity dispersion

within its bulge, known as the M-σ relation (Ferrarese and Merritt, 2000)

(Gebhardt et al., 2000) (Tremaine et al., 2002). This implies that BHs and

1



galaxy centers evolved inter-dependently with BHs dramatically influencing

the galactic environment. The formation and kinematics of modern galaxies

is thus intertwined with the growth of their host SMBH (Silk and Rees, 1998)

(Kauffmann and Haehnelt, 2000a) (Wyithe and Loeb, 2003). Connections

between the properties of local galaxies and their SMBHs evidence their co-

evolution and the importance of their origin on the universe at present. It is

equivalently likely, regardless of the details of their creation, that they also

influenced the formation of the first galaxies (Cattaneo et al., 2009). By

researching the origin of the first quasars we thus hope to shed light on the

initial conditions of these systems and ultimately illuminate how the universe

starts assembling into galaxies and the cosmic structures observed at present.

Within this work we run a series of cosmological simulations of direct

collapse halos, the leading candidate for the origin for the most massive high

redshift quasars. These are the longest of their kind, lasting typically 2 - 4

Myr from initial gas collapse and proto-star formation to when the code is

halted and further collapse into a BH is assumed to have occurred. This time

length is chosen primarily to compliment other simulations of these events in

literature which usually focus on spatially resolving the birth of the proto-

star, not evolving the accretion disk for multiple free-fall times. Several

previous studies of this scenario have noted varying degrees of fragmenta-

tion, depending largely on the involvement of molecular hydrogen cooling

and simulation resolution. As the gas collapses it can form orbiting sys-

tems of proto-stars, sometimes binaries, which transfer angular momentum

of the gas into orbital momentum of the compact bodies, allowing accretion

onto these objects to proceed. Some investigations into this route of BH
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formation report the emergence of possible merging clumps and 3 body in-

teractions shortly after collapse initiates, but with little impact on disk and

proto-star evolution (Bromm and Loeb, 2003) (Latif et al., 2013c) (Becerra

et al., 2015) (Regan and Haehnelt, 2009a) (Latif and Volonteri, 2015). Others

however remark efficient fragmentation as the disk grows in mass, with fre-

quent ejections in certain cooling regimes and halo morphologies (Regan and

Downes, 2018) (Chon et al., 2018), whilst still others predict fragmentation

into clumps based on analytical grounds (Lodato and Natarajan, 2006) (Latif

and Schleicher, 2015). The aforementioned simulations generally run within

an order magnitude ∼ 104 yr and so they neither capture the fate of these

initial fragments nor discern whether they are still produced in the environ-

ment surrounding the star after the accretion rate relaxes to a background

value. This simulation suite hence allows observation of sustained fragmen-

tation within the accretion disk and the ensuing formation of satellite gas

clumps along with possible stellar binaries.

Previous simulations also confirm the existence of accretion rates high

enough for the star to end its life as a supermassive black hole, but not their

persistence during this period (Latif and Volonteri, 2015) (Shlosman et al.,

2016) (Becerra et al., 2015) (Becerra et al., 2018). In Woods et al. (2017)

the authors estimate that a proto-star with a continuous accretion rate for

atomic cooling extrapolated from values typically found in literature, ∼ 0.1

- 1 M� yr−1 (Latif and Volonteri, 2015) (Becerra et al., 2015) (Regan and

Haehnelt, 2009a), would collapse after reaching ∼ 105 M� , corresponding

to a lifetime of ∼ 1 Myr. Therefore these simulations enable the gathering of

realistic accretion rates from the formation of a central proto-star followed

3



through to later collapse via the general relativistic instability into a seed

black hole. This occurs when the thermal radiation in the high temperature,

low density core begins to contribute to the gravitational source term in the

first-order GR correction to Newtonian gravity, its contribution growing to

order p/ρc2 ∼ 1 - 3 ×10−3 (Chen et al., 2014). Simultaneously the adiabatic

index falls below 4/3 and the core contracts, releasing more radiation and

triggering a feedback process ending in collapse into a BH or a supernova

explosion (SNe). These rates are then coupled with stellar evolution models

to predict when these stars collapse and their mass, providing a suite of initial

masses and cosmological environments for the BH seeds of the first quasars.

The halos within our simulations are produced from a range of assembly

histories, allowing to investigate the impact of different halo parameters on

the accretion disk and the evolution of the star itself. We can hence evaluate

potential cosmological bias for initial mass, such as environments with lower

halo number densities where mergers would be uncommon. Furthermore, the

disk profiles are used to post-process the star’s near infra-red (NIR) radiation

and the innermost post-collapse accretion rates to calculate luminosity in the

radio bands, thus exploring the potential of possible formation signatures.

We first introduce the topic by the justification and physics of direct col-

lapse. In section 2 we detail the pipeline for obtaining candidate halos and

then performing baryonic simulations of collapse with the Enzo AMR cos-

mology code. In section 3 we discuss the outcome of the isothermal accretion

disks within these simulations and accretion rates onto the star in detail, as

well as the potential effect of assembly history. We also examine the possibil-

ity of binary formation being a dominant feature at late times within these

4



models. In section 4 this discussion is expanded to include other cooling

channels, emulating a more plausible scenario of collapse. We examine the

effect of background ultra-violet (UV) radiation in situations with molecular

hydrogen cooling present and how this impacts the outcome of the accre-

tion disk and fate of the star. In section 5 we explain how the accretion

rates within these simulations are coupled with the KEPLER stellar evolu-

tion code to achieve final stellar masses. Finally, in section 6 we explain how

our data is used to determine future detection prospects and summarise the

outcome of these research efforts in section 7.

In the following chapter I outline the various predictions and assumptions

of the direct collapse model, which details the collapse of an atomically cool-

ing halo into a SMBH seed, and why this formation hypothesis is generally

more accepted over accretion onto stellar remnants. In section 1.1.1 we briefly

discuss the physics governing the collapse of the earliest stars in the universe

and in section 1.1.2 why growth onto these objects alone is inadequate for

explaining the quasar masses currently observed. In section 1.1.3 we outline

the critical accretion rate and in section 1.1.4 the UV fluxes necessary in this

scenario. Finally, in section 1.2 relevant features of the model such as the

expected disk properties are discussed. These idealised conjectures can be

used to set expectations for the outcome of our simulations and parameterise

the behaviour of the accretion disk.
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1.1 Formation scenarios of high redshift quasars

1.1.1 Collapse channels in primordial gas

In the top-down model of hierarchical structure formation, the least mas-

sive objects in the universe form first, seeded by primordial density pertur-

bations, coalesce and merge to form progressively more massive structures

(Blumenthal et al., 1984) (Springel et al., 2005), with the first galaxies ap-

pearing around 0.1 Gyr after the Big Bang (Rees, 1993) (Barkana and Loeb,

2001). The upper mass limit at which these structures collapse is set by the

Jeans length, the critical wavelength where the self-gravitation of underlying

density perturbations overcomes baryonic pressure and they start develop

growing rather than oscillating modes. Assuming a spherical distribution,

the mass MJ contained within a Jeans length λJ is given by

MJ =
4π

3
ρ0

(
λJ
2

)3

=
4π

3
ρ0

(
cs
2

√
π

Gρ0

)3

(1.1)

where ρ0 is the background density, cs the gas isothermal sound speed and

G the gravitational constant. After recombination, Compton scattering from

residual ionized species and the CMB still keeps the temperature in equilib-

rium with that of the latter, until a redshift zt

1 + zt =
1

α

(
Ωbh

2

0.022

)2/5

(1.2)

after which it evolves adiabatically as

T =
1 + z

1 + zt
∝ (1 + z)

(
Ωbh

2

0.022

)−2/5

. (1.3)

For low redshifts, plugging in the background cosmological values therefore

gives (Loeb and Barkana, 2001)

MJ = 5.73× 103

(
Ωmh

2

0.15

)−1/2(
Ωbh

2

0.022

)−3/5(
1 + z

10

)3/2

M� . (1.4)
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where Ω represents the ratio of the universe’s total density over its critical

density and Ωm & Ωb are the contributions from matter and specifically

baryonic matter respectively. h is a useful parameterisation of the Hubble

constant H where H = 100h.

Under the action of its own self-gravity and disregarding any pressure

support, a gas cloud of Jeans mass will collapse in a characteristic timescale

called the free-fall time, tff . This can be derived by again assuming spherical

symmetry and considering the force acting on a mass shell at r enclosing a

mass M , giving

d2r

dt2
=

1

2

dv2

dr
= −GM

R2
(1.5)

v(r)2 = −2GM

∫ R

r

1

r′2
dr′ (1.6)

and after performing the integration and taking the negative solution

dr

dt
= −

√
2GM

(
1

r
− 1

R

)
(1.7)

where R is the initial radius of the mass shell at t = 0 and v(r) is its current

velocity at radius r. We can integrate over this solution to find the time

taken to collapse to a single point:

tff = −
∫ R

0

(√
2GM

R

√
R

r
− 1

)−1

dr (1.8)

= −
√

R3

2GM

∫ 1

0

1√
1/ε− 1

dε (1.9)

=

√
3

8πGρ

∫ 0

1

√
ε

1− ε
dε (1.10)

=
π

2

√
3

8πGρ
=

√
3π

32Gρ
(1.11)

where the ratio r/R is substituted by ε and ρ is the cloud density, assuming

it is entirely homogeneous.
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The instantaneous accretion rate Ṁ onto a gravitationally bound halo

can hence be estimated by

Ṁ =
MJ

tff
(1.12)

=

(
4

3

)3/2
π2c3

s

G
∝ T 3/2 (1.13)

and thus increases with temperature T . However, as no thermal energy

is exchanged with its surroundings, the gas comprising the halo collapses

adiabatically under the influence of self-gravity and the mechanical work

done reducing its volume is transferred into heat. Under these conditions we

can assume the relation ρ ∝ T γ−1 for the equation of state. If the gas consists

of primarily monatomic species such as atomic hydrogen we can adopt a value

of 5/3 for the adiabatic index γ and hence

MJ ∝ T 3/2ρ1/2 ∝ T 9/4 . (1.14)

So although the instantaneous accretion rate increases with temperature

as the gas contracts, the mass required to collapse further increases more

steeply. The gas heats up during adiabatic contraction, the sound crossing

time becomes less than the free-fall time, and collapse is halted. Therefore,

for the gas within the halo to fragment and form stars, it must be able to

radiate away its gravitational potential energy efficiently. To radiate away

its binding energy in a time tcool less than a Hubble time tH it must satisfy

the relation

tcool =
1

(γ − 1)

kBT

nΛ
< tH . (1.15)

The cooling rate Λ represents the rate of emission per density squared, as

two species are involved in collision where radiation is released, and is usu-

ally highly dependent on temperature; n is the concentration of the species
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responsible for cooling, usually given in cm−3, and kB Boltzmann’s constant.

We can formulate a characteristic accretion rate for collapse via cooling by

again taking the ration of the Jeans mass and the appropriate timescale:

Ṁ =
MJ

tcool
=

1

6

(
γT

µmH

)3/2
(γ − 1)ρΛ

kBTµmH

√
π5

G3ρ
(1.16)

∝ T 1/2ρ1/2Λ ∝ Λ . (1.17)

The last line is achieved by assuming the limit of high Λ and radiation effi-

ciently releases any heat produced from contraction, making the gas isother-

mal. The temperature is then inversely proportional to density and the

degree of fragmentation becomes mostly dependent on the micro-physical

cooling mechanism. Here we have taken the sounds speed cs to be equal to

cs =
√
γT/µmH , where µ is average mass of gas species weighted by the mass

of hydrogen and mH the hydrogen mass. Under these conditions collapse and

fragmentation to much higher densities is possible.

As no star formation has yet taken place in this primordial universe there

is no metal enrichment and the gas only contains elements remaining from

baryogenesis (hydrogen, helium, trace amounts of lithium and various iso-

topes thereof). The most immediately obvious available cooling channel is

that occurring in atomic hydrogen, when the temperature is sufficient to in-

duce Lyman-α electron transitions from the n=1 to n=2 energy levels. This

occurs when a Maxwellian tail of atoms have sufficient energy to promote

this transition upon collision, estimated at T ∼ 104 K. In a virilized halo

of radius Rvir we can relate this temperature to a characteristic mass and

radius via the virial relation

2EK − U = 0 (1.18)
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where Ek and U represent the kinetic and potential energies of the halo

respectively, which in the case of spherical symmetry become

kBT =
µmHMG

5Rvir

. (1.19)

Plugging in the background cosmological values and rearranging for the mass

gives

M = 5× 107h−1
( µ

0.6

)−3/2

Ω−1/2
m

(
1 + z

10

)−3/2

M� (1.20)

which turns out far higher than the primordial Jeans mass previously calcu-

lated.

Another candidate which could act as a coolant is molecular hydrogen,

H2, formed via processes that will be outlined later in this section. This form

of hydrogen, although the most abundant molecule in the early universe, has

no dipole moment and therefore emission via rotational transitions isn’t pos-

sible. The nuclear spins of the protons do however allow two distinct states:

para-hydrogen with the spins opposing and even angular momentum, and

ortho-hydrogen with spins aligned and odd angular momentum, occurring in

a respective 1:3 ratio in the primordial universe. The least energetic tran-

sition allowable is between the levels J = 2 and J = 0 in the vibrational

ground state of para-hydrogen, with an associated temperature of ∼ 512 K,

allowing for fragmentation at viral temperatures corresponding to roughly

the Jeans mass. Despite this, H2 becomes inefficient at lower temperatures

and densities greater than ∼ 104 cm−3 due to low equilibrium populations

for its energy levels.

H2 can also emit radiation by collisionally induced emission, where an

encounter with another molecule creates an effective dipole moment, and

during collisional dissociation, where an encounter is so energetic it releases
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a photon. As these processes operate at densities of 1014 cm−3 and 1020

cm−3 respectively, they have negligible contributions to gas cooling within

the realms of this study.

By having a small dipole moment, HD has larger rotational and vibra-

tional transition rates and hence its energy levels become saturated at a

higher density of 106 cm−3. Because the nuclei are distinct, it has no ortho

or para states either and can undergo J = 1 to J = 0 transitions with an

associated energy of 128 K. However in practice, because of its low fraction

in the early universe, with nHD ∼ 10−3.5 nH2 , HD doesn’t become an effec-

tive coolant until ∼ 150 K and molecular hydrogen cooling dominates above

100 K (Puy et al., 1993).

Gravity H2 H HD

T (K) ∼ 400-500 512 104 128

M (M� ) 3× 104 5× 104 3× 107 3-5 ×104

λ/n2 (erg s−1 cm−2) / 3× 10−25 2× 10−22 5× 10−23

Table 1.1: Overview of each primordial collapse channel, via the Jeans in-

stability, molecular hydrogen, atomic hydrogen and HD. The fields are the

temperature of activation in K, the mass at which the process occurs at

z ∼ 20 in M� and the species cooling rate at 104 K in erg s−1 cm−3.

Details for the different collapse routes for primordial halos, with associ-

ated temperature, efficiency and mass, are composed in table 1.1. The first

row designates the virial temperature at which the process is activated, the

second the mass corresponding to this temperature and the third the cooling

rate of the species in question, as encountered in equation 1.1.1, quoted in
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Λ/n2. The cooling rate is taken at 104 K and the mass is assumed for a halo

at z ∼ 20.

Because of the inefficiencies of HD cooling and the high temperatures

needed for effective cooling via atomic hydrogen, H2 is seen to be the primary

coolant within Jeans mass halos. Asides formation onto dust grains, which

cannot occur prior to star formation, accumulation is governed by mostly

three chemical processes which are stated here:

1. Through the radiative capture of electrons as the first, rate forming

step (McDowell, 1961) (Peebles and Dicke, 1968):

H + e− → H− + γ (1.21)

H− +H → H2 + e− (1.22)

2. Through the radiative capture of protons as the first, rate forming step

(Saslaw and Zipoy, 1967):

H+ +H → H+
2 + γ (1.23)

H+
2 +H → H2 +H+ (1.24)

3. Through the three-body process (Palla et al., 1983):

H +H +H → H2 +H (1.25)

The formation of molecular hydrogen via radiative electron capture is by far

the most dominant channel in primordial halos as radiative proton capture is

100 times less frequent (Peebles and Dicke, 1968) and the three-body process

only becomes relevant at 108 - 1010 cm−3 (Palla et al., 1983). At such densities

the three-body channel rapidly becomes dominant due to its dependence on
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the cube of the gas hydrogen density, since the reaction involves an almost

instantaneous collision between three species.

The initial step of H2 formation through radiative electron capture is the

rate forming step, where a free electron enters the potential well of a hydro-

gen atom and binds, the exothermic process creating a photon of 0.747 eV.

The negative hydrogen species then quickly collides with another hydrogen

atom, first forming an intermediate H−2 molecule in the 2Σu state, which then

spontaneously dissociates into an electron and H2 with an energy of 3.75 eV.

If molecular hydrogen is somehow prevented from forming and accumu-

lating in these halos, however, then this cooling channel would be effectively

removed. Cooling would instead occur after reaching temperatures suffi-

cient to trigger Lyman-α transitions which, as will be investigated further in

section 1.1.3, leads to qualitatively different accretion and resulting stellar

populations. Here we briefly detail the mechanisms for either removing H2

or preventing its formation.

The rate forming radiative capture steps in the outlined reactions also

compete with photo-detachment, where the intermediary species (H− or H+
2 )

is dissociated by a photon. H+ and H− can also encounter forming neutral hy-

drogen in mutual neutralisation. Molecular hydrogen itself can be destroyed

through the energetic encounter of another hydrogen atom or radiation. The

former, collisional dissociation, occurs at densities of ∼ 1018 cm−3 and there-

fore is not relevant during the early stages of collapse (Yoshida et al., 2008)

(Martin et al., 1996). H2 can however dissociate via the Solomon process

if exposed to radiation with energy between 11.26 and 13.6 eV. In this two

stage mechanism, the molecule absorbs a photon, transitions from its ground
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X state (X1Σ+
g ) to an excited energy level B or C (specifically B1Σ+

u or

C1Γu), followed by prompt radiative decay (Stecher and Williams, 1967).

10% - 15% of these decays occur into the vibrational continuum, instead of

back to the ground state, where the molecule is then dissociated, transfer-

ring the photon’s energy into kinetic energy and finally heating the gas. The

processes that destroy molecular hydrogen or compete with its formation are

summarised below:

H− + γ → H + e− (1.26)

H+
2 + γ → H +H+ (1.27)

H+ +H− → H +H (1.28)

H2 +H → H +H +H (1.29)

H2 + γ (11.26− 13.6 eV )→ H +H∗ → H +H + γ (1.30)

If the dissociating radiation field, known as a Lyman-Werner (LW) back-

ground, is present at a sufficient intensity to destroy enough H2, fragmenta-

tion ceases without other cooling channels (Bromm and Loeb, 2003) (Spaans

and Silk, 2006). Matter then accumulates onto the halo until it instead

reaches the virial threshold for Lyman-α transitions (White and Frenk, 1991),

a scenario which will be examined in more detail in section 1.1.3. The most

common sources for this energetic radiation are stars themselves, with PopIII

and PopII population each emitting a characteristic field which effects the

removal of molecular hydrogen differently, as discussed later in section 1.1.4.

As collisional dissociation has been ruled out by requiring excessively high

densities and negligible amounts of H+
2 are formed by radiative proton cap-

ture, we will concentrate on the ability of H− photo-detachment and mutual

neutralisation to compete with the formation of molecular hydrogen. By de-
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riving the equilibrium amount of H2 in the early universe we can estimate the

quantity of H2 present in primordial halos and the intensity of LW radiation

needed to suppress its cooling effect.

At low temperatures the molecular hydrogen that forms within a halo

cannot be removed efficiently. However, at temperatures approaching the

atomic cooling threshold (T = 104 K), the second step in the main formation

channel where H− bonds with neutral hydrogen competes with the collision

of H+ and subsequent neutralisation. Expressed chemically, with their cor-

responding rate reactions on the RHS,

H + e− → H− + γ k1

H− +H → H2 + e− k2

competes against

H+ +H− → H +H k3 .

To know the percentage yield of H2 under these conditions we first need

to now the abundance and recombination rate of free electrons which are

required in the first step of this channel and act as a catalyst for the pro-

duction of H2. The residue ionization fraction in the primordial universe,

comprised mostly from species leftover from recombination, is ∼ 2× 10−4 at

z � 100, where collisional ionization becomes ineffective (Schleicher et al.,

2008). Electrons cannot be produced from UV ionizations at this stage since

star formation has not yet initiated, therefore only the background recom-

bination rate needs to be accounted for. Assuming a neutral primordial

composition, with ne, nH+ and nH representing the electron, proton and
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hydrogen concentrations respectively, this can be written as

dne
dt

= −krecnenH+ = −krecn2
e (1.31)

where krec is the reaction rate of recombination. Integrating and re-arranging

we obtain the fractional free electron density x as

x =
x0

1 + krecntx0

(1.32)

where x0 is the initial fractional ionization. If we assume all molecular hy-

drogen is formed via the main channel we can similarly express its formation

rate as

dxH2

dt
= k1xnH

(
k2nH

k2nH + k3nH+

)
(1.33)

where the expression in parenthesis represents the probability of H2 forma-

tion versus destruction by a H+ species. If we again assume that the number

of H+ and e− species are equal this reduces to

dxH2

dt
= k1xnH

(
1 + x

k3

k2

)−1

. (1.34)

Assuming that the environment is still mostly composed of neutral hydrogen

(n ≈ nH) and x0 � k2/k3, the term in parenthesis reduces to unity and we

can integrate and solve for xH2 :

dxH2

dt
=

k1x0n

1 + krecntx0

(1.35)

xH2 =
k1

krec
ln (1 + krecnx0t) . (1.36)

If we use the power law fits by Hutchins (1976) to estimate the rate

coefficients k1 and krec we can write the express the dominant fraction with

k1

krec
w 10−8 T 1.5219 . (1.37)
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The amount of H2 produced is thus a strong function of temperature but is

of the order 10−3 for temperatures of a few 1000 K.

The fraction of H2 present within the gas at a given temperature and

redshift can be compared against the H2 fraction necessary to cool the gas

within 20% of the Hubble time by setting

1

(γ − 1)

ntotkT

Λ(T )nH2

= 0.2 tH (1.38)

and the densities as

ntot = (1 + 4xHe) n

nH2 = xH2 n

where xHe = 0.083 is the primordial fraction of Helium, assuming a matter

dominated universe at the high redshift limit so that

tH =
1

H0

1√
Ωm(1 + z)3

where H0 is the current value for the Hubble constant at z = 0, and obtaining

the required H2 fraction xH2,req as

xH2,req = 5.2× 10−32 T

Λ(T )

(
1 + z

10

)3/2

. (1.39)

The fraction of molecular hydrogen produced via the radiative electron

capture channel versus the fraction required to cool the gas for a range of

temperatures and redshifts is given in figure 1.1, taken from Glover (2013),

with the actual fractions as solid lines and the required fractions as dashed

lines. The redshift for the dashed lines decreases from bottom to top for

z = 40, 30 & 20. We see that the minimum temperature that the gas must

have in order to be able to cool within a fraction of a Hubble time, indicated
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Figure 1.1: Comparison of the fractional abundance of H2 produced by the

derived chemical rates (solid lines) versus the quantity of H2 required in order

to cool the gas within 20% of a Hubble time (dashed lines). From bottom to

top, the solid lines correspond to the H2 fraction produced at times t = 1,

5 & 10 trec respectively, and the dashed lines correspond to the H2 fraction

required at z = 40, 30 & 20. Figure taken from Figure 2 from (Glover, 2013)
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by the point at which the lines cross, is relatively insensitive to T and z. The

calculated fractional abundance of H2 at the temperature of atomic cooling

is ∼ 10−2 whilst only ∼ 10−5 would be enough to cool and fragment the

gas within a Hubble time, probably entailing regular PopIII formation. The

relative abundance of H2 must therefore be reduced by at least three orders

of magnitude by the effects of the LW background for the halo to instead

at higher mass. Only reaching these high virial temperatures then will the

effectiveness of the Lyman-α channel drastically increase and cool the gas in

near-isothermal conditions.

A final possibility for removing H2 that has remained currently undis-

cussed is the photo-detachment of H− by ' 0.76 eV photons before reac-

tion with atomic hydrogen. This type of energetic radiation was initially

introduced as a way to enhance H2 formation by elevating the background

ionization fraction of the universe and increasing the source of free electrons

(Haiman et al., 2000). More recent studies however that also incorporate

softer UV radiation show that UV photo-dissociation of H2 is a more im-

portant effect, and hence radiative backgrounds almost always leads to an

overall reduction in the amount of H2 produced (Glover and Brand, 2003)

(Machacek et al., 2003).

1.1.2 Early PopIII star formation

With molecular hydrogen present in the early universe, gas can accrete onto

gravitationally bound, Jeans mass halos of 104 - 106 M� until activation

temperatures are reached and they fragment, cooling gas to ∼ 200 - 300 K

and densities of n ∼ 104 cm−3 (Peebles and Dicke, 1968) (Bromm et al.,
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2002). The lack of metals in the stellar atmosphere which could entice further

cooling alters the properties of these stars drastically compared to those found

in the local universe. Simulations of virilized halos with complete H2 cooling

networks found gas fragmenting into clumps of mass 30 - 300 M� (Anninos

et al., 1997) (Abel et al., 1997). Subsequent stellar evolution calculations

performed by Heger & Woosley (Heger and Woosley, 2002) show that these

halos yield final stellar masses between 10 - 30 M� or 100 - 300 M� . In

the course of normal structure collapse however, metal-free stars form with

typical accretion rates of ∼ 10−3 M� yr−1 and the feedback from their own

creation effectively sets it an upper limit of 40 M� (Hosokawa et al., 2011)

(Hirano et al., 2014) (Hosokawa et al., 2016). The ionizing radiation from

these first stars creates enveloping HII regions and these first stars can be

regarded as the initiators of cosmic re-ionization (Ciardi and Ferrara, 2005)

(Barkana and Loeb, 2007). As well as radiation their subsequent SNe also

release metals from nuclear fusion into the interstellar medium which trigger

further fragmentation from metal cooling, leading to a next generation of

qualitatively distinct PopII stars.

PopIII stars may hence seem a natural candidate to consider for the seeds

of high redshift SMBHs. The BH remnants generated by their death would

potentially grow via accretion to eventually reach similar masses to the high

redshift quasars observed today. However, attempting to establish PopIII

stars as the progenitors of the latter introduces a number of issues.

Accretion onto compact objects is usually restricted by an upper bound

at which the radiative pressure acting on the infalling gas is equal to the

gravitational field strength, known as the Eddington limit. The radiative
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pressure p can be written as

|~∇p| = κ

c
Frad =

κL

4πcR2
(1.40)

where κ is the gas opacity and L the object’s luminosity. By equating

this to the gravitational acceleration at a given radius R we can derive the

luminosity at hydrostatic equilibrium, when the accretion rate falls to zero,

which is

GM

R2
=

κL

4πcR2

L =
4πcGM

κ
.

In a medium of purely ionized hydrogen the opacity becomes equal to the

Thomson scattering cross section σT divided by the proton mass mp, resulting

in:

L =
4πGMmpc

cσT
. (1.41)

If we assume that the luminosity is directly proportional to the accretion rate

Ṁ by an efficiency parameter ε, the maximum rate above which radiative

forces overcome the object’s own gravitational potential is therefore given

by

Ṁ =
4πGMmp

εcσT
. (1.42)

In solving this differential equation, we obtain a solution for exponential

black hole growth M on a characteristic timescale tSal:

M = M0e
t/tSal (1.43)

with tSal given as

tSal =
σT cε

4πGmp

(1.44)
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A black hole therefore is only able to increase its mass by a factor of e in a

timescale known as the Salpeter time, tSal, with a duration of 4.49× 107 yr.

This means that a 103 BH seed would have to accrete at the Eddington limit

for 0.62 Gyr, its entire history by z = 7, to reach the observed masses of

∼ 109 , whereas a BH seed of 105 M� would reach this in only 0.41 Gyr.

The consistent high accretion required onto the PopIII seed is difficult to

maintain, firstly as it must compete against radiative feedback produced by

the star itself and then from accretion onto the BH after collapse (Yoshida,

2006) (Milosavljević et al., 2009) (Park and Ricotti, 2011). The lack of

any prolonged interruption from accretion requires a continual supply of gas

(Alvarez et al., 2009), even though potential material has been ejected and

these objects are ”born starving” (Whalen et al., 2004) (Johnson et al., 2011),

their mini-halos disrupted by effects of SNe and and prior stellar radiation

(Jeon et al., 2014). With the sound speed often much less than the escape

velocity of the nascent BH, the gas residing in the shallow potentials of

PopIII remnants is very sensitive to photo-evaporation and the effect of stellar

feedback (Whalen et al., 2008) (Dekel and Silk, 1986). This implies a delayed

onset before accretion can recommence (Johnson and Bromm, 2007) and thus

duty cycles, the fraction of time that these objects are visible as luminous

quasars (Shang et al., 2010), that are very low.

The surface temperature of a PopIII star plateaus at a constant value

of 105 K above 40 M� due to the lack of opacity produced by any metals

within the stellar atmosphere. This makes them copious producers of ionizing

radiation. The UV feedback is sufficient to ionize atomic hydrogen; the

expanding HII regions drive a 30 km s−1 shock front which collects around
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105 M� of gas (Kitayama et al., 2004) (Whalen et al., 2004). The potential

wells which these first generation stars inhabit however are quite shallow, the

escape velocity of a typical 106 M� halo being only 3 km s−1. Up to 90%

of the gas comprising the halo is hence expelled and the time for re-entering

the potential produces these long low duty cycles.

New simulations of star formation beyond the formation of the first stellar

core also show efficient fragmentation (Stacy et al., 2012) (Turk et al., 2009)

(Clark et al., 2011) (Greif et al., 2011) (Smith et al., 2011). The effect of

accretion luminosity on the core appears to be minor (Smith et al., 2012)

but fragmentation and UV feedback during the main sequence phase sets

the upper limit to effectively 40 M� . PopIII stars continue to accrete

inefficiently even after migrating into larger halos via mergers (Smith private

communication)

Asides from the difficulty of retaining mass after collapse, during the

formation of the initial PopIII star the proto-stellar disk in the mini-halo

often fragments into multiple clumps (Clark et al., 2011) (Greif et al., 2012),

removing matter from the central object and leading to increased feedback

from the resulting supernovae. The gravitational waves from the merging of

two BHs within this mass range would also generate a strong recoil, imparting

velocities an order of magnitude higher than the escape velocity of the halo

(Pretorius, 2005) (Baker et al., 2006) (Campanelli et al., 2006). Frequent

merging with other BHs in the vicinity is hence likely to result in expulsion

from the halo due to recoil (Volonteri, 2007). Finally, models of SMBH

from PopIII stars which produce 109 M� SMBHs by z = 6 also tend to

overproduce lower mass BHs for the same redshift; there is therefore a case for
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preferential suppression of BH growth in low mass halos, implying different

formation mechanisms (Tanaka and Haiman, 2009).

Other possibilities for producing the initial seeds of these objects in have

also been suggested, which include growth by rapid successive mergers in en-

vironments created by the amalgamation of globular clusters (Begelman and

Rees, 1978) (Ebisuzaki et al., 2001) or in bulges after massive galactic colli-

sions (Mayer et al., 2010). Further studies suggest that these possibilities do

not produce seeds of sufficient mass, however. A dense stellar cluster could

rapidly collapse into a BH of sufficient mass after triggering general rela-

tivistic instabilities and releasing angular momentum via gravitational wave

production (Kang et al., 1990). Other similar solutions include formation

due to dynamical stellar processes in these clusters (Devecchi and Volonteri,

2009) (Goswami et al., 2014) (Katz et al., 2015) and the core collapse of a

dense cluster of stellar mass BHs leading to a SMBH seed (Davies et al.,

2011) (Lupi et al., 2014).

Another proposed scenario is the build up of gas onto a stellar mass PopIII

remnant by prolonged episodes of super-Eddington accretion (Madau et al.,

2014b) (Madau et al., 2014a), or by virtue of residing at the intersection of

baryonic streaming velocities (Tanaka and Li, 2014) (Schauer et al., 2017).

1.1.3 Quasar seeds from Supermassive Stars

PopIII stars themselves are unlikely to be massive enough to act as the seeds

of the first quasars. For higher mass objects to form in these halos, fragmen-

tation must be suppressed until more matter is present, virial temperatures

are higher and hence, as discussed in section 1.1.1, the halo can cool prac-
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tically isothermally via far more efficient Lyman-α transitions. Cooling via

molecular hydrogen must hence be avoided to prevent early disintegration

into PopIII stars before the masses necessary to form quasar candidates are

reached. If a LW background is present at a sufficient intensity to destroy any

remaining H2, fragmentation ceases without any coolant available (Bromm

and Loeb, 2003) (Spaans and Silk, 2006) and matter can accumulate onto

the halo until it can cool faster than a Hubble time.

In such a scenario, once collapse is triggered accretion is so rapid that

the gas coalesces into a single proto-stellar object of ∼ 104 - 106 M� (Heger

et al., 2003) (Inayoshi et al., 2013) (Begelman, 2010) (Montero et al., 2012)

(Schleicher et al., 2013) (Chen et al., 2014). After a brief lifetime the star

proceeds to then collapse via the GR instability, whereupon the relativistic

contribution of thermal photons to stress-energy tensor in the core of the

star causes the core to contract and explosively burn, triggering rapid implo-

sion. The remaining black hole would retain most of the star’s original mass

(Shibata and Shapiro, 2002) (Umeda et al., 2016).

The increased mass compared to PopIII star remnants alleviates the afore-

mentioned accretion requirements: the initial mass is greater, thus commenc-

ing accretion with a higher Eddington threshold and a larger potential well

in which to to confine gas (Tanaka and Haiman, 2009). Further simulations

suggest that these seeds can eventually grow into high redshift SMBHs, ex-

ceeding 109 M� in ∼ 100 Myr years via sub-Eddington accretion and with

virtually no stellar feedback (Volonteri, 2010) (Valiante et al., 2016) (Di Mat-

teo et al., 2012). Furthermore, direct collapse via the GR instability avoids

any SNe that could eject large portions of gas and the proto-star emission
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spectra peaks in the infra-red rather than the UV, greatly reducing photo-

evaporation during the star’s lifetime (Hosokawa et al., 2016). Evidence

shows that the 104 - 106 M� objects left behind can act as seeds for the

growth of SMBHs (Haehnelt and Rees, 1993) (Umemura et al., 1993) (Eisen-

stein and Loeb, 1995) (Kauffmann and Haehnelt, 2000b) (Koushiappas et al.,

2004) (Begelman et al., 2006) (Tanaka and Haiman, 2009). Further detailed

discussion on the advantages of this model can be found in Volonteri (2010)

and Volonteri and Bellovary (2012). As a further contribution to this for-

mation hypothesis, there is circumstantial evidence of ultra-luminous X-ray

sources powered by intermediate BHs around 104 M� (Makishima et al.,

2000) (Fabbiano et al., 2006) (Colbert et al., 2004).

The formation of these massive seeds is considered in the direct collapse

black hole (DCBH) model, where massive sterile halos irradiated by LW back-

grounds collapse without fragmentation into a single central object (Koushi-

appas et al., 2004) (Begelman et al., 2006) (Lodato and Natarajan, 2006)

(Spaans and Silk, 2006) (Begelman and Shlosman, 2009) (Volonteri et al.,

2008). A very massive object forms in a short cosmological time scale: the

gas first cools isothermally as its bending energy is radiated away with ex-

treme efficiency. Once the Lyman-α radiation becomes optically trapped at

densities greater than ∼ 106 cm−3, the gas accumulated at the center be-

gins to heat adiabatically and the formation of a supermassive star (SMS) is

expected, but its outcome depends crucially on its accretion rate and hence

cosmological environment.

Supermassive stars are extremely massive stars with masses of 103 -

106 M� (Schleicher et al., 2013) (Shapiro and Teukolsky, 1986) which have
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joined the main sequence, generating energy via nuclear burning after rapid

accretion as a proto-stars. In this phase they expand and cool as supergiants,

inhibiting feedback from luminosity as their surface temperature decreases

and remain on the Hayashi track until Helium fusion is initiated, allowing

accretion for very long times. Hosokawa et al. (2012) found nuclear burn-

ing in these proto-stars starts at 50 M� and is maintained until 103 M� .

SMSs are expected to directly collapse into BHs at the end of their lifetimes,

asides those inhabiting a small mass gap around 55 000 M� where 1055 erg

supernovae may occur. As they evolve on the Hayashi track they have a

characteristic radius that evolves monotonically as:

Rin = 2.6× 103R�

(
M

M�

)1/2

. (1.45)

A quasi-star refers to an object of similar mass to an SMS but whose

central core has collapsed into a black hole (Begelman, 2010) (Begelman

et al., 2006). Accretion onto a quasi-star is limited not by the Eddington rate

onto the black hole but the star itself, thus providing a higher limit at which

the object can accrete. For proto-stars with masses above 104 - 105 M� the

object accretes on a faster timescale than nuclear burning (Begelman, 2010)

and the central stellar core collapses, though this may be after an extended

phase of nuclear burning. The radius of quasi-stars are mass-independent

whilst the proto-stars of SMSs are considerably more extended and show

increasing stellar radius as a function of mass. The difference is thus highly

relevant since temperature is a function of stellar radius and regulates UV

feedback, hence placing a limit on further accretion.

In Schleicher et al. (2013), the interplay between Kevin-Helmholtz accre-

tion and nuclear burning within SMSs is explored in detail. They find the
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accretion timescale

tacc =
M

Ṁ
(1.46)

becomes longer than that of Kevin-Helmholtz contraction timescale

tKH =
GM2

RL
(1.47)

when the mass reaches 3.6 × 108 ṁ3 M� where we have defined ṁ as

Ṁ = ṁ M� yr−1. When the Eddington luminosity is reached the core is

expected to expand adiabatically and decrease in temperature, thus main-

taining Eddington luminosity. Meanwhile the mass of helium in the core

becomes comparable to the core itself only at

tHe = 2.25× 105 ṁ

εfill
yr (1.48)

where εfill is a nuclear filling factor, thus implying that a pure helium core

will only be obtained once the nuclear luminosity is equal to the Eddington

luminosity. The core becomes purely composed of helium after tf ' 6.8×106

yr, at which point it will have a final mass of Mf ' 9.4 × 105M�. This

calculation implies that enough mass has been accreted to form the core, or

Mf � tfṀ . (1.49)

Thus an accretion rate of over 0.14 M� yr−1 is required for evolution towards

the quasi-star phase. Anything lower and the star’s extended envelope cannot

be maintained as helium builds in core, and the star eventually contracts

towards the main sequence. The expected mass of the core (∼ 106M�)

provides an upper limit on the interior mass of the BH that subsequently

forms (Fryer and Heger, 2011).
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Similar estimates have ascertained that forming single massive proto-stars

from direct collapse requires high accretion rates of & 0.01 - 0.1 M� yr−1 to

rapidly build a central object of 104 - 105 M� (Begelman, 2010) (Hosokawa

et al., 2013) (Schleicher et al., 2013) (Ferrara et al., 2014), comparable to

the theoretical free-fall rate of Ṁ ∼ c3
s/G ∼ 0.1 M� yr−1 (Latif and Volon-

teri, 2015). Further studies on the formation of SMSs (Woods et al., 2017)

(Haemmerlé et al., 2018) (Hosokawa et al., 2016) have converged on a critical

value of ∼ 0.04 M� yr−1, where the proto-star remains bloated and exhibits

surface temperatures of 5000 K. If the rate falls below this value the UV feed-

back is sill too weak to halt accretion for approximately 1000 years (Sakurai

et al., 2016).

Rapidly accreting (Ṁ > 0.04 M� yr−1) proto-stars carry large amounts

of entropy (dubbed ”hot accretion”) into the stellar interior as its radius

monotonically increases. The interior however remains inhomogeneous and

contracts, radiating energy in the process, thus resulting in an inflating low

density surface layer and eventually a puffy SMS with low effective tem-

perature. The H−-free opacity, resulting from photon absorption from both

the ionization of H− species and boosting electron energies in the ion’s po-

tential, keeps the surface temperature locked to roughly 5000 K. When the

accretion rate drops below this 0.04 M� yr−1 threshold, the regime is re-

ferred to as ”cold accretion” and the radius instead follows the evolution of a

typical PopIII star with an effective black-body temperature of 105 K. This

dramatically effects stellar feedback, switching from predominantly infra-red

radiation to predominantly UV radiation (Regan and Downes, 2018).

In principle, without any molecular hydrogen present, simulations demon-
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strate a SMS could assemble with accretion rates of ∼ 1 M� yr−1 (Johnson

et al., 2013) (Latif et al., 2013a) (Latif et al., 2013c) (Regan et al., 2014). Re-

cent simulations by Latif et al. (2013c) report similar rates in halos of ∼ 107

M� , implying a transition towards the main sequence at 3.6 × 105 M� .

However due to a finite gas supply the this rate is expected to decrease at

later times and the final outcome is likely determined by the evolution of

the accretion rate; SMSs with masses 104 - 105 M� are still hence the most

likely outcomes from these scenarios.

Latif and Volonteri (2015) follow the formation of sink particles for 30 kyr

with various LW intensities and found only a single massive star sink forms

per halo. In all cases an accretion rate of over 0.1 M� yr−1 can be main-

tained; the masses of three simulated sinks at the simulation end are 4700,

6000 and 6770 M� . Rotational support doesn’t, at least initially, hinder gas

collapse and no strong fragmentation is found, irrespective of the LW back-

ground intensity. Even if fragmentation occurs, the clumps that form are

found to migrate inwards on short timescales (Latif and Schleicher, 2015).

Viscous heating further dissociates molecular hydrogen, stabilizes the disk

and favours the formation of a single massive object.

1.1.4 Critical background fluxes

As well as having to sustain accretion rates necessary for the proto-star to

remain on the red giant phase, as seen in section 1.1.3, critical LW back-

ground fluxes also must be maintained to eliminate H2 and prevent early

fragmentation. For reasons of succinctness, the LW flux is often expressed

in units of J21, its specific intensity just below 13.6 eV where J21 = 10−21
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erg s−1 cm−2 sr−1 Hz−1. Many studies have investigated the critical flux of

such a background and obtained results which vary greatly on the basis of

spectrum, the self-shielding formula being employed, the prescriptions for

calculating chemical reaction rates as well as the properties pertaining to the

halo in question. The flux necessary to fully suppress star formation occur-

ring via H2 cooling in primordial halos remains a numerical challenge since

LW radiation consists of photons with energies falling into 78 bands ranging

from 11.18 - 13.6 eV, with turbulent motion shifting parcels of gas into and

out of line center. Line transport with Lorentz boosts to account for Doppler

shifts must therefore be performed to obtain realistic H2 photo-dissociation

rates in cosmological simulations (Ricotti et al., 2001).

The fraction of LW photons escaping their halos of origin is not well

constrained either (Schauer et al., 2015) (Schauer et al., 2017). The vast

majority of simulations hence employ uniform LW backgrounds (Yoshida

et al., 2003) (Susa, 2007) (O’Shea and Norman, 2007) (Machacek et al., 2001)

with some being corrected with semi-analytical functions to approximate the

self-shielding of H2 deep within the halos (Shang et al., 2010) (Wolcott-

Green et al., 2011) (Draine and Bertoldi, 1996). Hartwig et al. (2015) use

the algorithm TREECOL in their work to fully compute column densities

in 3D simulations by considering the Doppler shift of lines from velocity

gradients and found that the simple Jeans approximations underestimate

the self-shielding by a factor of two.

The first semi-analytical studies suggested that even modest LW fluxes

produced by PopIII stars (. 1J21) would effectively quench later generations

(Haiman et al., 1997) (Haiman et al., 2000) (Glover and Brand, 2001) but
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calculations later showed that turbulence could counteract these effects by

shifting fluid elements out of line center (Ripamonti and Abel, 2004). Soon

thereafter, simulations found that mergers with other halos could cause colli-

sional ionizations, producing free electrons which in turn catalyze H2 forma-

tion via the H− channel. This effectively raises the minimum LW background

required to suppress star formation to > 10 J21 (Wise and Abel, 2007). How-

ever, cosmological simulations post-processed with sources of UV radiation

revealed that local fluctuations in LW background could exceed 104J21 , en-

suring that at least some halos formed DCBHs in the primordial universe

(Agarwal et al., 2012).

Investigations of this critical value J crit21 have broadly converged on ranges

from J crit21 = 102 - 105 (Aykutalp et al., 2014). Studies of one-zone models, 1-

dimensional simulations in which the gas density is assigned a single value and

chemical abundances are evolved with tabulated reaction rates, by Omukai

(2001) indicate J crit21 ' 105. Full 3D simulations by the same author in

Omukai et al. (2008) reveal J crit21 = 103 for a LW background with a black-

body spectrum equivalent to an emission source at T = 104 K and 3 × 105

for a source at T = 105 K; this is in broad agreement with the results from

Bromm and Loeb (2003) which predict values of 103 - 105. Studies by authors

Sugimura et al. (2014) and Agarwal et al. (2016) use the stellar synthesis

code STARBURST to compute the spectra of the first galaxies and find that

J crit21 weakly depends on the metallicity, age and the mode of star formation

(bursty or continuous). Their estimates of this value from 3D simulations

vary from 2 × 104 - 5 × 104, an order of magnitude larger than one-zone

calculations.
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Until recently, most studies calculated J crit21 by assuming idealized spectra

with black-body temperatures of T = 104 K and T = 105 K, the range pre-

dicted to contain most realistic spectra of PopII stars (Leitherer et al., 1999)

(Schaerer, 2003). This value is about two orders of magnitude lower for softer

spectra where dominant suppression pathway is H− photo-detachment com-

pared to the harder spectra which are more efficient in directly dissociating H2

via the Solomon process (Omukai, 2001) (Shang et al., 2010) (Johnson et al.,

2013) (Latif et al., 2014). In the study of Shang et al. (2010), the authors

perform Enzo simulations of three atomically cooling halos under different

LW intensities, varying by factors of 10, and spectral profiles (T = 104 K &

T = 105 K). They make modifications to the chemical reaction network to

include H− photo-detachment and multiply the intensity in the LW band by

a self-shielding factor

fsh = min

[
1,

(
fH2nλJ

1014cm−2

)−3/4
]

(1.50)

where fH2 represents the fraction of hydrogen along a column of gas. The

expression fH2 n gives the density of molecular hydrogen within the gas,

which is multiplied by the Jeans length λJ to get the column density N , the

density projected along a line of site to give a measure of the quantity of

intervening matter. The Jeans length is chosen as this is the characteristic

collapse scale on which H2 will accumulate, whereas the exponent of 3/4 is

selected as it approximates a regime between where all the upper energy

levels of H2 are populated and shielding increases as N1/2, and the levels are

de-saturated with the shielding increasing linearly with N .

The team find that the halos can unambiguously be classified into two

groupings: “hot” halos, with central temperatures of Tc ∼ 6000 K and H2
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fractions that plateau within the central 10 pc, and “cold” halos with Tc ∼

1000 K and whose H2 fractions continue to increase with decreasing radii.

J crit21 is simply taken as the delimiting value between these two regimes, 3×102

and 104 for the 104 K and 105 K respectively. This is a factor of 3 to 10

lower than that estimated by previous studies and the authors attribute this

discrepancy to their different prescription for the H2 collisional dissociation

rate, as identified by their one-zone models (Martin et al. (1996) vs Lepp and

Shull (1983), Shapiro and Kang (1987a) and Palla et al. (1983) employed in

the 1-zone model of Omukai (2001)). Further improvements to the self-

shielding model which employ a Sobolev-length scheme (as in Wolcott-Green

et al. (2011)) also typically reduce the necessary flux requirements.

The authors also conclude that differences in recreated H2 fractions be-

tween one-zone models and full 3D hydrodynamical simulations, most promi-

nent in regimes where n ≤ 102 cm−3, are likely due to shocks uncaptured in

1D models that elevate the temperature whilst still in a low density regime.

The global dissociation rate, with contributions from direct H2 dissociation

and from H− photo-detachment, decreases with increasing n, as expected.

With a dissociation timescale inversely proportional to J21 and a formation

timescale inversely proportional to density, J crit should increase linearly with

n near ncrit. As the LW flux is increased, the formation of H2 decreases pri-

marily via photo-detachment at low densities; this is especially prominent

with 104 K spectra where the energy flux at 0.76 eV is much higher. Both

the photo-detachment rate and the dissociation rates can be expressed as re-

spective fractions α and β of J21. The values of these factors as well as ncrit,

the density above which photo-detachment is effective, are given in table 1.2.

34



T (K) 104 105

α 2× 10−7 10−11

β 3× 10−12 9× 10−13

ncrit 102 103

Table 1.2: Comparison of the photo-detachment factor α, the LW direct

dissociation factor β and the critical densities ncrit for LW backgrounds with

black-body spectra of 104 K and 105 K.

A star-forming region of PopIII stars would produce a black-body spec-

tra of 105 K and require a value J21 of over 104 to fully dissociate molecular

hydrogen within the halo. Meanwhile PopII stars are favoured candidates

of this source due to their longer lifetimes and the 104 K spectrum they

would produce, lowering the necessary value of J21 to possibly 400 - 700. As

PopIII stars form they emit copious amounts of LW radiation; the mechanism

whereupon external radiation from star forming halos sterilises a neighbour-

ing target halo for SMS formation has been dubbed “synchronised halos”

(Dijkstra et al., 2008b) (Agarwal et al., 2014) (Visbal et al., 2014) (Regan

et al., 2017). However, these sources can’t exist too close to the halo or

their ionizing UV flux would evaporate it before it could atomically cool

(Regan et al., 2017) (Johnson et al., 2014). LW radiation backgrounds may

be provided by starburst galaxies frequently enough to explain abundance of

SMBHs.

Alternatively SMBH formation may occur instead in regions of strong

shocks where molecular hydrogen is collisionally dissociated. Tseliakhovich

and Hirata (2010) propose a case where large discrepancies exist between
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streaming velocities and dark matter (DM) particles: this suppresses the

halo’s ability to fully virilise until its mass exceeds the atomic cooling thresh-

old. The halo still forms molecular hydrogen upon collapse but the accretion

rates are still high enough for SMS formation (Hirano et al., 2017). The

true picture may even be a combination of the two former scenarios, with

streaming velocities in the first proto-galaxy sterilizing the second (Schauer

et al., 2017).

There is also an intrinsic scatter in J crit21 which has been theorised to

originate from slight temperature differences between halos. Although in toy

models they cool instantaneously upon reaching the virial mass threshold,

realistically this can fluctuate by up to 20% due to shock heating (Loken

et al., 2002). Hence there is a significant variation of the critical flux from

halo to halo which compounds the difficulties already present in converging

on a definitive value. Dijkstra et al. (2008a) estimates the the fraction of halos

irradiated by a particular LW flux from a probability distribution function, in

turn formulated by sampling DM halos with T > 104 K. They calculate that

with J21 = 104 the fraction of irradiated halos is ∼ 10−6 but with J21 = 103

this fraction rises several orders of magnitude to ∼ 10−3. Therefore not only

is J crit21 a challenge to compute but it also drastically alters the number of

halos susceptible to atomic collapse.

In Regan and Downes (2018), the authors perform simulations of direct

collapse with star particles that vary their radiative feedback as a function of

accretion rate. With a LW background of 100 J21 the collapsing system forms

a binary of binaries which subsequently merge and form a single object at

the center of potential, then continuing to accrete at around 10−2 M� yr−1.
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In the 1000 J21 case the system becomes diverse and chaotic due to high

accretion rates, forming a star of 105 M� after only 250 kyr. These star

particles undergo complex dynamical interactions which ultimately eject the

two most massive stars from the halo with speeds that exceed the escape

velocity. This is due to the sparsity of gas to dump kinetic energy and

provide gravitational attraction. The stars continue to accrete above the

necessary threshold but are ejected and likely overtaken by the 100 J21 halo.

The very high inflow rates suppress the impact of the ionizing radiation from

PopIII stars and their HII regions only extend to around 5000 AU.

1.2 Properties of atomically cooling halos

1.2.1 Isothermal collapse

During direct collapse, massive primordial halos at around z = 20 - 15,

sterilized of H2 by a LW background, are unable to collapse and form stars

via molecular hydrogen or metal cooling. They instead continue to grow via

accretion and hierarchical merging until the temperature is high enough to

trigger Lyman-α cooling which occurs at T ∼ 104 K, corresponding to a virial

mass somewhere between 107 - 108 M� .

Once the Lyman-α channel becomes active the cooling function rises very

sharply, as it is several orders of magnitude more efficient than that of molec-

ular hydrogen. The cooling timescale of the gas becomes shorter than the

free-fall time and baryonic material collapses towards the center. Because

of the extreme efficiency of this cooling channel the gas becomes essentially

isothermal as any increase in temperature due to compression is almost in-
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stantly radiated away in a phenomenon known as the ”Balmer thermostat”.

The density profile then develops into a Larson-Pentson solution, charac-

terised by a simple exponential profile. The gas follows a self-similar collapse

down to scales where it is dense enough to become optically thick to Lyman-α

photons and can no longer radiate away energy efficiently.

We can derive this solution by starting in hydrostatic equilibrium where

the thermal pressure gradient is balanced by that of the gravitational poten-

tial φ,

1

ρ
~∇p = −~∇φ (1.51)

then solving for the potential of a self-gravitating sphere and assuming an

isothermal relation between the cloud pressure and density

∂ρ

∂r
= −ρµmH

kBT

GM(r)

r2
(1.52)

r2∂ ln ρ

∂r
= −µmH

kBT
GM(r) . (1.53)

Owing to the cloud’s spherical geometry we can insert dM/dr = 4πr2ρ to

obtain

d

dr

(
r2∂ ln ρ

∂r

)
= −4πGµmH

kBT
r2ρ (1.54)

which has a solution for ρ = Kr−2 where

K =
kT

2πµmHG
. (1.55)

This solution gives rise to a point of infinite density at the cloud center

which is clearly unphysical; extreme pressure and increase in optical depth

of Lyman-α photons towards the center of the collapsing cloud prevent this.

Away from this singularity however the singular isothermal sphere (SIS) so-

lution is self-similar, with densities for decreasing radii resembling values for
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later times. A more complete derivation of this isothermal solution with

non-linear correction terms for closer radii is given in appendix A.

1.2.2 Angular momentum transport

As the gas settles into rotational support, its orbital energy is extracted as

heat via turbulence and viscous torques, gradually lowering the gravitational

potential and accreting onto the main object. The details on the precise

nature of how this energy is converted are still elusive. Once an element of

gas has virilized it falls into a Keplarian orbit, which implies differential ro-

tation between neighbouring annuli of material in the disk. Hence adjacent

streamlines are sliding past each other whilst chaotic motion, manifesting

itself macroscopically as turbulence and on molecular scales as heat, trans-

ports momentum orthogonal to bulk flow. This phenomenon is called shear

viscosity.

We can obtain an expression for the torque ~T exerted by an outer ring by

an inner ring in this configuration by first assuming that the net mass flux

due to these chaotic motions is zero. It is then equal to

~T =
d~L

dt
=

∫
~L · d ~S (1.56)

or the net angular momentum flux ~L over the boundary ~S. By assuming

a mean free distance between particle interactions as λ and an orthogonal

velocity ṽ we can write the angular momentum flux per unit arc length F in
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the positive radial direction as

F = ρṽHR[vφ(R− λ/2)− vφ(R + λ/2)] (1.57)

= ρṽHR2[Ω(R− λ/2)− Ω(R + λ/2)] (1.58)

= −ρṽHR2λ
Ω(R + λ/2)− Ω(R− λ/2)

λ
(1.59)

which in the limit of R� λ reduces to

− ρHṽλR2 dΩ

dR
(1.60)

where Ω is the angular rotation rate and vφ the angular velocity. We can set

Σ = ρH as the surface density and λṽ is simply the kinematic viscosity ν.

The total torque exerted by an outer ring on an inner ring across a boundary

at R is thus

G(R) = 2πνΣR3 dΩ

dR
. (1.61)

Although we have prescribed a length-scale λ and velocity ṽ to the mo-

tions inducing viscosity and implied transport on a molecular scale, macro-

scopic motions may the more important phenomenon when regarding accre-

tion disks. The Reynolds number measures the importance of viscosity in

relation to external forces:

Re =
inertia

viscous
=
Rvφ
λṽ

. (1.62)

For regions relevant to accretion disks this value can reach over 1014 when

regarding mechanisms behind microscopic viscosity. There exists a certain

value for all fluids known as the critical Reynolds number at which turbu-

lence sets in: the inertial forces are so high that eddies appear and the ve-

locity exhibits large chaotic variations on arbitrarily short times and length
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scales. Experiments under typical laboratory settings have demonstrated

critical Reynolds numbers of 10 - 103, well below those predicted in accre-

tion disks. We can thus conjecture on theoretical grounds that the gas flow

within these disks is also turbulent. In the case of turbulent motions, the pa-

rameters characterising the transport of momenta are instead given by λturb

and vturb which represent the size and turnover velocity respectively of the

largest eddies. These are analogous to the earlier variables given to describe

the molecular transport giving arise to viscosity. We can attempt to param-

eterise the effective turbulent viscosity by remarking that 1) eddies cannot

be larger than the disk height H and 2) are likely not supersonic, as they

would otherwise dissipate their kinetic energy through shocks. Hence

ν = αcsH (1.63)

whilst expecting α < 1. This is the α-disk formalisation of Shakura and

Sunyaev (1973).

Since we have derived an expression for the viscous torque G(R) we can

know set up the equations of motion for an accretion disk following the line

of reasoning taken by Pringle (1981). Considering the angular momentum

in annular section ∆R of the disk 2πR∆RΣRΩR with infall velocity vr, its

conservation can be expressed as

∂

∂t
(2πR3ΣΩ∆R) = 2πR3vr(R)Σ(R)Ω(R)−

2π(R + ∆R)3vr(R + ∆R)Σ(R + ∆R)Ω(R + ∆R) +
∂G

∂R
∆R (1.64)

which, in the limit where ∆R→ 0 gives

R
∂

∂t
(R2ΣΩ) +

∂

∂R
(R3ΣΩvr) =

1

2π

∂G

∂R
. (1.65)
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We can combine this with the conservation of mass in cylindrical coordinates

R
∂Σ

∂t
+

∂

∂R
(RΣvr) = 0 (1.66)

to get a set of equations which, along with expression for ν and G(R),

determine the disk’s radial structure. We can use these two equations to

obtain an expression for the density evolution independent of vr:

1

2π

∂G

∂R
= R

∂

∂t
(R2ΣΩ) +R2Ω

∂(RΣvr)

∂R
+RΣvr

∂(R2Ω)

∂R
(1.67)

= R
∂

∂t
(R2ΣΩ)−R3Ω

∂Σ

∂t
+RΣvr

∂(R2Ω)

∂R
(1.68)

= RΣvr
∂(R2Ω)

∂R
(1.69)

∂Σ

∂t
= − 1

R

∂

∂t
(RΣvr) = − 1

R

∂

∂R

(
1

2π(R2Ω)′
∂G

∂R

)
(1.70)

Here we have neglected terms with dΩ/dt since we assume the gravitational

potential is fixed. With Keplerian orbits of the form

Ω = Ωk =

√
GM

R3
(1.71)

this expression reduces to

∂Σ

∂t
=

3

R

∂

∂R

[
R1/2 ∂

∂R
(νΣR1/2)

]
. (1.72)

It is possible to use standard methods to solve this differential in the

illustrative case for an initial Dirac-delta density distribution of ΣδD(R −

R0), corresponding to an infinitesimal annuls at radius R0, and where ν is a

constant, thus finally deriving

Σ(R, τ) =
m

πR2
0τ

(
R

R0

)−1/4

exp

(
−1 + (R/R0)2

τ

)
I1/4

(
2R

R0τ

)
(1.73)
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where

τ =
12νt

R2
0

(1.74)

and I1/4 is a modified Bessel function. We can see that the viscosity has

the effect of spreading out any initial mass distribution on an associated

timescale

tvisc ∼
R2

ν
. (1.75)

This sets an order of magnitude estimate for the time in which perturba-

tions are smoothed out across the disk and decay and angular momentum

is redistributed. Any gas motions which are not driven by a macroscopic

source such as the potential well of the proto-star can not be expected to be

sustained for more than this time. This is often contrasted to the dynamic

timescale

tdyn =
π

2

√
R3

GM
(1.76)

which is equal to the free fall time. This sets the minimum time required

for material at a radius R to infall into the proto-star and is an order of

magnitude evaluation for processes driven by the gravitational potential of

the proto-star, such as the time for a parcel of gas to complete single orbit.

We can also evaluate the structure in the vertical z direction of the disk,

as we have so far considered only motion in an infinitesimal slice and treated

the disk as a cylinder of height H. Since there is essentially no flow in this

direction, the Euler equation reduces to

1

ρ

∂p

∂z
=

∂

∂z

[
GM√
R2 + z2

]
. (1.77)

In a thin disk, z � R, the term under the square root can be Taylor
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expanded to first order and simplified as

1

ρ

∂p

∂z
= −GMz

R3
(1.78)

and in an isothermal gas this becomes

1

ρ

∂ρ

∂z
= −GMz

R3

µmH

kT
(1.79)

which is then integrated to find an expression for the density as a function

of height above the mid-plane z

ρ = ρe−(z/zh)2

(1.80)

where zh is defined as the disk scale height

zh =

√
2kT

µmh

R3

GM
. (1.81)

This quantity determines the length scale orthogonal to the disk at which the

gas density exponentially decays and is and serves as an order of magnitude

estimate for the disk thickness. It can also be rewritten as

zh = cs

√
R3

GM
=
csR

vφ
. (1.82)

Therefore, in order for thin disks we expect vφ � cs, or for the rotational

velocity to greatly exceed the local isothermal sound speed.

1.2.3 Growth of instabilities

To analyse the behaviour of instabilities that arise within such an accretion

disk, we first consider the equations of motion governing the perturbation of

an infinite, thin plane of gas extending along the x-y coordinates and derive

their dispersion relation in the linear limit along the lines of reasoning from
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Tomisaka (2007). We take the direction of propagation of such perturbations

to be in the x-direction, with a surface density Σ = Σ0 + Σ1, potential φ1

and velocity u1. By inserting these quantities into the conservation equations

and keeping only first-order terms we obtain

0 =
∂Σ1

∂t
+ Σ0

∂u1

∂x
(1.83)

0 = Σ0
∂u1

∂t
+ c2

s

∂Σ1

∂x
+ Σ0

∂φ1

∂x
(1.84)

along with the Poisson relation for the potential (A representing units of

area along the plane)

∇2φ1 = 4πGΣ1δ(z) (1.85)∫
~∇ · ~∇φ1dV = 4πG

∫
Σ1δ(z)dV (1.86)∫

~∇φ1 · d ~A = 4πG

∫
Σ1d ~A (1.87)

A
∫ (

∂φ1

∂x
+
∂φ1

∂y
+
∂φ1

∂z

)
· ẑ = 4πGΣ1A (1.88)

∂φ1

∂z
|z=0+−∂φ1

∂z
|z=0− = 4πGΣ1 (1.89)

∂φ1

∂z
= 2πGΣ1 . (1.90)

As we are assuming the disk is infinitesimal in width and the propagations

are independent of the y-coordinate, this relation also has the solution

∂2Σ1

∂x2
+
∂2Σ1

∂z2
= 0 . (1.91)

These perturbations in the gravitational potential propagate as waves and

we can thus cast the functional form

φ1 = φ1(z = 0, x = 0)f(z)ei(ωt−kx) (1.92)
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where ω is the angular frequency of such perturbations and k is the wave

number. By differentiating and applying the above relations this can be

solved as

φ1 = −2πGΣ1

k
e−k|z|ei(ωt−kx) . (1.93)

By now performing the same analysis with a rotating disk, we add the

contribution from the centrifugal term to the momentum equation and our

previously derived formula for the strength of the perturbed potential:

∂Σ1

∂t
= −Σ0

∂u1

∂x
(1.94)

Σ0
∂u1

∂t
= −c2

s
~∇Σ1 − Σ0

~∇φ1 − 2Σ0
~Ω× ~u1 (1.95)

φ1 = −2πGΣ1

k
e−|k|z+i(ωt−kx) . (1.96)

By ascribing a direction to the wave vector ~k = (k, 0, 0) and taking the

derivatives these equations can be expressed by the relations

0 = iωΣ1 − ikvxω0 (1.97)

iωvx = ikc2
sΣ1 − ik

2πGΣ1

k
Σ0 + 2ΩvyΣ0 (1.98)

iωvy = −2ΩvxΣ0 . (1.99)

These are then combined to give the dispersion relation

ω2 = k2c2
s − 2πGΣ0k + 4Ω2 . (1.100)

A negative value on the RHS of implies an imaginary angular frequency

and hence a real valued exponent. As oscillations are expressed with imagi-

nary exponents, real valued exponents are associated with exponential growth

and hence represent unstable modes which collapse. The linear k2c2
s term

originates from the dispersion relation if neglecting rotation and self-gravity;

46



−2πGσ0k is the Jeans term which produces instabilities above a critical wave-

length due to self-gravitation of the enclosed mass. It is now visible that

rotation works to stabilise the disk withe the final term 4Ω2.

This relation can be rewritten as

ω2 = c2
s

(
k − πGΣ0

c2
s

)2

+
(πGΣ0)2

c2
s

[(
2Ωcs
πGΣ0

)2

− 1

]
. (1.101)

If the term in the square brackets is positive then the disk is stable to

perturbations of any wavelength. By defining a quantity

Q ≡ 2Ωcs
πGΣ0

(1.102)

we can characterise the stability of the disk. For Q > 1 the disk is stable

and any perturbations are expected to eventually decay and be dissipated as

heat. For Q < 1 the disk becomes unstable for some range of wave-numbers.

This quantity is known as the Toomre Q and is useful as an estimate for

whether fragmentation is efficient within a certain region of the accretion

disk. Values of Q between 0 and 1 indicate that fragments have the potential

to form within the accretion disk and possibly become clumps. We therefore

expect disks with heavy clump formation to have Toomre profiles which

remain below unity at the corresponding radii.
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Chapter 2

Methodology

2.1 Enzo

Simulations of halos within this study were modeled using the public source

adaptive mesh refinement (AMR) cosmology code Enzo (Bryan and Norman,

1997). Enzo uses an N - body adaptive particle mesh (Efstathiou et al., 1985)

(Couchman, 1991) to evolve DM particles that is self-consistently coupled

to hydrodynamics and non-equilibrium primordial gas chemistry (Anninos

et al., 1997) (Glover and Abel, 2008). It employs a fast Fourier technique

which solves the Poisson equation on the root grid for each time-step to

reproduce the gravitational field. This solution is interpolated onto higher

refinement grids and each particle is stored on the highest refined grid avail-

able, thus having the same time-step as the gas for that cell.

Since its conception Enzo has been extensively used to simulate struc-

ture formation in the early universe, employed studies of PopIII stars (Turk

et al., 2009) (Abel et al., 2002), metal enrichment & PopII stars (O’Shea

et al., 2005), as well those which incorporate the effects of magnetic fields
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(Turk et al., 2012). There are also many precedents for using Enzo in the

investigation of direct collapse (Wise et al., 2008) (Latif and Volonteri, 2015)

(Becerra et al., 2015) (Regan and Haehnelt, 2009a) (Regan and Downes,

2018), making it a natural candidate as results are more readily comparable

to previous studies.

In the AMR framework a single root grid covers the entire domain volume

and also acts as the root node within the grid hierarchy. Cells which satisfy

certain criteria of interest, such as critical baryon density or Jeans length, are

flagged for refinement, padded with buffer zones and then grouped into sub-

grids according to a prescribed grid efficiency. These sub-grids cover small

sub-volumes of the root grid at higher resolution, forming a tree structure

that can be further extended by recursive refining. To ease computation, the

ratio of the refined and parent cell widths is an integer (the refinement factor),

the boundaries of sub-grids correspond to cell boundaries of the parent grid

and sub-grids are completely enclosed. Solutions are advanced across the

hierarchy in a ”W-cycle”: the coarsest grid is first advanced by the maximum

allowed time-step, subject to stability conditions, then computation moves

down progressively through each level. When the bottom of the hierarchy is

reached, grids on the lowest level are advanced until they have “caught up”

and the procedure repeats until all grids have been advanced.

Enzo can hence iteratively increase the spacial and temporal resolution of

a relevant subsection of the simulation volume without sacrificing computa-

tional power over the entire gird. This is particularly useful in our case where

collapse is self-similar and the evolution of small-scale non-linear phenomena

becomes isolated from the rest of the grid. This also allows for a simulation
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volume sufficient to likely enclose an atomically cooling halo whilst having

time-steps short enough that disk evolution is unrestricted by computation

time.

The gravitational potential is computed by solving the Poisson equation

in an expanding FRW universe with scale factor a

∇2φ =
4πG

a
(ρgas + ρDM + ρ0) (2.1)

ρgas, ρDM & ρ0 being density contributions from the gas, DM particles and

background (calculated from the parameter Ωm) respectively. This is then

differentiated to find the acceleration field ~g, which is then interpolated back

to the individual particles. DM positions and velocities are then updated

using a standard drift-kick-drift technique (Hockney and Eastwood, 1988),

where the n superscript denotes the state of a variable at a particular time-

step, x the particle’s position, v its velocity and ∆t the time-step size:

xn+1/2 = xn +
∆t

2an
vn (2.2)

vn+1 = vn
(

1− ȧn+1/2

an+1/2

)
+

∆t

an+1/2
gn+1/2 (2.3)

xn+1 = xn+1/2 +
∆t

2an+1
vn+1 . (2.4)

Enzo solves the Eulerian equations of ideal hydrodynamics in a comoving

coordinate system:

∂ρ

∂t
+

1

a
~∇ · (ρ~v) = 0 (2.5)

∂(ρ~v)

∂t
+

1

a
~∇ · (ρ~v~v + Ip) = − ȧ

a
ρ~v − 1

a
ρ~∇φ (2.6)

∂E

∂t
+

1

a
~∇ · ((E + p)~v) = −2ȧ

a
E − ρ

a
~v · ~∇φ− Λ + Γ +

1

a2
~∇ · ~Fcond (2.7)
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where Γ denotes the radiative heating rate, I the identity matrix and

E =
p

(γ − 1)
+
ρv2

2
(2.8)

~Fcond = −fspκsp~∇T (2.9)

where fsp is a fraction of the Spitzer conductivity κsp (Spitzer, 1962).

The evolution of the scale factor a(t) is governed by the second Friedmann

equation for the expansion of a homogeneous and isotropic universe

ä

ȧ
= −4πG

3a2

(
ρ0 +

3p0

c2

)
+

Λcc
2

3
(2.10)

where ρ0 is the mean comoving density, p0 is the comoving background pres-

sure distribution and Λc the cosmological constant. The relations between

quantities in comoving coordinates and proper coordinates, with primes in-

dicating proper coordinates, are given by

~x =
~x′

a

~v = ~v′ − ȧ

a
x′

ρ = a3ρ′

p = a3p′

E = a3

(
E ′ − ȧ

a
~x′ · ~v′ − 1

2
(
ȧ

a
)2~x′
)

φ = φ′ +
1

2

ä

a
~x′ .

These hyperbolic equations are solved using a finite difference scheme by em-

ploying a piece-wise parabolic solver, a spatially third order accurate method

which uses parabolic monotonic interpolation for solving gas flow (Colella and

Woodward, 1984) (Bryan and Norman, 1997). A non-linear second-order ac-

curate Riemann Solver (HLLC) (Toro et al., 1994) is used for enhanced sta-

bility in strong shocks and rarefaction waves, in addition to a multi-chemistry
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reaction network combined with radiative cooling. The chemistry network

includes collisional excitational and ionizational cooling by H and He, recom-

bination cooling, bremsstrahlung cooling, and inverse Compton cooling by

the cosmic microwave background (CMB).

As for hardware specifications, all simulations were performed on the lo-

cal SCIAMA supercomputing cluster made available to use for researchers at

the Institute of Cosmology & Gravitation at the University of Portsmouth.

SCIAMA consists of over 4000 cores, 2.66 GHz Intel Xeon processors, with

a distributed RAM of 2 - 4 GB per core and uses the open source SLURM

environment for job scheduling. In the initial dark matter simulations, where

halos were identified, the runs were performed on 64 cores and took and took

a couple of hours on average to run. Full resolution baryonic simulations

of the selected halos were ran on 256 cores each with the completion time

varying significantly, though the average was around 1000 hours. Simulations

involving molecular hydrogen cooling took distinctly less time to run, prob-

ably due to high degree of refinement associated with isothermal collapse.

2.2 Simulation setup

2.2.1 Initial DM runs

Halos of interest are identified with a series of exploratory unigrid DM-only

runs within a box 1.5 h−1 Mpc on each side with periodic boundary condi-

tions, a root grid resolution of 2563 cells, and all refinement machinery dis-

abled. Primordial Gaussian density fluctuations are generated by the MUSIC

initial conditions generator (Hahn and Abel, 2011) at z = 200 and assume a
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standard ΛCDM cosmology with parameters based on the second-year Planck

best fit (lowP+lensing+BAO+JLA+H0) data: ΩM = 0.3089, ΩΛ = 0.6911,

Ωb = 0.0223, h = 0.6774, σ8 = 0.816, and n = 0.968 (Planck Collaboration,

2016). This set of parameters is chosen as they were the most up-to-date

and accurate description of the universe at the time the study was initiated

and also allows us to compare our star formation results directly to those in

Smidt et al. (2018).

We evolve the DM positions down to z = 15, with outputs every ∆z =

0.5 from z = 25, at which point we identify the first halo in the box to have

reached the mass threshold for atomic cooling 107 M� , where the theoretical

virial temperature becomes sufficient to trigger cooling via atomic hydrogen,

using Rockstar halo finder (Behroozi et al., 2013).

2.2.2 Halo selection

A halo is identified to be of interest in our DM-only runs from its merger

history as well as mass and spin at the onset of atomic cooling. Merger his-

tories are computed with Rockstar which uses an algorithm based on direc-

tional friends-of-friends clustering in six-dimensional phase-space, delimiting

clusters of DM particles based on their momentum as well as location for

additional robustness.

From these runs we chose eight halos that were products primarily of

accretion or of major mergers, or some combination of the two. Here, we

define a major merger to be the collision of two halos with a mass ratio

of 1/5 or more. Several properties are used to parameterise the assembly

history of the DM halos, which are the redshift of atomic collapse zatom, the
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spin and mass at zatom, the number of major mergers and the maximum

spin parameter throughout the halo history. This selection is performed in

a fashion as to most fully span the likely range of these variables and obtain

a sample most representative of the entire possible configuration space. As

the DM simulation does not include any chemistry or radiative cooling, the

redshift of collapse zatom is estimated as the redshift bin at which the halo

first surpasses 107 M� , at which the halo can theoretically cool atomically

via the Lyman-α channel. From the original DM simulation suite of 20 halos

we select halos 1, 2, 8, 10, 12, 16, 19 & 20 for our sample.

The spin parameter is a unitless quantity which estimates the ratio of

rotational kinetic energy versus potential energy. Halos with higher spins

may be expected to accrete slower or exhibit different behaviours during

collapse as the disk is required to dissipate more angular momentum via

instabilities, turbulence and viscous transport. It is defined, in terms of total

halo angular momentum L and energy E, as (Peebles, 1971) (Bullock et al.,

2001):

λ ≡
|L|
√
|E|

GM5/2
=

|L|√
2GRM3

. (2.11)

The general distribution of this parameter can be modeled by the function of

Mo et al. (1998), used to fit the N -body simulations of Warren et al. (1992):

p(λ)dλ =
1

σλ
√

2π
e

ln2(λ/λ̄)

2σ2
λ . (2.12)

This is a log-normal distribution, or a Gaussian distribution in logarithmic

space. λ̄ corresponds to the spin mean and σλ the standard deviation in log-

arithmic space, whose values are 0.05 and 0.5 respectively. The distribution

peaks at λ = 0.04, has a median also of 0.05, and 10% & 90% percentiles

at λ = 0.025 & λ = 0.1 respectively, therefore is quite prominently skewed
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towards lower spins.

The summary of these statistics for all of the halos in our suite of DM

simulations is given in table 2.1, where spinatom is the spin at zatom, spinmax

is the maximum spin encountered and Matom is the mass at zatom.

Whilst the average halo spin for the entire DM suite is 0.02641, which is

significantly lower than the literature, the mean of spinmax is 0.05463 which

is quite comparable. In fact, the highest spin at collapse (0.05818 for halo 10)

is more similar to this value. This is expected however as halo spin usually

decreases as random encounters cancel out variations in angular momentum;

since massive atomically cooling halos are the product of much accretion

and assembly it is not surprising that their spin once at the atomic cooling

threshold is usually substantially less than former, smaller halos. The sample

of eight halos is chosen to include the halo with the greatest spin spinatom

for the opportunity to simulate a halo with more typical spin. The average

spinatom of the sample is 0.03066 compared to 0.02641 for the entire DM

suite. Lodato and Natarajan (2006) argue that halos with increased spin

have shed more angular momentum and thus develop more extended disks

of rotationally supported gas. Naively therefore we should expect disks with

lower spin to favour SMBH formation and see greater accretion rates in these

circumstances.

The average number of major mergers in both the entire simulation suite

and the selected sample is∼ 1, which is effectively that expected from studies.

The sample also contains halos which exhibit 3, 2, 1 and no major mergers

throughout their existence so that the full range observed major mergers is

accounted for. Mayer et al. (2010) argue that the merging of halo cores cre-

55



Halo spinatom spinmax zatom Matom # Mergers

1 0.02225 0.06438 17.0 2.79 1

2 0.05279 0.05538 17.0 1.20 0

3 0.02235 0.04286 19.0 1.39 1

4 0.05553 0.07240 20.5 1.25 2

5 0.01879 0.06356 19.0 1.23 1

6 0.02357 0.03856 16.5 1.33 0

7 0.03730 0.03730 17.0 1.15 1

8 0.03213 0.09712 20.5 1.15 1

9 0.01368 0.06513 17.5 1.12 0

10 0.05818 0.06396 19.0 1.20 1

11 0.01413 0.04803 18.5 1.05 1

12 0.02422 0.04709 18.0 1.08 0

13 0.01568 0.04949 21.5 1.05 2

14 0.02239 0.05646 19.0 1.25 0

15 0.01893 0.04124 18.0 1.30 2

16 0.01826 0.06123 19.0 1.08 3

17 0.01236 0.04790 20.0 1.50 1

18 0.02808 0.03618 17.5 1.10 2

19 0.02243 0.04225 16.0 1.13 2

20 0.01505 0.06464 19.5 1.16 1

Table 2.1: Summary statistics for the assembly history of each halo within

our DM only suite of simulations
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ates stables disks with large infall rates, and thus major mergers effectively

remove angular momentum from the gas component via torques. Halos hav-

ing undergone multiple major mergers are hence expected to host favorable

conditions for SMS growth as well as lower spins.

It is expected for most atomically cooling halos to collapse in the range

of z = 25 - 10 (Barkana and Loeb, 2001), and whilst the maximum zatom

of the DM simulations is 21.5 the average is a relatively high 18.5. This

is because whilst the halos may have passed the theoretical threshold for

atomic cooling, the system may not have virilized due to persisting bulk

motions within the gas, especially after recent mergers, and collapse may be

significantly delayed. The sample is selected as to contain almost the entire

range of collapse redshifts (z = 20.5 - 16). The mass at zatom, Matom, is

expected to be marginally above 107 M� as this represents the first redshift

bin to surpass this mass. This value is hence essentially a measure of recent

accretion of the halo and is only substantially higher than 107 M� for halo

1, which is included in our sample.

To build merger trees we save outputs at increments ∆z = 0.5, use Rock-

star to find the locations, masses and velocities of halos at each redshift bin

and port them to ytree (Smith and Lang, 2019). These histories are shown

in figure 2.1 for the halos we selected (designated 1, 2, 8, 10, 12, 16, 19 and

20). The top of each tree is at z = 15 with increments ∆z = 0.5 upward in

redshift as the tree is descended. Each circle represents an ancestor of the

final halo and has a radius proportional to its logarithmically-scaled mass

and the main progenitor line is marked in red. This proportionality varies

between halos in figure 2.1 in that the same circle radius in different trees
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Figure 2.1: Assembly histories of selected DM halos

does not represent the same mass.

We then perform full baryonic simulations for each halo within our sub-

sample with nested grids centered on the halo’s final position at z = 15.

2.2.3 Re-simulation with Enzo

After performing our selection we then restart the run at z = 200 with three

nested grids centered on the halo of interest spanning 10% the width of our

1.5 Mpc periodic box for an effective initial resolution of 20483. This yields a

corresponding DM and baryonic mass resolution prior to refinement of ∼ 28

M� and 34 M� respectively, and a co-moving side length of 0.734 h−1 kpc.

These simulations are initialized with 29 142 800 DM particles.

Refinement is triggered in our baryonic runs based on three conditions:

1) DM particle over-density, 2) Baryon over-density and 3) Jeans length.

The first criteria two split the cell into finer meshes once its baryonic/DM

over-density exceeds 8.0 times the mean density ( δρ
ρ̄
> 8.0). We also set the
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MinimumMassForRefinementExponent parameter to -0.3, making the simu-

lation super-Lagrangian and hence the condition for refinement eases as the

level increases. The third criterion ensures no artificial fragmentation occurs

by resolving a Jeans length with at least 4 cells (the Truelove criterion). We

activate refinement based on Jeans length at z = 30 to avoid refinement ev-

erywhere on the grid at earlier times and always resolve the Jeans length by

32 cells at later times to capture the formation of turbulent structures and

prevent artificial fragmentation (Truelove et al., 1997) (Latif et al., 2013a).

The MinimumPressureSupport flag is set once direct collapse has ini-

tiated, thereby artificially setting cells at the maximum refinement level

the temperature necessary to resolve them by 10 Jeans lengths (10 being
√
MinimumPressureSupportParameter). This prohibits collapse beyond

our maximum resolution and makes the cells at the highest refinement level

Jeans stable, preventing artificial fragmentation whilst avoiding higher re-

finement (Regan and Haehnelt, 2009a). The caveat however is that collapse

to smaller scales to form a proto-star isn’t followed, hence these simulations

cannot accurately determine the exact time the gas becomes optically thick

to Lyman-α emission as this would require resolutions of AU scales. Rather

than focusing on the birth of the proto-star with temporal precision, these

simulations instead track the evolution of the surrounding gas on parsec

scales for ∼ 1 Myr timescales; the ∆t error for initiating formation is a mi-

nor percentage of the total time, less than the time between data dumps,

and refinement proceeds more rapidly as collapse continues to proto-stellar

densities. KEPLER also only calculates the total lifespan of the star as a

function of the accretion rates, which by our definition start at the second

59



data dump.

DM particles are smoothed at the 10th refinement level to avoid numerical

artifacts, corresponding to a co-moving resolution of 5.72 pc. Up to 15 levels

of refinement are allowed for a maximum physical resolution of ∆xp ∼ 0.0144

pc and a co-moving resolution of ∆xc ∼ 0.0223 h−1 pc at z = 19. This

smoothing technique has precedent in other studies of direct collapse such

as Wise et al. (2008) and Latif et al. (2013a). Regan et al. (2015) have

found that unsmoothed DM particles lead to numerical artifacts such as

artificial heating caused by dynamical friction from gas trapped within the

sharp potential wells, and that even this technique isn’t sufficient in cases

where the mass resolution is above 800 M� .

Catastrophic baryon collapse and the initial stages of disk formation are

usually signalled by a sudden jump in refinement to the maximum level. At

this point we halt the simulation and set a pressure floor to prevent further

collapse beyond the maximum resolution, artificially setting temperatures in

the cells at the highest refinement level to ensure they are Jeans stable. We

then restart the simulation, saving outputs every 10 kyr.

2.2.4 Radiative cooling and chemistry solvers

In our initial set of baryonic runs we focus on comparing the outcome of halos

from varying assembly histories at the onset of atomic cooling. We hence em-

ploy a chemistry solver which follows the evolution of 6 different species (H,

H+, He, He+, He++, e−) as these are the most abundant common ionization

states and isotopes of elements in the pristine early universe before stellar

enrichment, the environment where these halos are expected to form. As
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these simulations are setup to emulate isothermal collapse in the presence of

a perfectly dissociating Lyman-Werner field, we explicitly neglect H2 cooling

chemistry for this suite of simulations. The cooling rate is computed directly

by species abundances based on work found in Anninos et al. (1997).

In the next suites of baryonic simulations the selected halos are illumi-

nated with varying intensities of dissociating LW background. This is in

order to observe the effect of introducing different degrees of H2 cooling on

the outcome of halos from contrasting assembly histories. In total, four

separate baryonic simulations are thus performed on each of the selected ha-

los: no hydrogen cooling chemistry and hydrogen cooling chemistry with a

LW background emulating intensities of 102, 103 & 104 J21. This effectively

probes, with logarithmic spacing, the intensity range at which J crit21 is pre-

sumed to lie for the vast majority of halos and radiative sources (Aykutalp

et al., 2014). The three latter simulation suites require activation of the ma-

chinery pertinent to the chemical production of H2 and relevant modules to

process radiative cooling via this channel. Here Enzo solves a nine species

chemical network and tracks the evolution of H, H+, He, He+, He++, e−, H2,

H+
2 and H−, based again on work by the same authors (Anninos et al., 1997).

We use the rate reactions for the relatively rare three-body channel for

H2 formation, where

H +H +H → H2 +H

from Abel et al. (2002). This route for the formation of H2 is negligible at

low densities but may become significant under the conditions expected in

these simulations. We also include cooling from collision-induced emission,

whereupon the interaction of H2 induces an effective dipole moment, with
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rates based off Ripamonti and Abel (2004), as well as H− photo-detachment

H− + γ → H + e−

which competes against the formation of H2 and is a critical ingredient at

higher densities during isothermal collapse. These are based off the work of

Abel et al. (2000). The analytic expression for the H2 optically thick cooling

rate for each line emission are based again on Ripamonti and Abel (2004),

where the approximation

Λthick(T ) = Λthin(T ) min[1, (n/n0)−β] (2.13)

is made, with the analytic fits equal to n0 = 8×109 cm−3 and β = 0.45. The

molecular hydrogen cooling function, γ, defined as γ = Λ/n2, is calculated

by an analytic fit taken from Martin et al. (1996):

ln γ = A− (A−B)

1 + (nH/C)D
− 2.370570× 104

T

+

(
−2.370570× 104

T
− 2.578611× 104

T

)(
1 +

( n

Ce−1.164408

)D)−1

(2.14)

where

A = −178.4239− 68.42243 lnT + 43.20243(lnT )2

− 4.633167(lnT )3 + 69.70086 ln

(
1 +

4.087038× 104

T

) (2.15)

B = 1.288953× 102 − 53.91334 lnT + 5.315517(lnT )2

− 19.73427 ln

(
1 +

1.678095× 104

T

) (2.16)

lnC = 14.82123− 4.890915 lnT + 0.4749030(lnT )2 − 0.01338283

T
(2.17)

D = 0.8227443 + 0.5864073 e−T/1850 − 2.056313 e−T/440 . (2.18)
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A complete table with formulae for the most relevant reaction rates pertain-

ing to the formation, collisional dissociation and competition of molecular

hydrogen are given in appendix C.

To emulate a LW radiation field we employ a constant H2 photo-dissociation

rate calculated from its desired intensity. To properly simulate the effect of

H2 self-shielding from this radiation, we use a Sobolev-like approximation

for the characteristic length in estimating the column density and then use

an analytic fit from Draine and Bertoldi (1996) to obtain the self-shielding

factor. In environments with high velocity gradients, such as during episodes

of turbulence, parcels of gas over a certain distance from the location of emis-

sion will be Doppler shifted. We can parameterise this length-scale, called

the Sobolev length Lsob, as the ratio of the average particle thermal velocity

vth over the velocity gradient

Lsob =
vth

|d~v/dS|
. (2.19)

In the modification by Gnedin et al. (2009) this is instead approximated by

L
′

sob =
ρ

~∇ρ
(2.20)

which is expected to be more useful when in the dense environments of

proto-star formation where the scale of significant decrease in gas density is

shorter than scales exhibiting large variations in gas velocity or H2 fraction

(Wolcott-Green et al., 2011). The column density is therefore given in this

instance as NH2 = fH2 nL
′

sob. The shielding factor is a function of this value;

given previously as

fsh = min

[
1,

(
NH2

1014cm−2

)−3/4
]
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it is now instead calculated with the more accurate analytic fit of

fsh =
0.965

(1 + x/b5)2
+

0.035√
1 + x

e−8.5×104
√

1+x (2.21)

where

x ≡ NH2

5× 1014 cm−2
b5 ≡

b

105 cm s−1

and b is the Doppler broadening parameter.

2.3 Assembly histories of baryonic halos

After simulating the evolution of each candidate halo with hydrodynamics

and cooling, we are able to infer the redshift at which actual collapse occurs

when the simulation reaches the maximum refinement level. This sometimes

occurs long after obtaining the 107 M� threshold used in our DM runs. In

table 2.2 we present the redshift of collapse as well as the spin and mass

in the nearest redshift bin. For these baryonic re-simulations, the spin here

encompasses the contribution from both gas and DM particles. We also

derive an approximation for the accretion rate of gas onto the halo R by

finding the first redshift bin in which the halo surpasses half of it’s collapse

mass, then dividing this mass difference by the time lapsed between the

collapse redshift and this bin. This gives

R =
M(zcol)−M(z(M ≥ 1/2Mcol))

t(zcol)− t(z(M ≥ 1/2Mcol))
(2.22)

where the conversion between redshift and time since the Big Bang was

made using Wright (2006). Most of the halos have lines of low-mass halos in

their ancestry, visible as the long vertical black tails with small black dots

along them.
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Halo zcol Mass (M�) Spin Rate (M� yr−1) Major mergers

1 16.71 3.68× 107 0.0389 0.89 0

2 14.50 8.47× 107 0.0388 3.15 0

8 20.44 1.15× 107 0.0321 0.41 0

10 17.28 2.60× 107 0.0500 0.60 1

12 16.80 1.93× 107 0.0471 0.47 0

16 16.48 2.91× 107 0.0258 0.39 3

19 13.94 2.12× 107 0.0072 0.41 0

20 17.72 3.56× 107 0.0199 0.87 0

Table 2.2: Summary statistics for the assembly history of each isothermal

halo. Quantities now represent values at the redshift bin of baryonic collapse

when the simulation reaches the maximum refinement level
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Halo 1 accretes very slowly from formation until z = 17.5 where its mass

sharply rises due to a surge in infall. It only just surpasses 107 M� before

it’s first minor merger at z = 17, seen as the first two thin lines combining

in figure 2.1 but undergoes atomic collapse just 7.3 Myr later at z = 16.71

before undergoing the major merger in the diagram, hence boasts a relatively

high accretion rate of 0.89 M� yr−1.

Halo 2 emerges in our DM simulations at z = 18 and accretes with the

highest rate in the sample to a mass of 8.47 × 107 M� by z = 15 without

undergoing any mergers, as can be seen by the lack of branches for its as-

sembly in figure 2.1. It doesn’t cool however until 59 Myr later at z = 14.5;

this inability to virilise is possibly due to the presence of another nearby halo

and the ensuing turbulence caused by tidal torquing and rapid infall.

Halo 8 accretes fairly consistently from emergence at z = 24.5 and sur-

passes 107 M� at z = 20.5. It cools just 2.4 Myr later, the earliest collapse

in our simulation, without undergoing any mergers. Although figure 2.1

suggests a complex assembly history with several minor mergers, the halo

collapses before long before these events occur in the DM simulations.

Halo 10 accretes slowly from z = 22 and reaches 107 M� at z = 19 but

doesn’t cool until 29.5 Myr later, after a major merger seen in figure 2.1 as

the two red and black branches combining in the lower left. Its spin has the

highest value of our sample, decreasing to just below 0.050 at cooling.

Halo 12 is an archetypal example of a halo grown primarily through ac-

cretion, without any mergers from z = 20.5 clearly demonstrated by its tree

in figure 2.1. Its spin at 107 M� (z = 18) is 0.024 and rises to 0.047 at

z = 17 before cooling 3.5 Myr later.
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Halo 16 accretes from z = 24.5 and with the lowest accretion rate in

the sample. It has a complex assembly history with major mergers at z =

18.5, 17.5 & 16.5 (the merging halo at z = 18.5 itself a product of complex

assembly) and minor mergers at z = 18.5 and 15, visible from the numerous

branches in figure 2.1. Early on in its history (z = 24 - 18.5) its spin varies

substantially between above 0.04 and below 0.01, then plateaus at the onset

of mergers. It reaches 107 M� at z = 19 before any mergers but cools at

z = 16.48 after 3 major mergers, 37.6 Myr later.

Halo 19 accretes from z = 20.5 and its spin plateaus to around 0.01

after z = 19. It reaches 107 M� at z = 16 after a minor merger and cools at

z = 13.94, 58.4 Myr later, after another minor merger. It has both the lowest

redshift of cooling and the lowest spin at cooling within the simulation suite,

though like halo 12 is mostly the product of growth via accretion.

Halo 20 emerges at z = 24.5, passes 107 M� at z = 19.5 and cools at

z = 17.7, before the mergers seen in 2.1, with a spin below 0.020, 28.8 Myr

later.

2.4 Insertion of a BH particle

For investigating radio emission from a DCBH, an isothermal halo which

reaches the atomic cooling threshold of 107 M� is identified using the

same procedure as outlined in the previous section. The simulation is again

restarted at z = 200 with the same refinement criteria as before, using the 6

species chemistry solver to emulate complete photo-dissociation of H2 and en-

sure near-isothermal collapse. The simulation is again halted once it reaches

the maximum refinement level of 15, indicating that collapse has taken place.
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The sample halo is found to cool at z = 17 with a mass of 1.44×107 M� and

forms a self-gravitating disk at its center. We then run the simulation with

outputs every 10 kyr for over 1 Myr which, at an average accretion rate of ∼

0.1 M� yr−1, should be sufficient time for the central SMS to have reached

∼105 M� and therefore collapse into a seed BH is a possibility (Woods et al.,

2017).

At 1 Myr the central region within 0.136 pc comfortably exceeds 105

M� ; both the average accretion rate onto the proto-star and time elapsed

since formation allow us to assume it has undergone the GR instability and

collapsed into a BH, though the simulation would need to be coupled to full

stellar evolution models as well to verify this. A 105 M� BH particle is

then inserted at the densest point within the simulation which represents

the approximate mass of the nascent BH according to simulations of SMS

evolution with similar accretion rates (Woods et al., 2017). The particle of

mass MBH is also assigned a accretion radius of

Racc =
2GMBH

c2
s

(2.23)

within which the gas mass is subtracted each time-step and added to the

mass assigned to the BH particle.

We employ an alpha disk model for accretion onto the BH particle which

accounts for the conservation of angular momentum within the disk (Debuhr

et al., 2010):

Ṁ = 3παΣ
cs

2

Ω
(2.24)

where Σ is the mean surface density of the gas within the disk, Ω is its

rotational frequency and α is the dimensionless viscosity parameter. The
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rotation around the BH is assumed to be Keplerian and is hence given by

Ω2 =
GMT

R3
acc

(2.25)

where MT is the total mass within the accretion radius Racc of the BH.

We activate ray tracing with the MORAY package (Abel and Wandelt,

2002) which emits 1 KeV ionizing X-rays from the BH particle. Ray trac-

ing involves explicitly drawing photon paths across the grid, adding opacity

contributions from the cells crossed, and solving the transfer equation

1

c

∂Iν
∂t

= −κνIν + jν (2.26)

along this line. Here I represents the radiation intensity, κ the opacity and

j the emission rate, with the subscript ν denoting that this relation holds for

every individual photon frequency. In an expanding universe this equation

becomes

1

c

∂Iν
∂t

+
n̂ · ~∇Iν
a/a(tem)

− H

c

(
ν
∂Iν
∂ν
− 3Iν

)
= −κνIν + jν (2.27)

where the second term encompasses the expansion of the spherical radiation

front due to that of the universe and the third term the cosmological redshift

of radiation. The expression n̂ · ~∇Iν in the second term is the projection of

the intensity gradient along the direction of travel and it is being divided by

the ratio of the current scale factor over the scale factor at time of emission,

a(tem). The scheme used in MORAY employs adaptive ray-tracing which

emits rays normal to HEALPix surfaces and splits them into 4 photons of

equal flux if the condition

Θc =
Acell
Ωray

=
Npix(∆x)2

4πR2
> 3 (2.28)
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is satisfied, where Npix is the number of HEALPix surfaces set by the user

in the Enzo setup and ∆x is the cell width. HEALPix are a method devised

by Górski et al. (2005) of dividing a sphere surface into equal areas. The

number of photons initially emitted at each time-step from the BH surface is

768, which corresponds to 12 × 4RadiativeTransferInitialHEALPixLevel, with each

photon associated with a unique HEALPix. A line is traced along the path

of a photon until it has travelled a distance c times the radiation time-step,

looses 99.99% of its original flux or travels
√

3 the box width. Along each

photon path MORAY solves the continuity equation for the photon flux F

1

c

∂F
∂r

+
∂F
∂t

= −κF (2.29)

and calculates the photo-ionization kph and photo-heating rates Γph of each

crossed cell via the formulae

kph = fc
F(1− e−κρ)
nVcell∆tp

(2.30)

Γph = kph(Eph − Eion) (2.31)

where fc is a geometrical factor to account for the ray crossing the cell in

different configurations, given as

fc =

(
1

2
+
Dedge

Lpix

)2

, (2.32)

n is the total species concentration, Vcell is the cell volume and ∆tp the length

of the radiation time-step in Enzo. Eph − Eion is the difference between the

photon energy and the ionization energy and the factors Dedge and Lpix used

to calculate fc are the closest distance the ray gets to the nearest cell edge

and “width” of the ray, which exists as a free parameter within MORAY.
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The calculated photo-ionization rate is then subtracted from the atomic hy-

drogen formation rate in the chemistry solvers. Secondary ionizations due to

energetic photo-electrons and radiative pressure are also included within the

package and are activated within these runs.
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Chapter 3

Simulations of idealised direct

collapse from a range of merger

histories

3.1 Importance of work

Studies with sink particles at high resolution have confirmed that isothermal

collapse produces the accretion rates necessary to form a proto-star down

to the smallest scales and persisting for several 10 kyrs (Latif et al., 2013c)

(Shlosman et al., 2016) (Becerra et al., 2018). The heavy, atomically-cooled

inflows lasting for millions of years that are required to form DCBHs have

also only just been confirmed to occur in numerical simulations (Latif et al.,

2020). Studies by Chon et al. (2018) and Regan and Downes (2018) employ

radiative feedback with a simplified evolution model to follow collapse up

to 250 kyr and found that this radiation was unable to hinder accretion, a
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result confirmed by Ardaneh et al. (2018) and Luo et al. (2018). These stud-

ies also observed small-scale fragmentation of the disk slightly later during

its evolution with almost half of these fragments forming binaries, both with

idealised destruction of H2 (Bromm and Loeb, 2003) and with fully simulated

LW backgrounds (Chon et al., 2018). Latif et al. (2013b), Latif and Volon-

teri (2015) and Becerra et al. (2015) also report distinct secondary clumps

forming in their simulations, however do not elapse enough time to deter-

mine the fate of these binaries, whether they formed stars or merged with

the central object too rapidly for this to happen. Suazo et al. (2019) examine

the collapse of halos at intermediate resolutions with high LW backgrounds

for ∼ 600 kyr, longer than previous studies but still short of the collapse of

an SMS to a DCBH.

The formation of binary and possibly multiple SMS systems has impor-

tant implications for the detection of DCBH mergers by the Laser Interfer-

ometer Space Antenna (LISA), due to start observation runs in the coming

decade. However previous studies such as Latif et al. (2020), which found

the disk fragmenting into binary and multiple SMS systems, also only con-

sider the evolution of a few halos without any placing any constraints on the

parameters determining their assembly history such as spin or the number

of major mergers which it has undergone.

In the following chapter we use our isothermal Enzo runs outlined in

section 2 to simulate an assemble of atomically cooled halos for an unprece-

dented timescale of up to 3.2 Myr, allowing for the central proto-star to

collapse into a DCBH. Whilst it would have been computationally feasible

to continue simulating the disks for longer times, at this stage all SMSs are

73



assumed to have already collapsed and dumps after this cutoff limit are dis-

carded due to data constraints. These halos have been chosen so that their

properties are faithful representations of their underlying distributions. We

also tally their accretion rates for later use in dedicated SMS evolution mod-

els to simulate fully coupled BH birth in section 5. We use halos from six

species runs to ensure isothermal conditions and defer low and intermediate

UV backgrounds to section 4.

3.2 Accretion rates

Several previous studies have captured the collapse of atomically cooling ha-

los over a broad range of hierarchies, pursuing the infall of gas down to scales

of less than an AU in some cases (Becerra et al., 2015) (Wise et al., 2008).

For this study we instead sacrifice spatial resolution for computational time

and follow the evolution of gas in each halo for many dynamical times beyond

atomic cooling. These unprecedented timescales enable us to capture initial

collapse, the settling of gas into rotational support and long term fragmenta-

tion into satellite disks with the possibility of binary SMS formation in some

cases.

In section 3.1 we display all disk accretion rates from our halo selection

up to ∼ 3.2 Myr, when the longest running halo halts. These are derived by

tallying the mass within 0.136 pc spheres centered on the densest cell within

the simulation volume then dividing by the time between two snapshots. In a

resolution study we perform at 17 levels of refinement, corresponding to a cell

width of ∼ 3.5× 10−3 pc or ∼ 722 AU, we evolve the system for ∼ 200 kyr.

It was decided that the increase in the real runtime versus simulation time
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outweighed the benefits of increased resolution: whereas a halo simulated

at 15 refinement levels would take ∼ 500 hours to reach 1 Myr through its

evolution, the same halo simulated at 17 levels took > 2000 hours. The time-

frame of the study meant that the sample size would have to be compromised

if resolution was maintained at this level. By comparing the accretion rate

profiles of both realisations though we were able to define a radius from the

center at which their results diverged, making them resolution dependent

and hence subject to artificial effects such as the pressure floor. We took 10

logarithmically spaced bins from 0.01 pc to 2.0 pc and found that beyond

0.136 pc the results agreed within ∼ 5%, but disagreed at closer radii. We

therefore chose this radius as our fiducial approximation for where infall onto

the central object is assured, as closer estimates diverge. It also conveniently

resolves the central sphere by 10 zones whilst excluding any arms. The initial

time t = 0.0 is defined as the time at which the densest cell first reaches the

maximum refinement level and catastrophic collapse is initiated, though as

previously discussed in section 2 this is at best a rough proxy for the time of

actual proto-star formation.

In the next section we explore the features in accretion history common

to all disks, then examine the particular accretion modes that are observed

within our selection.

3.2.1 Accretion commonalities

There is an abrupt peak in accretion at ∼ 0.1 Myr common to all halos as the

gas within atomically cools and coalesces into the center of the DM potential.

The rate then drops as angular momentum present in the gas increases its
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Figure 3.1: Accretion rates for all 8 baryonic halos out to 3.2 Myr, taken at

0.136 pc from the densest cell, with fixed axes for ease of comparison
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rotational velocity, hinders further collapse and forms rotationally supported

structure around the proto-star (Oh and Haiman, 2002) (Volonteri and Rees,

2005). A self-gravitating disk begins to assemble, displaying no strong frag-

mentation during these early stages of evolution, favouring the formation of a

single object regardless of merger history (Latif and Volonteri, 2015) (Regan

and Haehnelt, 2009a). All disks have a compact homogeneous core extending

to ∼ 0.2 pc. The subsequent emergence of spiral arms extending beyond the

core is also universal to all of our halos, similarly reported by Becerra et al.

(2015). The size of the entire disk including spiral arms is around 0.6 pc in

radius by 0.2 Myr but eventually grows to ∼ 1 pc as material is accreted.

The disks display a wide range of accretion histories with background

rates ranging between ∼ 0.05 - 0.3 M� yr−1 and differing degrees of vari-

ability. These results are similar to Latif and Volonteri (2015) who obtain

universal rates of > 0.1 M� yr−1 and Regan and Haehnelt (2009b) who

report rates of 0.3 - 1.5 M� yr−1. All accrete above the minimum thresh-

old of 0.04 M� yr−1 required to sustain a central SMS throughout the

majority of their simulated history (Woods et al., 2017) (Haemmerlé et al.,

2018) (Hosokawa et al., 2016). They also eventually experience some degree

of fragmentation out beyond the 0.2 pc core, although both onset and size

varies considerably. Disks can be broadly categorised, with some overlap, by

the channel and degree of fragmentation: prominent assembly and merger of

fragments, prompt formation of interacting satellites, turbulence and relative

quiescence. We will explore these in more detail in the next section.

Though negative accretion rates are displayed for all the disks this does

not entail that the central proto-star itself looses mass. Instead, gas within
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the central 0.136 pc is ejected by turbulent outflows and the phenomenon

exemplifies the chaotic nature of some of the disks down to small scales. In

our subsequent stellar evolution calculations these are interpreted as periods

of quiescence and the rate onto the star is set to zero.

3.2.2 Specific accretion histories

Several disks with relatively low background rates display multiple sharp

peaks, usually preceded by a negative timestep, where significant quantities

of gas are transferred between objects. These correspond to large gravita-

tionally bound bodies of gas entering within our tally radius, where they are

considered to have merged. The acute dip in rate momentarily preceding

these events is due to gas in the central disk being tidally ejected onto the

clump as it enters within our fiducial boundary. The rate then drops again

when, after merging, the gas’ torque redistributes some of the clump’s mass

and angular momentum into the ISM (interstellar medium) via the spiral

arms. Halos 2 & 19 prominently display these features, with evidence of

growth via merger of clumps which produce conspicuous infalls after several

dynamic times.

Halo 2 has a slow initial collapse due to high angular momentum which

then deforms the central gas into a ∼ 0.6 pc bar as inflow onto the proto-

star is effectively halted. The gas then distorts into a barred spiral and

the rate again increases as gas motion becomes perpendicular to the tally

sphere. Around 0.3 Myr the arms begin to readily fragment at ∼ 0.8 pc into a

system of large clumps; their tidal forces and spin create trails of gas, disrupt

orbital flow and cause turbulence. Throughout this period the rate varies
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dramatically, signalling episodic accretion due to chaotic gas flow (Vorobyov

et al., 2013). Through a sequence of interactions they progressively merge

with each other or the central object (CO); close encounters with the CO

tidally deform clumps into arcs which fragment into again more clumps and

repeat the cycle (upper left panel of 3.2). This is similar to the processes

reported by Chon et al. (2018) seen continuing several 100 kyr later. One

such event occurs at 0.966 Myr where tidal torques produce a trail of gas

behind one binary which then fragments when perturbed it passes. Several

significant clumps assemble with infalls occurring at 0.657, 1.040 & 1.15 Myr.

The behaviour of the disk in halo 19 is quite similar: after 0.4 Myr,

heavy accretion onto the disk and high viscous forces cause the spiral arms to

intertwine creating massive clumps and gas filaments, the former seeding the

formation of more fragments by perturbing unstable gas. Shear stresses give

way to turbulence and the disk grows, striping unstable gas off clumps which

eventually leads to fragmentation out to 1.2 pc. Again, tidal deformations

caused by clump infall re-collapse to form more clumps as large quantities

of gas are unleashed into the ISM. Several clumps accrue enough mass to

clear their orbits and produce conspicuous infalls at 0.91 Myr 1.44 Myr &

2.07 Myr. The process of fragments initializing more formation and ensuing

turbulent episodes then repeats after dispersion of gas via tight stable spirals.

Many halos show periods of increased accretion corresponding to turbu-

lent episodes, seeded by initial uneven distribution of angular momentum.

These are especially evident in halos 8 & 12 where the rate oscillates dras-

tically over arbitrary scales without any major infalls. These series of sharp
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spikes, indicating the chaotic nature of accretion at high resolutions, are also

seen in Regan and Downes (2018) but are over longer timescales here. The

rate during these episodes fluctuates around 0.2 M� yr−1 as rotational lam-

inar flow forming a stable disk is disrupted and gas falls onto the central

object.

Collapsing gas in halo 8 rapidly forms tightly wound spirals which suc-

cumb to shear forces and fragment readily after 0.4 Myr. The flow becomes

turbulent as swarms of small clumps disturb the gas which in turn fragments

as streams intersect and converge; the disk grows during this period from

0.6 pc to 0.8 pc. Clumps infall and produce filamentous outflows, redis-

tributing unstable gas into the system. As the flow is highly chaotic the

majority of the simulated time, spiral structure isn’t discernible throughout

most of the disk’s evolution and the accretion rate remains visibly stochastic.

At 0.78 Myr a significant clump forms with an elliptical orbit close to the

CO, passing through regions of high orbital & turbulent velocity adjacent to

the inner disk which strip its gas and continue to feed the CO (upper right

panel of figure 3.2)

From figure 3.1 it is visible that the disk in halo 12 accretes both through

turbulence and the infall of large clumps. It readily forms fragments after ∼

0.3 Myr which again produces unstable filaments via infall and gas redistribu-

tion. As with halo 19 their gravitational field produces more fragmentation

in neighbouring arms though occurring further out at ∼ 1.2 pc. As these

travel inwards at different rates they leave trails which create chaotic gas

flows and trigger clump formation as they interact. These merge with each

other and fragmenting gas left behind from earlier infalls; when they enter
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the accretion radius they are distinguished as large spikes at 0.5 Myr, 0.7 Myr

& 1.4 Myr. This process repeats once arms redistribute gas to distant radii.

Halos 10 & 16 display a low background rate of ∼ 0.05 M� yr−1 with

little variation after initial collapse, where the rate prominently increases to

0.9 M� yr−1. This implies steady accretion onto the CO via a stable disk

that emerges rapidly from coalescing gas within the potential well, experi-

encing minor disruption from other gravitating bodies.

In halo 10 the gas steadily assembles into a well defined disk with tight

spirals as the rate gradually reduces to its background value due to the

onset of rotational support. From ∼ 0.56 Myr onwards very small fragments

appear ∼ 0.6 pc within the disk which are absorbed within a dynamical time.

The appearance of clumps which persist for longer doesn’t occur until after

1.5 Myr and these are typically only a few kM� ; their infall into the central

object are displayed as conspicuous elevations in rate of ∼ 0.4 M� yr−1.

The high angular momentum within the disk results in strong shear forces

which tidally distort fragments into filaments or produce infalls before any

significant accretion can occur (lower left panel of figure 3.2).

Halo 16 has a particularly prolonged period of coalescence; the disk ex-

pands to 0.8 pc only at ∼ 0.5 Myr and clumps don’t appear until 0.95 Myr.

From 1.22 Myr they start interacting causing further instabilities; again

clumps dissipated by tidal forces re-coalesce, seeding perturbations for more

fragmentation. Towards the end of the simulation one such clump clears gas

within its orbit and may possibly become a binary.
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The disks of halos 1 & 20 eventually form large clumps which, via accre-

tion or their merging with each other, gain over 100 M� and persist over

0.5 Myr, making them the most likely candidates for secondary SMS forma-

tion within our simulations. These clumps also clear their orbits within the

disk of gas which reduces the background accretion onto the CO as well as

suppressing overall turbulence and fragmentation. They develop their own

satellite disks with visible rotation and even arms in certain snapshots. As

they pass close to the CO gas is exchanged, seen as a series of spikes corre-

sponding to the satellite clump’s periapsis.

Halo 1 starts to fragment slightly earlier than the other halos, just after

the arms emerge at ∼ 0.24 Myr, into two diametrically opposed clumps.

After they infall, the seed for the satellite forms from the dispersed gas at

0.35 Myr and the rate onto the CO drops significantly as the clump grows

rapidly via accretion. It orbits the CO six times, inducing and subsequently

merging with massive fragments, before finally infalling at 0.96 Myr and

elevating the rate to 1.7 M� yr−1. Most of this time it is still connected to

the CO by one of the disk’s spiral arms and exchanges gas via this channel.

More fragmentation is expected with the possible formation of binaries but

the simulation is halted at 1.14 Myr, due to computational restraints.

After disk formation in halo 20, viscous forces in the arms causes fragmen-

tation and infalls during a period characterised by highly episodic accretion.

At ∼ 0.5 Myr, perturbations in dispersed gas cause clump formation and, af-

ter a sequence of mergers, one gains enough mass to clear remaining gas from

its orbit, developing its own accretion disc by 0.9 Myr. It continues to orbit

the CO at ∼ 1 pc and forms a binary system with the central disk (lower
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right panel of figure 3.2). By merging with other clumps and competing with

the proto-star for gas, accretion onto the CO can be seen to decrease dramat-

ically. Tidal torques from these two massive bodies also could be acting to

suppress the formation of other clumps. At 1.23 Myr, the two disk systems

come within 0.3 pc of each other and begin to exchange copious amounts

of gas, as can be seen by the sudden increase in rate. The binary orbits

several more times, each successively reducing the radius and increasing the

ellipticity before the simulation’s end.

3.3 Disk properties

3.3.1 Disk mass & angular momentum

As seen by the left panel of figure 3.3, a sharp increase in mass during the

first 0.2 Myr is observed in almost all halos, corresponding to the peak in

accretion rates. This monolithic and uninterrupted rise is a good indication

that no efficient fragmentation occurs during the initial stages of collapse.

This is expected to be the case if no H2 cooling is present (Bromm and

Loeb, 2003) and therefore fragmentation isn’t a significant barrier to further

growth for halos under these simulation conditions (Becerra et al., 2015). The

disks in all simulations accumulate masses superior or comparable to 105 M�

within 1 Myr, which is consistent with the outcome of high accretion rates in

literature (Regan and Haehnelt, 2009a) (Latif et al., 2013c) (Becerra et al.,

2015). The mass within our fiducial radius surpasses 2 × 105 by 2 Myr,

at which at a constant rate of 0.1 M� yr−1 should produce a SMS which

subsequently undergoes collapse.
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(a) Halo 2 (b) Halo 8

(c) Halo 10 (d) Halo 20

Figure 3.2: 6pc by 6pc density projections of different halos displaying ac-

cretion predominantly through various channels; fragmentation, turbulence,

smooth accretion and binary formation. Left to right and top to bottom:

halo 1, halo 2, halo 10 & halo 8. Taken at 0.72 Myr, 1.18 Myr, 0.72 Myr &

1.19 Myr respectively
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(a) Total mass (b) Total angular momentum

Figure 3.3: The cumulative mass and angular momentum of the gas within

0.136 pc from the densest cell for each halo

The mass of the disk in halos 10 & 16 plateaus after initial collapse

and asymptotes to ∼ 2.5 × 105 M� . Both host halos experience major

mergers between reaching the virial mass and collapsing and therefore their

gas supply is disrupted, this is contrary to the findings of Mayer et al. (2010).

On the other extreme, halos 8 & 12 accrete mass consistently without signs of

asymptoting. Both disks are fed by fragmentation of spiral arms into many

small clumps which periodically reform via turbulence. Their host halos

intriguingly both have high spins relative to the sample upon cooling and

do not undergo any major mergers before collapsing. Bounded by these two

extremes, halos 2 & 19 are characterised by episodes of sharp accretion, and

both show signs of a nearby gravitational disturbance. Halos 1 & 20 evolve

similarly between these two boundaries before halo 1 accretes its satellite

disk.

The total enclosed angular momentum within the disk for each halo,

shown figure 3.3, evolves in parallel to the enclosed mass for the majority
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of the simulation. This implies that no large external torques are exerted

on the disk as this would alter the angular momentum without any transfer

of mass. The increases where the disk merges with large clumps are more

prominent due to large quantities of gas with distinct motion boosting the

orbital velocity. This effect highlights the large amount of accretion via clump

formation and merger in disks 2 & 12, both of which have host halos that

accrete rapidly and have high spins upon cooling.

3.3.2 Final quantities

All halo mass density profiles in figure 3.4 very slightly deviate from Larson-

Pentson, following a ρ ∝ r−2 solution with superimposed substructure, indi-

cating they are collapsing near-isothermally. The peaks around 50 pc & 200

pc respectively in halos 2 & 19 indicate the presence of large scale structure

out to scales beyond the gravitational instabilities which feed the disk, with

halo 19 undergoing a major merger whilst collapsing. Both halos exhibit

extended periods between reaching 107 M� and collapse, possibly as the gas

requires more time to virilise. Both also are characterised by a high degree

of fragmentation within the disk, again possibly due in part to turbulence

from unsettled gas within halo during collapse.

The densities of the halos exhibit fluctuations against the background

solution from ∼ 0.2 pc at the boundary of the inner disk to ∼ 10 pc where

the spiral arms dissipate, indicating gravitational instabilities are ubiquitous.

Beyond the virial radius of ∼ 200 - 400 pc and into the ISM, these profiles

begin to flatten; the temperature profiles in figure 3.4 indicate a similar

virial radius where gas streaming into the halo is shock heated to ∼ 8000 K.
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(a) Densities (b) Temperature

(c) Rotational velocities (d) Turbulent velocities

Figure 3.4: Radial profiles of various quantities for each isothermal halo taken

at the last snapshot within the simulation, from the densest cell out to 2kpc
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Due to the efficiency and small optical depth of the Lyman-α channel, the

gas maintains isothermality down to 5 pc where the self-shielding of gas in

spiral arms and clumps begins to take effect. At radii smaller than ∼ 0.2 pc

the slope of the profiles also decreases as the builtin Enzo pressure support

artificially prevents these structures from collapsing any further. Because

of the resolution limit, the gas never reaches densities where it is optically

thick to Lyman-α photons and radiation could become trapped by frequent

scattering, increasing the temperature in the core of the disk. This also

means that in actuality the gas continues to collapse to concentrations of

106 cm−3 and there is a significant amount of sub-structure within the central

disk that remains unresolved. The accretion rate given in the simulations

is a proxy for the maximum onto the proto-star for this very reason: at

sub-grid scales most angular momentum is redistributed by bars-within-bars

instabilities (Begelman et al., 2006) but the mass loading of gas also creates

sub-grid turbulence that acts as support against fragmentation (Latif et al.,

2013a). This study cannot capture such high resolution phenomena and

instead concentrates on large scale behaviour of the disk and obtaining order

magnitude estimates for the accretion rate over stellar lifespans.

The disks that form within of our simulations also achieve rotational sup-

port and the rotational velocity of the infalling gas follows a mostly Keplerian

profile, as seen in the bottom left panel of figure 3.4. Peak velocity is reached

around 0.2 pc at the inner boundary and varies between 85 - 110 km s−1,

with the slower accreting halos exhibiting the lowest speeds and vice versa.

This is primarily due to the higher gas mass and subsequently angular mo-

mentum that has accrued within the disk. This observation is in line with
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Regan and Haehnelt (2009b) who report rotational velocities up to around

60 km s−1 and disk radii from 0.3 - 0.6 pc, with higher velocities for higher

mass disks. The profile is mostly monotonic and featureless within 0.2 pc,

similarly to the density, indicating that fragmentation is not efficient within

the inner disk at these late stages. Oscillations out to ∼ 0.2 pc suggest the

presence of clumps and fragmentation of the gas within the disk arms and

halo 2 experiences an increase at 200 pc caused by gravitational torques from

a nearby sub-halo.

The turbulent velocity is calculated by subtracting the infall and rota-

tional velocity from the absolute velocity in quadrature:

v2
turb = v2

abs − v2
φ − v2

r .

The turbulent velocity profile in figure 3.4 varies quite significantly depend-

ing on the halo. Most show a high degree of variability from ∼ 0.3 - 1 pc,

where gravitational instabilities and clumps induce gas motion orthogonal to

orbital motion and infall, and peak at ∼ 0.3 pc at the inner boundary, where

turbulent motions transport angular momentum through shocks that dissi-

pate kinetic energy outward. This keeps the disk puffed up and the viscosity,

which is parameterised as a proportional to the scale height, increases as the

dynamical time decreases. The turbulent velocity profile mostly tracks the

rotational velocity as the latter is converted into the former.

3.3.3 Evolution of halo stability

By analysing the accretion rates of the simulated halos it has become pos-

sible to identify various modes by which they principally accrete. All halos

eventually display some degree of fragmentation and for many the assembly
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(a) Halo 2 density (b) Halo 2 Toomre Q

Figure 3.5: Radially averaged profiles of gas density and the Toomre Q pa-

rameter at 4 selected times in halo 2

(a) Halo 10 density (b) Halo 10 Toomre Q

Figure 3.6: Radially averaged profiles of gas density and the Toomre Q pa-

rameter at 4 selected times in halo 10
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(a) Halo 20 density (b) Halo 20 Toomre Q

Figure 3.7: Radially averaged profiles of gas density and the Toomre Q pa-

rameter at 4 selected times in halo 20

and infall of large clumps produces features that dominate their rates. The

gravitational stability of disks can be parameterised by a radially dependent

variable known as the Toomre Q, defined as (Toomre, 1964):

Q(r) =
csκ

πGΣ
(3.1)

where κ, the epicyclic frequency, can be expressed in terms of radius r and

rotational velocity vφ as (Binney and Tremaine, 1987) (Oh and Haiman,

2002),

κ =

√(
2
vφ
r

)(vφ
r

+
dvφ
dr

)
. (3.2)

If rotation in the disk is Keplerian this reduces to the rotational frequency;

this expression hence encapsulates the ability of restorative forces within the

disk, rotation and pressure gradients, to counteract gravitational perturba-

tions. Where this parameter is below unity perturbative modes within the

disk grow rather than decay and the structure is gravitationally unstable at

this radius.
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In this section we analyse the density and Toomre profiles at select points

in the disks of halos 2, 10 & 20. This enables insight into the the evolution

of stability and fragmentation in halos exhibiting three distinct long-term

behaviours: one favouring prodigious clump formation and assembly, one

stable throughout its evolution and one displaying the formation of a satellite

disk. We take profiles of the density at various roughly evenly spaced points

within the disk’s simulation and the Toomre Q parameter during episodes

where the halo is showing signs of fragmentation.

The increase in central density by a factor of 10 in 10 Myr in figure 3.5

highlights rapid accretion via gas fragmentation and the buildup of a massive

object. Departure from an isothermal solution is displaced from ∼ 4 to 10

pc as turbulent motion increases the alpha parameter, fattens the disk and

effects gas progressively further out. No fragmentation occurs during initial

disk formation as seen by the monotonic increase in density towards the

center in the first profile.

At 0.32 Myr the first instabilities begin to appear at the disk boundary

where gas loading creates turbulence and eddies converge gas into fragments.

The disk itself is also unstable where the Toomre parameter almost converges

to unity from 0.4 to 0.8 pc. These instabilities grow and a close infall distorts

gas into an unstable arc which creates a depression in the profile at 0.50 Myr.

By 0.97 Myr the fragments assemble into a clump that clears gas from its

orbit and the Toomre Q rises prominently within its orbital radius where

most of the gas is gravitationally bound. This dips below unity briefly again

further out where the clump forms a tidal tail. At 1.08 Myr this has been
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accreted by the CO and small quantities of gas are redistributed via stable

spirals.

The density profile of the slower accreting halo 10, in contrast, deviates

from isothermality only within ∼ 2 pc and the superimposed density fluctu-

ations are not as pronounced. This shows the steady nature of accretion in

and comparative lack of fragmentation. Only after many dynamical times

do fragments begin to appear: these clumps are small, occur close to the

disk boundary and are visible in the second density profile. Departure from

isothermality occurs at further radii as the process of infall and fragmentation

via turbulent motion continues.

The Toomre profiles of halo 10 again highlight its disk’s steadiness: even

by 0.57 Myr the disk is mostly stable, with small instabilities only beginning

to appear around 0.6 pc. This depression deepens as instabilities grow and

the ensuing turbulence expands the disk, causing fragmentation at larger

radii, although this still occurs closer in than other halos. At 1.16 Myr

chaotic gas motion strips gas from one of the fragments creating an unstable

tail at around 1.6 pc. When this infalls with high angular momentum the

majority of the clump is distorted and redistributed as unstable gas into

vicinity of the CO, seen at 1.27 Myr.

Again in halo 20 clumps are visible as fluctuations in the density profile;

as more form they they merge with one another and orbit the disk, instead of

infalling or being dispersed by tidal torques. With fragmentation occurring

further from the disk these instabilities persist and by 0.754 Myr a satellite
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disk has begun to emerge from these dynamical interactions, perceived as

a prominent peak in density. This spike becomes more conspicuous as the

clump develops its own spiral arms and forms a binary orbit with the original

disk. In doing so it sweeps out gas in its orbit, creating a dip in density at

∼ 0.7 pc.

A central disk with an evident spiral structure develops by 0.2 Myr and

by 0.3 Myr this has been destabilised by heavy accretion. As discussed pre-

viously the ensuing turbulence converges gas and creates ‘knots’ in filaments

far from the CO which produce more unstable gas as they move inwards.

This complex and dynamic environment is captured by the highly variable

Toomre profiles at 0.54 & 0.63 Myr that boast multiple regions of instabil-

ity, as well as the fact that the profile changes dramatically within 0.1 Myr.

By 1.19 Myr merging fragments form a satellite; unlike in halo 2 this clump

sweeps gas from the entire disk and, with gas being bound to either the CO

or the binary, the Toomre Q remains above unity.

All initial halo density profiles are almost monomial and monotonic, in-

dicating the collapse in all of our simulations is practically isothermal with

inefficient fragmentation before the assembly of a disk and spiral structure.

As the simulation evolves, the central density increases as the disk gains

mass; clump formation creates fluctuations in density which effects gas pro-

gressively further from the disk. This observation suggests a transition from

a stable structure in the early stages of collapse, where no fragmentation

occurs (Bromm and Loeb, 2003) (Inayoshi et al., 2014) to fragments forming

in proximity to the disk later on (Becerra et al., 2015) (Regan and Downes,
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2018). The persistent lack of structure within the inner 0.2 pc also indicates

that fragmentation remains inefficient in proximity to the CO (Regan and

Haehnelt, 2009a).

3.4 Formation of clumps & binaries

In the previous section we’ve seen that fragments in halos 1 & 20 eventually

merge to form satellite disks with their own sets of spiral arms and which

clear gas from their orbits. In this section we first present the accretion rates

and masses of the most massive fragments identified within each simulation.

We then discuss in detail the dynamics and gas exchange of the binary system

in halo 20, as it is the most conspicuous example of this occurrence.

3.4.1 Possible binaries across simulations

Clump properties are calculated by first masking all cells within 0.3 pc of the

densest cell, which correspond to the gas within the central SMS’s accretion

disk. The enclosed clump mass represents the gas within the fiducial 0.136 pc

of the densest cell once this masking procedure is performed, assumed to be

the satellite center, and the rate is again derived by taking the mass difference

between halo snapshots. The distance and radial velocity measurements are

based from the densest cell within the satellite clump.

The accretion rate of the most massive clump for each simulation is over-

plotted against the disk rate, and the cumulative masses are shown in figure

3.8 for each halo asides halo 20 which is analysed later in greater detail and

12 where there were no obvious fragments to choose from. The time for which
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Halo Time (Myr) Mass (kM� )

1 0.58 176

2 0.38 202

8 0.48 81

10 0.74 56

16 1.36 162

19 0.52 192

20 1.20 175

Table 3.1: Lifetime and maximum enclosed mass for the most massive clump

throughout the simulation of each halo. The lifetime is measured from when

fragmentation is first visible until infall into the CO. The mass is defined as

the gas mass enclosed within 0.136 pc of the second densest cell within the

simulation volume outside the central disk.

the clump persists within our runs, from when initial fragmentation is visible

to either infall or simulation end, is tabulated along with the maximum mass

achieved within that time in table 3.1.

The disks form satellite clumps with masses ranging from ∼ 50 000 -

200 000 M� . It can be seen that the two archetypal binary forming halos 1

& 20 have clumps which persist for over 0.5 Myr and accumulate roughly the

same quantity of gas over their respective lifetimes. The principle clump from

halo 2 exceeds 105 M� but only exists for 0.38 Myr, hence it unlikely the star

evolves long enough to undergo the GR instability and form a binary DCBH.

The highlighted clumps in halos 16 & 19 however both comfortably accrue

enough mass to form SMSs at their cores and persist isolated from strong
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(a) Mass of clump in Halo 1 (b) Overplotted rates for Halo 1

(c) Mass of clump in Halo 2 (d) Overplotted rates for Halo 2

(e) Mass of clump in Halo 8 (f) Overplotted rates for Halo 8

(g) Mass of clump in Halo 10 (h) Overplotted rates for Halo 10
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(i) Mass of clump in Halo 16 (j) Overplotted rates for Halo 16

(k) Mass of clump in Halo 19 (l) Overplotted rates for Halo 19

Figure 3.8: Cumulative mass of the most massive binary and its accretion

rate, taken at 0.136 pc from its center, overplotted against that of the central

disk, for halos 1, 2, 8, 10, 16 & 19
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gravitational torques long enough for this to be a strong possibility. Other

requirements are that the gas flow in the clump is convergent (−~∇~v > 0) and

gravitationally bound (the sum of the clump’s potential energy and energy

from mechanical stresses exerted by other masses is less than 0). These are

in addition to the necessity for rates to remain above 0.04 M� yr−1 for

the proto-star not to start producing UV feedback. From the rates given in

figure 3.8 it seems that this criterion is fulfilled for the binaries of all of the

above halos.

Further studies can investigate the possibility of SMS formation and col-

lapse within the time the binary forms and becomes tidally stripped. Rates

from these binaries can also be used in conjunction with stellar evolution

models to investigate whether this occurs and the initial mass of the resul-

tant DCBH, in the same manner as for the central object. This study is

currently underway in Woods et al. in prep. where the accretion rates onto

the binaries are given to external collaborators to use as input for stellar

evolution calculations. If this is is demonstrated to occur then binary for-

mation after initial collapse could be a potential pathway for eventual BH

inspirals and gravitational wave (GW) events. If the SMS in the main disk

forms earlier, which looks to be the case in our halos, SMS - DCBH or SMS -

SMS binary systems appear with the possibility of luminous tidal disruption

events (TDE). This work may reveal yet another potential observable for

which we can unveil the dawn of the very first quasars.

From overplotting the accretion rates in figure 3.8 it also becomes evident

that the rate onto the clump is commonly anti-correlated with the rate onto

the CO. This is especially observable during periods of high fragmentation,

99



characterised by sharp peaks in both rates. It is throughout these phases that

these massive binaries often form and assemble, competing with the CO for

gas the supply contained within other clumps. Once satellites accrue enough

mass they can enter an orbit with the CO whilst exchanging gas when at

their periapsis. This also produces large opposite valued fluctuations in the

rate as large quantities of gas are tidally striped from the clump onto the

CO. During turbulent episodes where the accretion rate experiences smaller

variations on more rapid timescales, this anti-correlation is less discernible

as gas motion becomes chaotic throughout the disk. This behaviour tends to

be triggered by heavy accretion onto the system and feeds mass both to the

primary clump and the CO.

3.4.2 Binary formation and dynamics in Halo 20

In halo 20, fragmentation in a trail of gas at ∼ 0.56 Myr and subsequent

mergers form a clump, which by 0.63 Myr becomes the most massive within

the simulation. It remains in a relatively stable orbit until 0.98 Myr as it

rapidly accretes surrounding gas at up to 0.6 M� yr−1 and develops its own

system of spirals. During this phase it surpasses the gas mass necessary to

form a SMS if gravitationally bound and gas flow is convergent.

After 0.2 Myr it has cleared most gas within its orbit thus the mass

briefly plateaus and the accretion rate drops to zero. It then interacts and

merges with another smaller clump which both increases the accretion rate

and perturbs it from its original orbit. A possible reason for this is that the

kinetic energy from tidal interactions can no longer be dissipated throughout

the gas (Chon et al., 2018). The orbit becomes increasingly elliptical as gas
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Figure 3.9: Accretion rate for the binary of halo 20, taken at 0.136 pc of

from its center, overplotted against the rates for the central object

is exchanged onto the primary disk at periapsis and the clump’s velocity

increases.

After a further 0.3 Myr the binary enters the Roche limit and gas is tidally

stripped from it’s potential. The two systems almost merge to form a barred

spiral as their disks overlap and gas is dispersed into the ISM. Properties of

the clump during this interaction are more difficult to obtain since it becomes

necessary to distinguish between gas pertaining to each disk, requiring more

advanced modelling where the local potential gradient is analysed to delineate

the two bodies. The clump distance reaches a virtual floor at 0.3 pc as, due to

the masking method employed, closer cells are not accounted for. It appears

hence to be in a stable orbit at a further distance.

As the both the clump and the progenitor disk are tidally distorted during

the interaction their internal axes become highly elongated, the mass within

a spherical volume thus becomes an inaccurate proxy for the mass within
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(a) Enclosed mass (b) Accretion rate

(c) Distance from densest cell (d) Radial velocity

Figure 3.10: Various properties of the binary which forms in halo 20. The

starting point in these graphs denotes the time at which it becomes the most

massive clump within the simulation, at ∼ t=0.63 Myr
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the clump itself. Nonetheless, around 1.0 Myr after formation the clump is

ejected from the primary disk migrates back beyond 0.3 pc. From the mass

evolution it is evident, despite limitations in analysis, that the clump has lost

most of its gas to the central disk during the interaction.

3.5 Discussion

We have selected an ensemble of eight atomically cooling halos from DM

realisations with varying merger histories, spins and masses and simulated

idealised direct collapse, evolving the system at a resolution of 0.01 pc for

∼ 1 - 3.5 Myr. Each halo cools almost isothermally, roughly following a

Larson-Pentson solution, and forms a self-gravitating, rotationally supported

disk (Oh and Haiman, 2002) (Regan and Haehnelt, 2009a). However, there

appears to be little correlation between the properties of the host halo and

those of the subsequent accretion disk. Halo 8 for instance has the lowest

mass within the sample but boasts the highest accretion rate. A study with

many more halo samples and more rigorous statistical analysis would have

to be undertaken to properly reveal if this apparent property independence

is universal.

All of the disks surpass the critical accretion rate long enough to assume

the formation and collapse of SMS at their centers; further work in section 5,

where the proto-stars are evolved explicitly in accordance with the simulated

accretion rates, will demonstrate that this is indeed the case. There is an

initial peak in accretion of ∼ 1 M� yr−1 before the inherent angular mo-

mentum forms a disk. The rate then subsides but mass loading onto to the

disk still creates gravitational instabilities, turbulent eddies and supersonic
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flows that remove angular momentum and allow continued accretion onto the

star. These instabilities can persist and grow into clumps, especially when

they are ejected to radii safe from gravitational torques. Whilst secondary

clump formation close to the primary proto-star site has been noted in other

studies (Latif et al., 2013b) (Latif and Volonteri, 2015) (Becerra et al., 2015)

(Chon et al., 2018) (Regan and Downes, 2018), the length of our runs and

the prior sampling demonstrate the ubiquity of this phenomenon over time

and halo parameter space. Simulating direct collapse over the central SMS

lifetime also allows to ascertain the fate of the clumps as well.

All of the disks fragment and eventually form orbiting clumps during the

simulation and in the majority these fragments subsequently assemble into

binaries with masses ranging 5 × 104 - 2 × 105 M� . Only halos 8, 10 &

12 do not form clumps that surpass 105 M� , a selection which curiously

includes the fastest accreting halos in the sample. In halos 1 & 20 these

binaries survive over 0.5 Myr and grow their own spiral arms comparable in

size to the central disk. Many of these are hence potential candidates for

secondary SMS formation and if ensuing studies verify that their accretion

rates are super-critical, stellar evolution calculations can then explicitly de-

termine whether these collapse into BHs before they merge with the central

star. Both scenarios retain exciting possibilities for observational signatures,

those being gravitational waves and luminous tidal disruption events. Not

only have we found binary formation to be ubiquitous but also a candidate

for observational signatures of direct collapse.
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Chapter 4

Simulations of Halos under

Varying LW Intensities

In this chapter we simulate the collapse of halos obtained in section 2.2.2

under varying intensities of LW background radiation for unprecedented

timescales of up to 4 Myr. This introduces the effect of cooling via H2,

present in small quantities within the primordial universe, and replicates col-

lapse under more realistic conditions. Each halo is evolved with the same

simulation parameters outlined in section 2: a nine-species chemical net-

work that tracks the formation of molecular hydrogen as well as the relevant

prescriptions for cooling and self-shielding.

Rather than being the flux required to completely destroy all H2, J crit21

is instead the LW background required to suppress H2 cooling in halos until

they become massive enough to atomically cool. Trace amounts of molecular

hydrogen survive in the cores of halos in all but the most extreme LW fluxes

because of self-shielding. This can lead to scenarios where the collapse of the

halo is governed by Lyman-α cooling except in its core, where it is controlled
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by H2 cooling, resulting in smaller accretion disks and lower infall rates than

gas cooled purely through atomic transitions. Latif et al. (2020) simulate the

collapse of six halos ranging 106 - 107 M� with LW backgrounds of 100 &

500 J21 for up to 900 kyr at resolutions of ∼ 300 AU. They find that atomic

cooling regulates temperatures in the halo except in its core, where shielded

H2 abundances reach mass fractions of 10−3 and dominate the contribution

to the cooling function. This leads to cooling and fragmentation into tight

disks within the inner ∼ 1 pc with infall rates of 0.005 - 0.02 M� yr−1.

The accretion is less than in atomically-cooled halos but still far higher than

in halos cooled solely by H2, creating PopIII stars with masses ∼ 1000 M�

and consistent with the results from Regan et al. (2020). These simulations

demonstrate a third mode of PopIII star formation in which halos illumi-

nated by moderate LW backgrounds result in larger gas reservoirs with virial

temperatures of a few thousand K: near the peak of the H2 cooling curve

where rates can be hundreds of times greater than in less massive halos but

are still below Lyman-α cooling rates.

We simulate each halo with LW background strengths of J21 = 104, 103

and 102. Halo 1 & 8 collapse before refinement by Jeans length could be

activated at z = 30 and are thus not included. The J21 = 104 case for halo

16 as well as halos 19 & 20 could not be simulated due to technical difficulties

and are hence also not included within this discussion. We choose this range

of LW fluxes as this brackets the full range of possible cooling scenarios: at

high backgrounds of 104 collapse proceeds almost isothermally until the gas

becomes optically thick to Lyman-α photons whilst at 102 cooling is almost

entirely due to H2.
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As specified in section 2, Enzo emulates a Lyman-Werner background

by applying a constant photo-dissociation rate to the molecular hydrogen

chemistry solver, once scaling this by the appropriate shielding factor. In

calculating the dissociation rate Enzo assumes a flux of photons with an

energy distribution equivalent to a 105 K black-body; this is a spectrum

associated with the most likely source of the background which are massive

PopIII stars formed in previous generations of halos. This also implies a

J crit21 of > 104 (Aykutalp et al., 2014), as the radiation contributes almost

entirely to the direct dissociation of H2 rather than the photo-detachment of

its H− progenitor, as seen in section 1.1.4. Whilst Enzo tracks the additional

dissociation of H2 due to the LW field, is does not add this contribution

to its current H− photo-detachment rate; this effect is negligible for the

temperature of our LW radiation field however (Shang et al., 2010). As

we are effectively emulating a nearby cluster of PopIII stars though, ab-

initio simulations would have to factor additional effects such as SNe, the

propagation of metals and tidal fields, especially a for cluster with sufficient

proximity to generate such intensities. PopIII stars are also relatively short

lived so in reality the radiative background is expected to vary during stages

of direct collapse.

We again tally accretion rates for these halos using identical methods to

those used in section 3. These are again given to collaborators for use in

running accurate stellar evolution models, although this study is incomplete

at the time of writing (Woods et al. in prep.). This will eventually enable

the production of a suite of final BH masses under realistic conditions with

stellar evolution consistently coupled to the cosmological environment.
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We first discuss the quantitative effects of introducing molecular hydrogen

cooling with various LW backgrounds on the mass and accretion rates of each

halo, crucially determining whether they satisfy the requirements for building

a SMS. We then examine the general effect that changing this variable has

on fragmentation within the accretion disk and its long-term evolution.

4.1 Quantitative effect of LW intensity on fi-

nal mass & accretion rates

The enclosed masses within 0.136 pc of the densest point in the simulation

volume, assumed to correspond to the location of the CO, are shown in

figure 4.1, with the derived accretion rates displayed in figure 4.2. Both

these quantities are plotted logarithmically to allow for ranges across several

orders of magnitude to be plotted in the same graph, with fixed axes for ease

of comparison.

The time of collapse, enclosed mass at 3 Myr and peak rates are given in

tables 4.1, 4.3 and 4.2 respectively. The peak rate is the maximum accretion

rate within 1 Myr corresponding to the initial coalesce of gas within the

halo. This is used as an order of magnitude estimate for the accretion rate

throughout each simulation since turbulence and fragmentation later during

the disk evolution can drastically alter these values over short timescales.

The onset of collapse becomes earlier with decreasing LW intensity, as

expected; the fractional density of H2 increases with less dissociating radia-

tion and the halo reaches the critical mass to undergo this cooling channel

earlier. In each circumstance there is a remarkable difference between the
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Figure 4.1: Log plots for the enclosed mass within 0.136 pc of halos 1, 2, 8,

10, 16 & 20 under different LW intensities
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Halo No H2 104 103 102

1 232.3 220.21 201.14 100.21

2 283.8 257.50 195.37 106.14

8 174.4 156.43 149.97 86.38

10 221.5 209.95 202.83 108.63

16 229.6 194.30 116.06

19 299.8 278.28 263.10 166.14

Table 4.1: Time of collapse in Myr after the Big Bang for each of the sim-

ulated halos, when the simulation reaches the maximum allowed refinement

level of 15. The columns represent the intensity of LW radiation the halo is

exposed to in units of J21, with the isothermal case for comparison.

Halo No H2 104 103 102

1 0.750 0.015 0.030

2 0.250 0.010 0.007 0.003

8 0.625 0.015 0.090

10 0.875 0.075 0.020 0.003

16 0.800 0.0001 0.0005

19 0.800 0.025 0.008 0.0002

Table 4.2: The peak accretion rate within 1 Myr for each halo, corresponding

to the rate of initial gas coalescence. The columns represent the intensity of

LW radiation the halo is exposed to in units of J21, with the isothermal case

for comparison.
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Halo 104 103 102

1 2.23× 104 2.13× 104

2 9.46× 103 2.50× 103 4.77× 103

8 2.15× 104 3.71× 104

10 1.41× 105 2.21× 104 3.64× 103

16 493 1.34× 103

19 1.49× 104 1.82× 104 102

Table 4.3: Enclosed mass within 0.136 pc for each halo at 3 Myr after the

start of the simulation. The columns represent the intensity of LW radiation

the halo is exposed to in units of J21.

J21 = 103 and J21 = 102 cases. One possibility for the rapid fall in the ra-

diation’s effectiveness is that at such low intensities the non-linear effect of

H2 self-shielding begins to manifest. This phenomenon can prevent the inner

regions of H2 clouds from photo-dissociation and efficient collapse, even with

shielding schemes that allow dissociation over a broad range of wavelengths

to emulate Doppler shifting.

Intriguingly, the LW intensity has inconsistent effects on the buildup of

mass within the disk, at least for our sample of halos. For halos 8 & 19

the decrease in the value of J21 from 104 to 103 engenders an increase in the

mass at by the simulation end, with trends that indicate these disparities

will remain throughout their evolutions. For halos 1 & 16, the mass for the

higher J21 flux eventually surpasses that for the lower value, either during the

simulation or is projected to after the last snapshot. This may be due to the

relative increase in H2 being able to cool the cloud more efficiently and create
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a self-gravitating structure earlier. The global increase in fragmentation how-

ever also produces competing potential wells and the remaining gas within

the ISM becomes depleted, with the disk mass assymptoting. When the LW

intensity is decreased further to J21 = 102, the degree of H2 cooling usually

prevents accumulation of any mass within the disk beyond ∼ 5× 103 M� .

At the start of the runs, at onset of cooling, ∼ 50 - 100 M� of gas is

present within the central 0.136 pc for all our halos. By the end of each

simulation almost all halo disks reach a mass between 103 - 4× 104 M� and

form rotationally-supported self-gravitating disks, as with their isothermal

counterparts. The obvious two exceptions visible from table 4.3 are halo 16

under a J21 flux of 103 and halo 19 with 102. In both these cases the gas

fails to properly coalesce due to external torques and no disk forms by the

simulation end. Asides the J21 = 104 case in halo 2, none of the disks in

our simulation are expected to form a SMS star at their centers, we instead

expect the formation of a single typical mass PopIII star or a cluster thereof.

The effect of LW intensity on the accretion rates onto the central object

broadly reflect the impact on the enclosed disk masses. For halos 1 & 16 the

accretion rate is initially higher for J21 = 103, reflecting efficient fragmen-

tation of gas by H2 cooling at the start of the simulation. These decrease

below the J21 = 104 scenario however some 2 - 3 Myr after initial collapse and

later can fall off entirely due to the gas within the potential well becoming

exhausted. Halo 8 shows a similar trend but the rate for J21 = 104 is likely

insufficient for the disk mass to surpass its 103 counterpart. These rates also

demonstrate the broad consequences of activating molecular hydrogen cool-

ing on halos with differing morphologies, with variations over two order of
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Figure 4.2: Log plots for the accretion rate of halos 1, 2, 8, 10, 16 & 20 under

different LW intensities
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magnitude for the same LW intensity.

Halo 10 J21 = 104 is again the only halo within the suite to consistently

attain the estimated 0.04 M� yr−1 accretion rate necessary to keep the

proto-star on the Hayashi track and not become a source of ionizing UV

feedback.

4.2 Evolution of halos under varying LW in-

tensities

In this section we briefly detail the evolution of halos 1, 2, 8, 10, 16 & 19 with

H2 cooling chemistry and illuminated by various intensities of dissociating

LW radiation. These simulations are hereafter referred to by a tag represent-

ing the halo number and radix of LW intensity, for example H2LW2 refers

to halo 2 irradiated with a LW flux of J21 = 102. We discuss the formation

of a rotationally supported disk, fragmentation, if any present, and eventual

outcome of the disk. A panel of snapshots for each halo and corresponding

LW intensities, chosen to highlight idiosyncratic behaviour throughout its

evolution, is shown in figure 4.3.

In H1LW4 the central disk accumulates enough mass to begin slowly

rotating by ∼ 0.52 Myr and by 0.68 Myr the angular momentum has formed

a conspicuous central bar of gas. This develops into a set of spiral arms

that efficiently accrete material; at 2.34 Myr these structures intertwine and

turbulence sets in, with small fragments forming at the intersection of gas

filaments. A small infall occurs at ∼ 3.15 Myr but most clumps are tidally

distorted and angular momentum redistributed via the spiral arms. By the
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Figure 4.3: 6pc by 6pc density projections centered on the densest cell within

the simulation. Left to right. Top row: H1LW4, H1LW3, H2LW4. Second

row: H2LW3, H2LW2, H8LW4. Third row: H8LW3, H10LW4, H10LW3.

Fourth row: H10LW2, H16LW3, H16LW2. Bottom row: H19LW4, H19LW3,

H19LW2
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end of the simulation the halo continues to accrete via loose, prominent

spirals, extending to ∼ 0.8 pc in radius and showing no sign of assymptoting

in mass.

In H1LW3 the halo forms a bar at a similar point within the simulation,

around 0.77 Myr. This is less conspicuous however due to collapse with lower

angular momentum. Fragmentation is still present and at 1.04 Myr a clump

forms outside the disk which merges at ∼ 1.81 Myr, after its gas is tidally

stripped over the course of several orbits. The accretion of this gas generates

turbulence and, due to the asymmetrical distribution of the inalling gas, from

∼ 2.6 Myr the spiral arms begin to overlap. Each rotation pushes gas into

a region which stays fixed relative to the CO and persistently fragments,

feeding the central disk. By the simulation end at 4.78 Myr, the gas supply

is exhausted and, without continued accretion to fuel turbulence, the disk

shrinks to 0.6 pc with tight, rapidly rotating spirals. The decrease in LW

intensity and increase in H2 cooling diminishes the available gas supply and

effectively halts accretion past 2500 M� .

In H2LW4 the gas takes 0.38 Myr to coalesce, develops into a rotating

bar at 1.05 Myr and spiral arms form at 1.71 Myr. The gravitational torque

from the extended 0.6 pc central bar drives out the arms and creates an

surrounding under-density ∼ 0.4 pc in radius. By 2.78 Myr these arms un-

dergo turbulence, interact and fragment; these fragments then assemble into

clumps and subsequently infall at 2.88 Myr, 3.26 Myr and, with a conspicu-

ous peak, at 3.45 Myr. Although accretion is slow the mass displays no clear

signs of assymptoting.
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With decreased LW intensity, for H2LW3 a rotationally supported struc-

ture only becomes apparent at ∼ 1.43 Myr. The arms began to slowly rotate

and a small, low density disk ∼ 0.4 pc in radius persists as the only visible

structure until the end of the simulation. No fragmentation occurs as the disk

is completely isolated with no accretion to drive instabilities or turbulence

and the mass assymptotes at ∼ 2500 M� .

Decreasing the intensity further in H2LW2 drastically alters the morphol-

ogy of the collapsing halo. By 0.46 Myr the gas forms a compact disk only ∼

0.3 pc in radius and at 0.70 Myr fragmentation is already visible within the

arms of the disk close to the CO. The ensuing clump subsequently infalls at

0.85 Myr, followed by numerous small mergers at 1.10 Myr, 2.19 Myr, 2.60

Myr, 3.26 Myr, 3.65 Myr & 4.22 Myr. After ∼ 1.5 Myr, torques from the

inner disk drive out gas which is then perturbed and fragments at ∼ 1.0 pc.

These small clumps orbit the CO multiple times before merging, creating

trails of unstable gas in the process; the behaviour is qualitatively similar to

isothermal simulations of halos 12 & 19. The disk continues to accrete by

the simulation end.

H8LW4 undergoes two mergers with small fragments at 0.33 Myr &

0.44 Myr as it coalesces into a barred spiral and starts rotating. During this

period the arms are still forming and readily fragment; the ensuing clumps

are ejected from the main disk by gravitational torques and reach a radius

of ∼ 0.8 pc, before they are recaptured by the disk’s potential and infall at

0.88 Myr, 1.11 Myr & 1.61 Myr. When merging with the CO these form long

tidal arcs that extend up to 3 pc. The disk only experiences minor fragmen-
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tation and turbulence thereafter and the mass assymptotes at ∼ 20 000 M�

as no gas is left to accrete, leaving the disk isolated as rotation is expected

to slow.

In H8LW3 many fragments can be seen moving in the potential of the

central disk as it coalesces at 0.30 Myr. These merge with each other and

finally the CO at 0.49 Myr & 0.73 Myr, creating tidal arms in the process.

After ∼ 1 Myr the central disk begins to form its own set of very rapidly

rotating, compact spiral arms. Gas shed from these arms accumulates on one

side of the disk owing to asymmetrical accretion, replicating the process seen

H1LW1e3, although here the rate is insufficient to produce fragmentation.

Infalling gas outside of the disk forms a clump, though it appears unaffected

by its potential, possibly owing to a large separation along the line-of-sight

of the projection. By 3.13 Myr its gravitational field seems to affect the disk

which becomes turbulent, grows to ∼ 1.4 pc and starts to fragment. Plots of

the enclosed mass within the disk indicate that it assymptotes at 35 000 M�

, however.

As H10LW4 coalesces, massive clumps form outside the central disk which

infall at 0.35 Myr & 1.05 Myr and multiple cores are visible. While the second

clump orbits the CO, it forms long filaments of gas from tidal forces which

interact those materialising from accretion flows and no arms are discernible.

By 0.76 Myr many fragments begin to appear and infall along rapid accretion

streams parallel to the gas filaments. By ∼ 1.6 Myr a spiral structure is

visible, though the disk remains surrounded by dense, wispy gas and many

clumps. The latter begin to orbit, creating turbulence in the process. One
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such clump grows by assembly, orbits multiple times and infalls at 2.76 Myr

whilst producing long arcs of gas through tidal distortion. By the simulation

end a spiral structure composed of loose arms up to ∼ 1.0 pc is visible with

the halo continuing to efficiently accrete.

With the LW intensity decreased in H10LW3 the disk again merges with

fragments during coalescence at 0.54 Myr and begins to rotate. Fragments

form and infall into the CO at 1.19 Myr & 1.52 Myr as the spiral arms begin

to emerge. The halo then undergoes the same ‘overlapping’ effect as the

H1LW1e3 & H8LW1e3: the spiral arms overlap and continue to redistribute

gas into a single arc which becomes unstable and fragments. This produces

eventual infalls at 2.03 Myr & 2.12 Myr, 2.40 Myr. By ∼ 2.5 Myr the spiral

arms dissipate and the disk persists isolated, asides from a merger at 3.42 Myr

which is tidally distorted into a long arc. With little background accretion

and no mergers, the mass assymptotes at 25 000 M� .

In H10LW2 the halo takes until 0.61 Myr to coalesce and only begins to

visibly rotate at 1.75 Myr. A small ∼ 0.3 pc radius disk forms with tight,

low density spiral arms which persists isolated without any fragmentation up

to 3.54 Myr. At this point another separate disk system appears within the

field of view and eventually merges at 4.18 Myr. Asides from the brief burst

of accretion rate due to this merger, the mass assymptotes at ∼ 6000 M� .

In H16LW3 initial coalescence is extremely slow and the a central disk

only begins to emerge and start rotating at ∼ 3 Myr. Eventually, by 3.84 Myr

the gas assembles into a discernible bar and by ∼ 4 Myr this has grown into

a heavily barred rotating spiral ∼ 0.5 pc in radius. The CO continues to
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slowly acquire mass though: density projection plots indicate the gas supply

around the disk is becoming rapidly depleted by the simulation end.

As with its counterpart, H16LW2 coalesces very slowly, only forming a

rotating bar at ∼ 1.7 Myr. Although no arms form between 2 - 3 Myr,

accretion is visible through streaming flows. At 2.86 Myr the gas within one

of these streams begins to fragment and merges with the CO at 3.14 Myr;

this distorts the infalling gas into a set of spiral arms and the disk starts to

rotate. Small fragments within these arms infall at 3.81 Myr & 4.19 Myr;

at the simulation end these have developed into a loose system ∼ 0.6 pc in

radius.

H19LW4 merges with another small fragment at 0.54 Myr whilst coalesc-

ing which imparts rotation on the central disk. At 0.57 Myr, the gas from

the infalling fragment is briefly distorted into opposing spiral arms but by

∼ 1 Myr these have dissipated. Throughout most of the remainder of the

simulation the halo persists as an isolated clump ∼ 0.2 pc in radius without

any visible spiral structure. By 3.5 Myr, however, orbital motion within this

gas and the emergence of spiral arms is visible, though the mass still appears

to assymptote at this stage. The disk may still be accumulating mass but

the gas may be being dispersed beyond 0.136 pc due to rotation and the

shedding of angular momentum. Th effect of asymmetrical accretion is again

appreciable.

In H19LW3 the central disk begins to assemble and rotate at ∼ 0.68 Myr,

at which point two secondary clumps also enter the field of view. The pres-

ence of other gravitational fields appears to prevent effective coalescence, with
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fragmentation occurring in the diffuse gas which surrounds the central bar.

The massive clump orbits the CO multiple times, becoming tidally stripped

into long arcs of gas at each periapsis, before finally infalling at 2.96 Myr.

The CO merges with the second clump at 3.26 Myr.

With the LW intensity decreased further in H19LW2, the gas is barely

able to collapse to form any compact structure and no rotation is discernible

until ∼ 0.5 Myr. By the end of the simulation a tentative spiral disk is visible

but this is still surrounded by diffuse gas.

4.3 Qualitative effect of LW intensity on ac-

cretion rates

In this section we outline the qualitative effect that decreasing the LW inten-

sity has on accretion rates and how these are linked to the evolution of the

disk. The behaviour of the accretion disk is summarised in the two tables 4.4

and 4.5. The former is a truth table detailing whether the mass within the

halo shows signs of assymptoting by the simulation end and the latter is a

subjective overview on the degree of fragmentation within the disk. We also

show the accretion rates in linear space in figure 4.4, where the axis limits

are chosen automatically to best window the graph and specific features of

the rate can be more readily compared.

For halo 1 decreasing the LW intensity slightly decreases the rate from

8×103 to 4×103 M� yr−1, although at initial coalescence this increases from

0.015 to 0.030 M� yr−1. There is less angular momentum during collapse

and higher asymmetry of accretion flow, producing the effect of overlapping
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Halo No H2 104 103 102

1 False False True

2 False False True False

8 False True True

10 True False True True

16 True True False

19 False True False False

Table 4.4: Truth table for whether the mass of each halo displays an as-

symptoting trend by the simulation end.The columns represent the intensity

of LW radiation the halo is exposed to in units of J21, with the isothermal

case for comparison.

Halo No H2 104 103 102

1 Lots Some Some

2 Lots Lots None Lots

8 Lots Lots Lots

10 Some Lots Some None

16 Some None Some

19 Lots None Lots None

Table 4.5: Categorical classification for the degree of fragmentation present

in each halo. The columns represent the intensity of LW radiation the halo

is exposed to in units of J21, with the isothermal case for comparison.

122



Figure 4.4: Accretion rate for each simulation in M� yr−1, with varying

x-axes scales. Left to right. Top row: H1LW4, H1 LW3, H2LW4. Second

row: H2LW3, H2LW2, H8LW4. Third row: H8LW3, H10LW4, H10LW3.

Fourth row: H10LW2, H16LW3, H16LW2. Bottom row: H19LW4, H19LW3,

H19LW2
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spiral arms. There is a similar degree of turbulence and fragmentation, as

shown by the accretion rate, which still occurs down to J21 = 103, suggesting

the possible merger of regular PopIII binaries. Fragmentation also increases

outside of the disk as it becomes more efficient with increased H2 and even-

tually prevents the accumulation of more mass onto the CO.

For halo 2 this produces a decrease in accretion rate after coalescence from

∼ 5×10−3 to 2×10−4. The rate also goes from being dominated by fragmen-

tation, turbulence and even possible binary orbits to coalescence being the

single dominant feature. The disk also becomes significantly smaller with less

enclosed gas and turbulence. Conversely, when the LW intensity is further

decreased the evolution becomes comparable to the 104 case: dominated by

fragmentation but with smaller disk size and clump mass.

In halo 8 decreasing the LW intensity creates an initial increase in rate

but this drops abruptly after 2.2 Myr. Heavy fragmentation and turbulence

sustained within the arms terminates earlier but evolution during the early

stages of the disk is comparatively similar. This decrease again engenders

asymmetrical accretion and there is evidence of other gravitational sources,

from fragmentation outside the disk, depleting gas.

Although H10LW4 has the highest rates, H2 cooling decreases them gen-

erally by an order of magnitude. The peaks become broader as less accretion

occurs via fragmentation, and although initial fragmentation is still evident

the disk terminates accretion and stabilises by the simulation end. Decreas-

ing J21 further decreases the rates by another order of magnitude and the

rates become mostly dominated by noise. The disk only gains enough mass

to begin rotation by 1.85 Myr.
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In halo 16 both sets of rates for J21 = 104 and 103 increase throughout

the simulation as more gas begins to coalesce onto the disk. As with halo

2, a decrease from 103 to 102 actually increases the rates, by a factor of 5

in this case. In decreasing the value of J21, the transition from coalescence

to accretion becomes more abrupt and occurs earlier. This occurs almost

exclusively via initial fragmentation and slows as the disk progressively settles

into a rotationally supported structure.

The accretion rates of H19LW4 fall after coalescence, marked by pro-

longed peak, and are overtaken by the 103 case. H19LW4 stagnates in mass,

similarly to H10LW3, while the accretion rates of H19LW3 reflect the orbit

of large clumps which continue to feed the CO. Decreasing the rates further

prevents the gas from coalescing altogether and the rates become dominated

by noise.

4.4 Discussion

In this section we have shown the results for where we attempted to sim-

ulate each of the halos selected in section 2.2.2 with full H2 chemistry and

varying Lyman-Werner backgrounds of 104, 103 & 102 J crit21 . This thereby ac-

counts for expected deviations from isothermality during collapse caused by

molecular hydrogen cooling, under a speculated range of possible radiation

backgrounds. Although this simulation suite isn’t as complete as for the six

species case, it is possible to discern some general characteristics that arise

from decreasing the intensity of the LW radiation and thereby increasing the

contribution of H2 cooling. The time of collapse, though only an estimate for

the time at which central star formation commences, becomes significantly
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earlier as the value of J21 is decreased, as the host halo crosses the threshold

for the molecular cooling channel earlier. This is especially noticeable for the

decrease from J21 = 103 to 102 most likely to self-shielding also beginning to

manifest non-linearly.

Meanwhile, varying the degree of LW radiation the halo is subject to

has very inconsistent effects on the accumulation of mass within the inner

∼ 1 pc of the halo and the evolution of an accretion disk. As the gas cools

and becomes self-shielding it seems the particular morphology of the halo is

far more influential to the development of fragmentation and star formation

than other global properties. With H2 chemistry enabled, our halos usually

collapse into disks far less massive than their atomically cooling counterparts,

with masses ranging ∼ 103 - 4 × 104 M� . We therefore do not generally

expect the formation of SMSs in these circumstances, but instead PopIII

stars with masses ranging 40− 103 M� or clusters thereof.
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Chapter 5

Spectrum of DCBH masses

from variable rates

5.1 Importance of final SMS masses from vari-

able rates

Final SMS masses in the direct collapse model play an important role in

determining the rate at which the nascent BH can accrete afterwards, as

seen with the Eddington limit, and therefore the environment surrounding

the first quasars. They could even provide an lower mass bound estimate for

intermediate mass BHs. However, realistic final masses require evolving the

star with accretion rates that accurately replicate the surrounding environ-

ment for the duration of its lifetime. The unprecedented length of our study

enables us to provide this accretion information from cosmological 3D Enzo

simulations to external collaborators who then calculate the current state of

the central star using KEPLER, a specialised stellar evolution code. These
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models can then be used to predict the time and mass at which the star

undergoes the GR instability and collapses, thus providing a suite of realistic

break-out masses for BHs that are fully self-consistent with the environment

of their host halos. The results from these externally performed KEPLER

runs are evaluated in this chapter which broadly summarises Woods et al.

(2021), of which the writer is a co-author.

Even with recent improvements in numerical simulations, studies have

had to compromise between resolution and run time. The first such simula-

tions either focused on capturing the immediate formation of the proto-star

at sub-AU scales (Wise et al., 2008) or larger scales relevant for disk for-

mation but only for a few dynamical times (Regan and Haehnelt, 2009a)

(Regan and Haehnelt, 2009b). This meant, although large infall rates have

been confirmed during initial atomic collapse, there was no way to ascertain

whether they would persist long enough to sustain the proto-star through

to collapse into a BH. Eventually the proto-star could exhaust gas supply

within the halo and the inflow rates would subsequently assymptote to zero.

Later studies by Regan et al. (2014) and Latif in Latif and Volonteri (2015)

and Latif et al. (2013a) evolved the disk system for somewhat longer times

but these were only a few 10 kyr in duration and still could not follow its

evolution in its entirety.

The vast majority of simulations that explicitly evolve PopIII SMSs have

also only considered idealised, constant accretion rates instead of evolving

them in the highly varying rates which are seen in our simulations. These

calculations simply add a pre-determined mass each time-step once a sink
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particle has formed. Accretion via clumps arising from disk fragmentation

has been approximated by idealised bursty rates in Sakurai et al. (2015):

the study found the star exhibiting hot, blue phases during long episodes

between bursts where accretion rates were sufficiently low.

Our previous work has shown however that, over the time necessary for a

proto-star to form and undergo collapse, its accretion disk can become highly

turbulent and episodes of fragmentation, where clumps assemble and infall,

are almost ubiquitous. This behaviour gives arise to rates that both vary

chaotically on short timescales and display several bursts, which are quite

different than those considered in any SMS model so far (Becerra et al.,

2015) (Becerra et al., 2018) and have not yet been treated with adequate

consideration.

How SMSs evolve in rates produced by the turbulent flows in which they

reside is crucial to obtaining their actual growth rate, temperature and lumi-

nosity and hence the mass at death. Intermittent, high surface temperatures

could reduce the accretion rate onto the star via feedback and entail both a

later time of collapse and reduced mass at which this occurs. The maximum

luminosity that the star achieves is dependent on both these attributes and

hence these interior processes are ultimately essential for estimating prospects

for detection. Confirmed observation of such a star would also imply detec-

tion of its BH and thus the origins of the first quasars to inhabit the universe.

If significant decreases in the accretion rate prompt an extended transition in

the SMS to a hot, blue phase, it then becomes a source of ionizing photons.

In this circumstance, models with radiative hydrodynamics directly coupled

to our stellar evolution codes may become necessary to capture the late stage
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evolution of the star and subsequent death.

The accretion rate is hence essential in determining the nature of the

central object itself during the SMS phase. Significant radiative feedback

could compete against accretion flow and, during prolonged quiescence, the

SMS could become a PopIII star and even produce SNe which could inhibit

further SMS formation in that region. Coupling the rates from a faithful sur-

rounding environment to the proto-star’s evolution is therefore necessary for

realistic simulations of DCBH birth. Combining our accretion rates gathered

throughout the star’s lifetime ensures proper treatment of its evolution, aids

self-consistency and ultimately increases the accuracy of our results.

5.2 The Kepler evolution code

The accretion rates taken from the sample of eight halos simulated in section

3 are given to collaborators in Woods et al. (2021) who use the data to evolve

the stars at the the center of our atomically cooling disks using the stellar

evolution code KEPLER (Weaver et al., 1978). KEPLER assumes com-

plete spherical symmetry, hence the absence of rotation or magnetic fields,

to express the equations governing stellar evolution in terms of Lagrangian

coordinates, using the entire enclosed mass within a radius as the indepen-

dent variable. It partitions the star into 1000 - 2000 zones with especially

high resolution near the center and the outer layers.

To obtain these equations we first take the Euler equation governing the

conservation of momentum

ρ
D~v

Dt
= ~Fg − ρ~∇p+ ν

[
∇2~v +

1

3
~∇(~∇ · ~v)

]
(5.1)
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with D representing the advective derivative and ~F external gravitational

forces. As we are working in a Lagrangian reference frame we can take

the advective derivative to be absolute and by assuming spherical symmetry

obtain

ρ
d~v

dt
= −ρGrelmr

r2
− ρ∂p

∂r
+ ν

[
∇2~v +

1

3
~∇(~∇ · ~v)

]
. (5.2)

By using

∂

∂r
=
∂m

∂r

∂

∂m
= 4πr2ρ

∂

∂m
(5.3)

and evaluating the viscous term inside the brackets, dropping any non-radial

components, this becomes

dv

dt
= −Grelmr

r2
− 4πr2 ∂p

∂mr

+
ν

ρ

[
−4

3

v

r2
+

4

3

∂2v

∂r2
+

2

r

∂v

∂r

]
(5.4)

or factorising,

dv

dt
= −Grelmr

r2
+ 4πr2 ∂p

∂mr

+
4π

r

∂Q

∂mr

(5.5)

where

Q =
4

3
νr4∂(v/r)

∂r
. (5.6)

A similar treatment for energy conservation gives

dE

dt
= −4πp

∂(vr2)

∂mr

+ 4πQ
∂(v/r)

∂mr

− ∂L

∂mr

+ ε̇ (5.7)

with the terms on the RHS corresponding to the energy flux due to work,

viscous dissipation, radiative flux and nuclear burning ε̇ respectively.

In these conditions of high curvature and mass, we use the Tolman-

Oppenheimer-Volkoff (TOV) approximation to the Einstein equations to give

post-Newtonian correction to the gravitational constant. Its modified value

becomes

Grel = G

(
1 +

p

ρc2
+

4πpr3

mrc2

)(
1− 2Gmr

rc2

)−1

(5.8)
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where G is the unmodified gravitational constant followed by terms repre-

senting general relativistic deviations due to pressure and the Schwarzschild

term.

In KEPLER the dynamic viscosity ν is treated to include both real and ar-

tificial terms. Under the conditions relevant to our study, the viscous terms in

both equations remain relatively small, except in circumstances where shocks

are present. As these environments usually have very abrupt gradients, the

dynamic viscosity coefficient is modified to avoid any associated numerical

problems to

ν = νr +
3

4
ρ
(
l1cs + l22 max(0,−∇ · ~v)

)
. (5.9)

The last term introduces both a linear and artificial viscosity that spread

shock transitions over characteristic distances l1 and l2 respectively, following

the treatment of Lax (1954) and Von Neumann and Richtmyer (1950). In

our calculations these parameters are set to l2 = 2∆r, νr = 0 and l1 =

0.1∆r, where ∆r is the distance between the two boundaries of the current

mass shell. Sometimes l1 is temporarily increased to ∼ 1000∆r to dampen

oscillations during quiescent stages of stellar evolution.

KEPLER makes a large initial guess for each time-step, then identifies

the largest the code can take before exceeding thresholds on the maximum

fractional change of radius, temperature, luminosity and density. This allows

for long-term evolution of the proto-star, only reducing to short time-steps

when instabilities appear. Changes in ion composition due to convection and

nuclear fusion are then calculated using the converged values for the density

and temperature profiles. The equation of state, which relates the intrinsic

variables of energy, temperature, density and pressure, has to capture the
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production of electron-positron pairs and the evolution of relativistic and

degenerate positrons and electrons in order to capture the GR instability.

For this we employ the Helmoltz-like equation of state described in Timmes

and Swesty (2000).

The mixing of ion species with quantity Yi is governed by the time-

dependent diffusion equation

dYi
dt

=
∂

∂m

[
(4πr2)2ρ2D

∂Yi
∂m

]
(5.10)

where D = vl/3 when convected by the density gradient (Ledoux criterion).

When conducted by the temperature gradient (Schwarzchild criterion) in-

stead, D reduces to

D = 0.1
vclDr/3

Dr + vcl/3
.

Nuclear reaction rates and luminosities were taken from experimental

and statistical (Hauser-Feshbach) models, with an experimentally determined

rate used if possible (Woosley et al., 2004). For atomic nuclei with nuclear

numbers between A = 44 - 63, experimentally undetermined rates were taken

from the calculations of Fisker et al. (2001). All other reaction rates were

calculated using the code Non-Smoker as described by Rauscher and Thiele-

mann (2000). Radiative and conductive opacities are calculated using the

analytic prescription of Iben (1992).

The temperature and density profiles of our stars are initialized as 10 M�

, n=3 polytropes with central densities and temperatures of 10−3 g cm−3 and

1.2 ×106 K respectively. We assume a primordial composition for both the

stars and their accretion flows. We advect material onto the star by adding

the accreted mass within a given time-step onto the outermost mass shell

and match its entropy to that of the stellar surface. We neglect luminosity
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due to accretion shock which, at the rates observed in our simulations, is

negligible to that of the star.

5.3 Final spectrum of DCBH masses

5.3.1 SMS generalities

In simulating the stellar evolution of each of the stars forming at the cen-

ter of our collapse models, the Woods team found that, accounting for the

nuclear evolution and the response of SMSs to accretion, all sampled SMSs

collapse during or rapidly after hydrogen-burning, just after joining the main

sequence. In all cases, the object persists beyond initial adiabatic contrac-

tion, when radiation becomes optically thick, through to the p-p chain where

hydrogen is converted into helium via the following reactions:

H+ +H+ → D + e− + νe (5.11)

D +H → He3 + γ (5.12)

He3 +He3 → He4 +H +H . (5.13)

The temperature at the densest point then reaches ∼ 108 K, enough to

initiate a chain of reaction known as the triple-α process, where

He4 +He4 → Be8 (5.14)

Be8 +He4 → C12 (5.15)

C12 +He4 → O16 (5.16)

results in the production of the species Be8, C12 and O16. Nitrogen is

also formed via the CNO cycle, a continual cycle of weak decays, α particle
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emissions and proton absorptions between C12, N13, C13, N14, O15 and N15.

These reactions stabilise the star against any further contraction and the

radius evolves along the Hayashi track according to the relation

R = 2.6× 103R�

(
M

M�

)1/2

.

The SMSs which form then radiate predominantly in the infra-red and can

therefore inhibit any feedback which would halt accretion. The accumulation

of mass is so rapid that in all cases asides halo 16 the star collapses via

the GR instability before hydrogen in the core is depleted, as predicted by

Haemmerlé et al. (2018) and Woods et al. (2017). The evolution during this

phase depends on individual halo accretion characteristics.

5.3.2 SMS particularities

Kippenhahn diagrams are 2D plots detailing the evolution of a star by show-

ing the boundaries between qualitatively distinct zones over time, such as

those defined by the burning of different nuclear species or where convection

dominates over radiation. The x-axis represents some value that parame-

terises the evolution of the star, such as mass or in our case, time. The

y-axis represents the enclosed mass and region size along this axis indicates

the quantity of mass or percentage thereof in that phase. These diagrams

hence are very convenient for showing where and when a star is convective

or generating energy and how this is changing over time, allowing to identify

separate events throughout the star’s evolution. Such diagrams are generated

by KEPLER as it calculates the hydrodynamical and chemical state of each

Lagrangian parcel of gas composing the central star over time. These encap-

sulate a wealth of information, including the total mass, energy generation
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Figure 5.1: Kippenhahn diagram for the CO in halo 1

and transport within the object, and are plotted below with an accompanying

description for the evolution of each star.

In the Kippenhahn diagram for the SMS in halo 1, figure 5.1, the rapid

buildup of a high-entropy radiative envelope is visible which ends up sur-

rounding a convective core sustaining hydrogen fusion. This is to be ex-

pected from the high accretion rates onto the stellar surface associated with

initial coalescence within the Enzo simulations. The outer radiative envelope

is only just stable and small, short-lived convective cells can be seen devel-

oping within the upper portion, also observed in Umeda et al. (2016) and

Woods et al. (2017). In the Enzo simulation, accretion then slowly decays to

a roughly constant background value above the critical rate, varying slightly

due to turbulence and punctuated by bursts corresponding to the infall of

fragments, the last in particular with a satellite disk. These can be mapped

to three steep gains in mass, where the sudden introduction of new mate-

rial into the star means it develops a convective regions which then merge

once it thermally relaxes, gradually forming an almost entirely convective

star ∼ 0.9 yr into its evolution. The star collapse due to the GR instability
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Figure 5.2: Kippenhahn diagram for the CO in halo 2

at ∼ 1.2 Myr after reaching a mass of ∼ 1.7× 105 M� . This occurs before

the depletion of hydrogen within the core which still has a central fraction

of Xc = 0.29; the KEPLER models also confirm that neither the SMS or the

satellite in this setup collapse before merging.

Without a prominent spike in accretion just after formation, as with the

other halos in the Enzo sample, the central SMS for halo 2 has a correspond-

ingly shallow buildup in mass up until ∼ 500 kyr when fragmentation in

the surrounding disk supports the rapid accumulation of mass onto the star

(figure 5.2). This again leads to the formation of a high-entropy radiative

envelop during phases of clumpy accretion which then merge into fully con-

vective regions once the star relaxes. The star collapses whilst still in the

hydrogen burning phase with a central core fraction of Xc = 0.34, coinciding

with another outburst of accretion, with final mass of 1.55× 105 M� . This

is extremely close to the upper bound for avoiding direct collapse for fully

thermally relaxed supermassive stars.

In halo 8 the initial surge in accretion rate proceeds up to ∼ 0.4 M� yr−1

and remains relatively high with an average ∼ 0.2 M� yr−1, though varying
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Figure 5.3: Kippenhahn diagram for the CO in halo 8

Figure 5.4: Kippenhahn diagram for the CO in halo 10

greatly in turbulent media, decaying later to a background super-critical

rate. Because of the constant mass loading which doesn’t get interrupted

by periods of relaxation, the Kippenhahn diagram of its SMS in figure 5.3

is reminiscent of a constant accretion rate (Hosokawa et al., 2013) (Woods

et al., 2017) (Haemmerlé et al., 2018) and a large super-adiabatic radiative

layer grows. Convective cells do start to form within this envelop after ∼ 0.5

Myr but the star remains far from thermally relaxed when it collapses with

a mass of ∼ 1.86× 105 M� at 0.954 Myr, with a central hydrogen fraction

of Xc = 0.38.
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Figure 5.5: Kippenhahn diagram for the CO in halo 12

Halo 10 boasts an abrupt spike an accretion, growing initially at a rate

similar to halo 8 achieving almost 0.4 M� yr−1 within 100 kyr. As previously

seen this mass grows and remains in a high-entropy envelope surrounding the

nuclear burning core (figure 5.4). After the accretion slows the slope in ac-

cumulated mass decreases and the star starts to thermally relax: convective

cells develop within the radiative envelope and the convective zone also moves

towards the surface, encompassing an increasing proportion of the star. Ac-

cretion continues at an average super-critical rate of 0.07 M� yr−1 during

which the remaining radiative layers gradually disappear. The star collapses

just before another accretion burst bought on by fragmentation at ∼ 1.9

Myr, with a final mass of 1.32 × 105 M� and a core hydrogen fraction of

Xc = 0.06.

Halo 12 is another prominent host of a disk exhibiting strong turbulence

and fragmentation. The ensuing bursts of accretion lead to rapid increases

in mass during the KEPLER run seen at 0.5 Myr and 0.65 Myr in figure

5.5. In this case the SMS produces substantial high-entropy regions which

persist for the duration of the star’s lifespan, as well as, curiously, transient
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Figure 5.6: Kippenhahn diagram for the CO in halo 16

semi-convective regions for reasons which remain unclear to the team running

KEPLER. The star still collapses via the GR instability, in this instance at

1.22 Myr with a mass of 1.78×105 and central hydrogen fraction of Xc = 0.31.

The most noticeable accretion feature of halo 16 during the Enzo sim-

ulations is the particularly strong initial peak associated with formation,

depositing nearly 0.8 × 105 M� onto the star within 200 kyr, before rates

almost entirely halt. Mass accumulates onto the disk before it becomes un-

stable later during the simulation and after ∼ 1.5 Myr have elapsed the rates

show signs of ensuing turbulence and fragmentation. These characteristics

result in a very steep mass curve followed by a long steady plateau once in-

put into the KEPLER models: the star builds up an enormous high-entropy

envelope surrounding a convective, nuclear burning core which grows much

more steadily (figure 5.6). After accretion subsides, the star thermally re-

laxes and the convective region gradually consumes almost the entire stellar

mass by 500 kyr. Once small bursts of accretion resume following the disk’s

fragmentation, the star accumulates another 3 × 104 M� before collapsing

at 1.68 Myr with a mass of 1.1 × 105 M� . This star is the outlier in the
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Figure 5.7: Kippenhahn diagram for the CO in halo 19

Figure 5.8: Kippenhahn diagram for the CO in halo 20

sample as it is the only one to reach hydrogen exhaustion (Xc = 0).

The accretion history of halo 19 is comparable to halo 1, both boasting

significant accretion peaks when coalescing before subsiding to modest rates

occasionally punctuated by fragmentation. Their rates also display larger

bursts due to the merger with a satellite disk. Therefore, although subject

to a high initial buildup in mass, the star has almost fully thermally relaxed

and the unstable radiative regions dissipated by the time of merger (figure

5.7). The star remains almost fully convective as this occurs and collapses at

1.79 Myr with a mass of 1.77× 105 M� and hydrogen fraction of Xc = 0.19.
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Whilst halo 20 experiences an initial abrupt peak in accretion like most

of its counterparts, similarly to halo 8 this rate only subsides very gradually.

Its Kippenhahn diagram in figure 5.8 therefore displays a very steep increase

in mass where a high-entropy envelope forms, followed by a slope where

the convective core very gradually consumes the entirety of the star. A

mass exchange with the satellite disk at 1.36 Myr produces another burst of

accretion and a corresponding sudden increase of the star’s mass. It then

collapses soon after at 1.48 Myr with a final mass of 1.78 × 105 M� and

hydrogen fraction of Xc = 0.14.

An outline of the key characteristics of each SMS KEPLER run is given

in table 5.1. The time elapsed between the simulation reaching the maximum

refinement level (presuming star formation soon after) and the central SMS

collapsing via the GR instability is given by tcol. The mass of the SMS at

this time of collapse and consequently the initial mass of the nascent BH is

represented by Mcol, with Xc being the hydrogen fraction remaining in the

core at this time.
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Halo tcol (Myr) Mcol (105 M� ) Xc

1 1.17 1.73 0.29

2 1.46 1.55 0.34

8 0.95 1.86 0.38

10 1.95 1.32 0.06

12 1.22 1.78 0.31

16 1.68 1.10 0.00

19 1.79 1.77 0.19

20 1.48 1.78 0.14

Table 5.1: Table summarising the KEPLER evolution of the central SMSs

for each halo within the Enzo sample. tcol denotes the stars’ lifetime taking

t=0.0 within the Enzo simulations to be origin, Mcol its mass at this time

and Xc the core hydrogen fraction.
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Chapter 6

Potential signatures of DCBH

formation

6.1 Infra-red observations

Studies have shown that the rapidly accreting, cool, red SMSs considered in

this work have surface temperatures of 5000 - 10000 K (Hosokawa et al., 2013)

and luminosities that could exceed 1010L� (Haemmerlé et al., 2018). This, in

principle, makes them observable by the JWST, Euclid and WFIRST surveys

(Kalirai, 2018) as well as ground based extremely large telescopes (ELTs).

The dense accretion flows that fuel the star could also however obscure and

reprocesses any emitted radiation and even drastically diminish the observed

NIR flux.

To evaluate this effect and hence assess the observational outcome of

these future surveys, temperature and density profiles of the accretion disk

from one of our simulations is used to post-process a SMS spectra in Surace

et al. (2018). With aid from the collaborators of this paper, this spectra is
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then redshifted, dimmed and convolved with a variety of filter functions in

order to calculate AB magnitudes for various NIR surveys in the observer

frame as a function of frequency and SMS redshift. We take the temperature

and density profiles from one of our baryonic, atomically cooling (six species

chemistry and no LW backgrounds) Enzo simulations at 1.786 Myr to post-

process radiation from stars simulated off-site and obtain near infra-red (NIR)

luminosities.

The host halo is simulated with Enzo from the same initial conditions

outlined in section 2, with identical simulation parameters to the suite of

eight halos examined in section 3. It collapses at z = 17.8 with a mass of

2.7×107 M� ; other characteristics such as spin and merger history were not

recorded as these were not deemed relevant to the particular study. Similarly

to the atomically cooling halos previously simulated, it collapses to form a

gravitationally supported disk at the center. It is ∼ 2 pc in diameter, has

temperature of 4000 - 6000 K and boasts accretion rates of 0.4 - 0.6 M�

yr−1. The spherically averaged density and temperature profiles of the halo

at 0.238 Myr, 0.506 Myr, 1.012 Myr and 1.786 Myr, as well as the accretion

rate and a head-on density slice taken at 1.012 Myr, are shown in figure 6.1.

The stars used in the Surace et al. (2018) paper are imported from Haem-

merlé et al. (2018) and are treated as black bodies, since they are cool super-

massive stars and have no metals to produce any absorption features. The

properties of both stars are listed in table 6.1, with t corresponding to the

time within the star’s evolution at which the spectra is taken. We use an

accretion disk from our simulations for radiative post-processing rather than

ones which form in cosmological simulations of the stars themselves, as stel-
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(a) Density profile (b) Temperature profile

(c) Accretion disk at 0.625 Myr
(d) Accretion rates

Figure 6.1: Properties of the halo surrounding the star site: density and

temperature profiles at 0.238, 0.506, 1.012 & 1.786 Myr, head-on density

projection of inner 6pc at 0.625 Myr and accretion rates
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Lbol(L�) Teff (K) t (Myr)

0.1 M� yr−1 1.26× 109 6653 0.349

1.0 M� yr−1 3.92× 109 8241 0.109

Table 6.1: Properties of the stars in Haemmerlé et al. (2018) whose spectra

are post-processed, with the bolometric luminosity, effective surface temper-

ature and time within the simulation that the spectra was taken

lar evolution models for SMSs in time-dependent cosmological flows are not

yet available.

The spherically averaged density and temperature profiles of the sur-

rounding envelope are tabulated into 70 logarithmically spaced bins ranging

from 0.015 pc to 927 pc. These are input by collaborators into Cloudy

(Ferland et al., 2017) which solves equations of radiative transfer, statistical

equilibrium, ionization and cooling to calculate the excitation and ionization

state of the gas and then compute an emergent spectrum. These resultant

spectra can then be used to accurately estimate the luminosity of SMSs in

the observer frame and hence the likelyhood of detection by various surveys.

This work as well is performed by collaborators in the co-authored paper

Surace et al. (2018) whose main results are detailed in the rest of this chap-

ter: section 6.1.1 describes the spectra output by CLOUDY and section 6.1.2

the calculated observability of the SMS in different survey filters, performed

by associates.
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6.1.1 Resultant spectra

The spectra for the 1.0 M� yr−1 case from Surace et al. (2018) is displayed

in figure 6.2 both before and after it is post-processed by Cloudy, represented

by the blue and red curves respectively. The emergent spectrum peaks at

0.352 µm, as expected for black-body radiation at this temperature, with

absorption by the envelope at the Lyman limit clearly visible at 0.0912 µm.

Below this limit the spectra is punctuated by several conspicuous He emission

lines, as well as a Lyman-α emission line at 0.1216 µm and strong Hα and

Paschen series lines at 0.656, 1.28 & 1.88 µm from de-excitations in atomic

hydrogen. Continuum absorption from H− bound-bound and free-bound

opacity can also be observed from 1.55-1.75 µm. Wavelengths lower than the

Lyman limit are reprocessed by the envelope into the Ly-α bands. Emission

in the Lyman-α does not aid detection however as it can be scattered in the

neutral IGM.

Continuum two-photon emission, where de-excitation produces a pair of

photons in a non-linear non-deterministic process, is visible from 0.1216 - 0.16

µm. This flux is greater than that originally emitted by the star and can

enhance visibility in the NIR. It varies with the effective surface temperature

and the source redshift but is at most 0.5 - 1 AB magnitude.

6.1.2 NIR magnitudes

The AB magnitudes for both stars in the JWST NIRCam bands at 2.5 - 4.6

µm, calculated by co-authors in Surace et al. (2018), are shown in the top

left corner of figure 6.3. As expected, the 1.0 M� yr−1 star is consistently

brighter by 1 - 2 magnitudes except with fluxes blueward of 2.5 µm, the
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Figure 6.2: Spectra before and after post-processing with CLOUDY, plot

taken directly from Surace et al. (2018)
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Lyman-α limit, where photons are absorbed. At z ∼ 6 - 8, both stars are

brightest in the 3.56 µm filter but above z > 10 they are brighter in the 4.44

µm and 4.60 µm bands, with magnitudes ranging from 28.5 - 31.5 and 29.5

- 33.5 for the 1.0 M� yr−1 and the 0.1 M� yr−1 star respectively.

Magnitudes for the JWST MIRI bands, again sourced from the same

paper, are shown in top right panel. Here the SMS magnitudes are much

more uniform in the mid-infrared and exhibit the most variation at 5.6 µm,

close to the NIR, but level off from 7.7 - 25.5 µm. This is primarily due to

flattening of the spectrum above 1.5 µm after re-processing of the stellar flux.

Both stars are brightest at 5.6 - 10.0 µm with magnitudes brighter than 31

and thus could provide an additional confirmation factor for SMS candidates

in NIRCam.

Magnitudes for Euclid an WFIRST are displayed in the two lower panels

of figure 6.3. Absorption by the neutral IGM before the epoch of re-ionization

quenches the Y, J & H band fluxes above z = 7, 10 & 14 respectively. This

limits the detection of SMSs to below these redshifts in these filters. The

magnitudes in Euclid vary from 29.5 - 31.8 and 31.5 - 32.5 at z = 6 for

the 1.0 M� yr−1 and 0.1 M� yr−1 star respectively. The magnitudes in

WFIRST vary from 29 - 32.5 and 31 - 32.5 for the 1.0 M� yr−1 and 0.1 M�

yr−1 star respectively, for the same redshift.

With a AB magnitude limit of 31.5 JWST would be able to detect 1.0 &

0.1 M� yr−1 accreting SMSs at z . 20 and z . 13 respectively. Finding the

stars first with Euclid or WFIRST would increase the chances of discovery

as their wide fields would capture greater numbers at high redshift and could

flag them for more detailed studies with JWST. However, neither survey
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Figure 6.3: AB magnitudes of of future NIR surverys, plot taken directly for

Surace et al. (2018)
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has sufficient detection limits to observe these stars in their H bands. An

alternate possibility is that these stars are gravitationally lensed and their

fluxes boosted above the detection threshold, as the aforementioned wide

fields encompass thousands of galaxies and only modest magnification factors

of 10 - 100 are necessary. It is hence probable that large areas of these surveys

are lensed to such a degree; even higher magnifications can be achieved if

traded against lensing volumes (Whalen et al., 2013) (Windhorst et al., 2018).

Although we assume that our SMSs evolve as cool, red supergiants, hotter

blue SMSs would produce more flux in the NIR and hence be easier to detect.

This transition can occur when accretion rates persist lower than 0.04 M�

yr−1, during episodes of clumpy accretion via fragmentation or turbulence.

This is not accounted for in this study however as spectra from such stars re-

quire corrections from absorption features in their upper atmospheres. SMSs

can also exhibit oscillations which periodically brighten and dim by an order

of magnitude over timescales of weeks and could briefly boost their fluxes

over the required observational threshold. This behaviour could also aid to

differentiate them from other candidates such as exoplanets or flag them as

high-z transients for other surveys such as JWST.

6.2 Radio based observations

As well as the possibility of detection in the NIR, DCBHs are also expected

to be radio sources and hence could be found with the upcoming range of

exceptionally sensitive radio observatories such as the Square Kilometer Ar-

ray and the next-generation Very Large Array (ngVLA). Recent estimates of

such radiation from the Lyman-α emitter CR7, located at z = 6.6, suggest
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that the flux could reach ∼ 100 nJy at 1.0 GHz, which comfortably exceeds

the eventual planned 20 nJy detection threshold for the SKA-FIN all-sky

survey (Whalen et al., 2020). DCBHs are also formed from the collapse of

pristine halos and are hence free from competing sources of emission created

from star formation, such as supernovae remnants and HII regions.

To investigate radio emission from a DCBH, the flux for a number of

redshifts from BH particle inserted in section 2.4 is calculated for use in an

upcoming paper (Whalen et al in prep). We compute both the flux from the

BH particle itself as well as the ultra-compact HII region created from its

X-ray ionizations.

6.2.1 DCBH environment after X-rays

After insertion of the BH we evolve the halo for 1.66 Myr with the chemistry

and radiation transport mechanisms previously outlined in section 2.4. At

1.44 Myr, after the proto-star is assumed to have collapsed into a BH, the disk

is ∼ 3 pc diameter and has a mass of ∼ 4.5× 105 M� , whilst the BH itself

is 1.02× 105 M� . Temperatures within the disk range from 2000 - 4000 K

in the densest regions to 8000 - 10000 K in the inflowing gas where radiation

escapes and atomic cooling creates an isothermal profile. The halo is seen

to host an ultra-compact HII region 0.15 pc in diameter with a temperature

of 5 × 106 K, visible in the left panel of figure 6.4. Ram pressure from 1

M� yr−1 rates onto the disk and high densities which can exceed 1010 cm−3

create an optically thick environment and effectively trap radiation close to

the disk.

The bolometric luminosity Lbol is assumed to be linearly related to the
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Figure 6.4: Left panel: 3pc x 3pc temperature slice plot of the atomically

cooled disk 1.14 Myr after coalescence. An ultra-compact HII region of radius

∼ 0.15 pc is visible just below the midplane. Black: 2000 - 4000 K; violet:

8000 - 10,000 K; yellow: 5 × 106 K. Right panel: bolometric luminosity in

units of Eddington luminosity.

accretion rate onto the disk via an efficiency parameter ε. With the same

treatment for the Eddington luminosity Ledd we plot Lbol as a function of

Ledd in the right panel of figure 6.4. Whilst there are visible stochastic fluc-

tuations due to turbulent flows within the disk, the luminosity Lbol averages

∼ 0.85Ledd.

6.2.2 Radio fluxes from fundamental planes

Fundamental planes (FPs) are a series of formulae which correlate BH mass,

MBH , X-ray luminosity from its core in the 2-10 KeV range, LX , and core

radio luminosity at 5 GHz, LR (Merloni et al., 2003). These relations extend

over six orders of magnitude in BH mass, down to mass scales relevant to
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our study of ∼ 105 M� . We first translate the bolometric luminosity into

an X-ray luminosity so that we can then calculate the radio luminosity in

the rest frame using the FPs. This value is then converted into the observer

frame to estimate the maximum observable redshift and integration times of

future radio observatories.

LX is calculated from Lbol using the relation (Marconi et al., 2004):

log

(
Lbol
LX

)
= 1.54 + 0.24L+ 0.012L2 − 0.0015L3 (6.1)

where,

L = logLbol − 12 (6.2)

and Lbol is in units of solar luminosity. The fundamental planes usually take

the form

logLR = α logLX + β logMBH + γ (6.3)

where α, β and γ are constants that depend on the particular FP being used.

Their experimental values are listed in table 6.2 along with their respective

studies (Merloni et al. (2003), Körding et al. (2006), Gültekin et al. (2009),

Plotkin et al. (2012) and Bonchi et al. (2013)). We also consider the FP

investigated by Gültekin et al. (2019) which is expressed by

log

(
LR

1038erg s−1

)
= −0.62 + 0.70 log

(
LX

1040erg s−1

)
+ 0.74 log

(
MBH

108M�

)
(6.4)

The flux of the redshifted radio luminosity at a given frequency is then

calculated using

Fν =
Lν′(1 + z)

4πd2
L

(6.5)

The resulting radio fluxes in the observer frame for 105 and 106 M� DCBHs

at 500 MHz, 1.5 GHz, 2.5 GHz and 6.5 GHz using each of these fundamental
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Reference α β γ

Merloni 03 0.60 0.78 7.33

Kording 06 0.71 0.62 3.55

Gultekin 09 0.67 0.78 4.80

Plotkin 12 0.69 0.61 4.19

Bonchi 13 0.39 0.68 16.61

Table 6.2: Values for the parameters defining various fundamental planes of

black hole accretion with their respective studies

planes at z = 8 - 20 are shown in figure 6.5.

6.2.3 DCBH radio power

The final version of SKA will reach 20 nJy in all frequency bands and, with

integration times of 24 hr or more, the ngVLA can reach 45 nJy at 3.5 - 12.3

GHz and 78 nJy at 1.2 - 3.5 GHz (Plotkin and Reines, 2018). Calculations

show that 106 M� DCBHs could be found by the SKA-FIN survey at 500

MHz out to z = 11 but detection by the ngVLA will require integration times

greater than 24 hr. These integration times are plotted in figure 6.6; with

total exposures of 1000 - 2000 hr detection of 106 M� DCBHs by the ngVLA

becomes possible. Both observatories can in principle detect DCBHs from

z = 8 - 10 where some models predict that the comoving number density

of DCBHs is highest (Valiante et al., 2017) and hence their numbers are

greatest. However, we find that DCBHs with masses . 105 M� will remain

beyond the reach of these telescopes for now.
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Figure 6.5: Radio fluxes for 105 M� (dashed) and 106 M� (solid) DCBHs

at z = 8− 20 from all 6 FPs.
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Figure 6.7, produced by collaborators on the upcoming Whalen et al

paper, shows the minimum DCBH mass required for detection by the SKA-

FIN survey and the ngVLA with 24 hr integration times. The least massive

DCBH that could be detected would be a 6.5 × 105 M� DCBH at z = 8

at 500 MHz by SKA-FIN. However, this survey could also find BHs from

2.5×106 - 2.2× 107 M� from z = 15 - 20 with the ngVLA being able to detect

107 - 108 M� BHs at this redshift range. Such detections early in the cosmic

history could probe the origins of the first quasars and distinguish between

different suggested formation routes, such as PopIII stars or stars built up

by runaway collisions in high redshift, dense nuclear clusters (Devecchi and

Volonteri, 2009).

6.2.4 Radiation from the UC HII region

The UC HII bubble produced by the DCBH could also in principle be itself

a source of synchrotron radiation. This extra potential source of emission is

not included in the FPs as they only consider radiation produced by the inner

accretion disk. However, with a density n ∼ 1010 cm−3 and a temperature

T ∼ 5×106 K, this region is optically thick to free-free emission at frequencies

below 1013 Hz, hence it would glow like black body in the radio bands. For

emission at a frequency ν ′ by a HII region of radius R at redshift z and

luminosity distance dL, the received flux at frequency ν = ν ′/(1 + z) is

Fν =
2πkTν ′2

c2

(1 + z)R

d2
L

(6.6)

and inserting the parameters for our HII region at z = 9 gives

Fν = 1.2 nJy

(
ν ′

10 GHz

)2

. (6.7)
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Figure 6.6: Radio fluxes for 105 M� (dashed) and 106 M� (solid) DCBHs

at z = 8− 20 from all 6 FPs.

159



20 18 16 14 12 10 8
redshift

106

107

108

D
C

B
H

 m
a
s
s
 (

M
O •
)

MER03

KOR06

GUL09

PLT12

BON13

GUL19

500 MHz

20 18 16 14 12 10 8
redshift

106

107

108

109

D
C

B
H

 m
a
s
s
 (

M
O •
)

MER03

KOR06

GUL09

PLT12

BON13

GUL19

1.5 GHz

20 18 16 14 12 10 8
redshift

106

107

108

109

D
C

B
H

 m
a
s
s
 (

M
O •
)

MER03

KOR06

GUL09

PLT12

BON13

GUL19

2.5 GHz

20 18 16 14 12 10 8
redshift

106

107

108

109

D
C

B
H

 m
a
s
s
 (

M
O •
)

MER03

KOR06

GUL09

PLT12

BON13

GUL19

6.5 GHz

Figure 6.7: DCBH threshold masses for potential detection in the SKA-FIN

survey (solid) and a 24hr integration time ngVLA survey (dashed) from z = 8

- 20
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This bubble could therefore produce more radiation than actual accretion

onto the BH, although we are still generating analysis to verify this.
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Chapter 7

Conclusion

In this series of studies we have performed simulations of direct collapse for

multiple halos, under both idealised isothermal conditions and with H2 cool-

ing and LW backgrounds, over unprecedented timescales of up to 3 Myr and

over 4 Myr respectively. In doing so we have captured initial gas coalescence,

the formation of an accretion disk and its subsequent fragmentation. This

has enabled the procurance of realistic accretion rates throughout the central

proto-star’s evolution, as well as allowing us to investigate the formation of

possible binary orbits unavailable to other studies due to timescale limita-

tions. Long term accretion rates obtained from the proto-star’s surrounding

environment, coupled with stellar evolution codes, can provide realistic final

SMS masses which in turn determine the properties of the first quasars and

offer a window into cosmic re-ionization. The formation of satellite clumps

which possibly host SMSs or BHs has important implications for both the

detection of DCBH mergers, by gravitational wave probes such as LISA, and

SMS mergers which produce luminous TDE. By running halo simulations

from a broad range of assembly histories, we are also able to ascertain the
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importance of various halo properties, such as number of major mergers and

spin, on the outcome of the resulting accretion disk.

As well as outlining the possibility of GW & TDE due to merging binary

SMSs, our studies have also assessed the detection prospects of other ob-

servables in the radio bands and the NIR. X-ray radiation from a collapsed

DCBH was activated in one of our simulations and its intensity was used to

calculate the DCBH radio luminosity in the observer frame. The spectra of

two different SMSs from a separate study were also post-processed, using the

temperature and density profiles from one of our isothermal disks, to cal-

culate NIR magnitudes for future ESA missions. This helps in determining

strategies for best capturing these events, such as the synergistic use of both

wide and near fields, and ultimately obtain a direct probe for the formation

of the first quasars in the universe.

In this last chapter we first discuss whether this work has discerned any

correlation between features of halo assembly and the behaviour of the ac-

cretion disk, then properties of this disk which appear to be common to

isothermal collapse. This is followed by a brief outline on how these disk

properties also vary with exposure to different LW background intensities

and the implications for the outcome of the proto-star. We finally close

by commenting upon the observability of the central SMSs to future NIR

observatories and ground-based radio surveys.
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7.1 Relation between halo assembly history

and disk properties

There is little connection apparent between the merger histories of the atom-

ically cooling halos and their accretion rate or behaviour during direct col-

lapse. One notable exception are halos 10 & 16 that undergo major mergers,

both asymptote in mass and have steady compact disks with little early frag-

mentation. It is possible, in these cases, there is a lack of available gas after

initial collapse due to other remaining potentials wells. Some of the most

massive halos also boast disks with heavy fragmentation, such as halos 2, 1

& 20 with collapse masses of 8.47×107 M� , 3.68×107 M� & 3.56×107 M�

respectively, and if halos 2 & 19 (both which have major mergers just prior to

collapse) are removed from the sample we can see slight tendency for higher

redshift collapses to host more rapidly accreting disks, though any direct

correlation remains tentative.

Halo 8 collapses almost immediately after reaching the 107 M� atomic

cooling threshold, almost 40 Myr before any other halo. Without undergoing

any major mergers or persisting long enough to accrue insterstellar gas, it

predictably has the lowest mass at collapse within our suite at 1.15×107 M�

and the lowest virial temperature. Intriguingly however it is also possesses

the fastest accreting disk, whilst accretion onto the halo itself only averages

0.41 M� yr−1. This is evidence that the accretion rate onto the CO has

little correlation with large scale accretion of gas streams onto the halo and

the processes are uncoupled. This is somewhat expected as the prescription

for the halo background accretion rate is very rudimentary: the calculation
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only uses masses and times from the nearest redshift bin which could deviate

from their true values substantially at lower redshifts and during periods of

rapid growth. The rapid infall in halo 8, as well as the turbulent compact

structure of its disk, may be due to comparative lack of virilisation prior to

collapse. Parcels of gas which are not in equilibrium may interact during

collapse to produce this effect.

Halo 2 has simultaneously the highest mass, accretion rate and time delay

between theoretical cooling and collapse. Its high mass is a product of late

collapse and high background accretion, possibly at the intersection of large

scale baryon streams. It neighbours another significant body of gas, visible

in the density profile, which possibly competes for gas and delays collapse.

This could also be the case for halo 19 which has a minor merger during the

simulation and exhibits a similar time delay.

There is no discernible correlation between host halo spin and background

accretion rate on either the disk accretion rate or overall properties. Baryons

become gravitationally decoupled from the DM in atomically cooling halos

on scales of 5 - 10 pc, therefore the evolution of the disk is governed by local

gas flows and turbulence rather than dynamics of structure on larger scales.

Without halo samples and more rigorous statistical analysis, for instance in

a study motivated by applying machine learning principles, there seems to

be no significant trend between atomically cooling halos and the properties

of their disks and stars. The only real cosmological bias would therefore be

spacial in nature, dictated by sources of LW backgrounds capable of dissoci-

ating molecular hydrogen. These simulations do however confirm the results

of previous studies over long timescales and also reveal common behaviours
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of accretion disk previously uncaptured by shorter run-times, as is discussed

in the next section.

7.2 General outcome of isothermal accretion

disks

All atomically cooling halos undergo isothermal collapse regardless of merger

history and form a single central proto-star. Accretion ubiquitously exceeds

the critical rate to ensure SMS formation and remain sufficiently elevated for

its collapse into a BH. A self-gravitating disk is produced in all cases with a

stable inner region extending ∼ 0.2 pc in radius. The environment beyond is

particular to the halo: some form a tight well-defined spiral structure which

accretes material smoothly, others are highly dynamic with unstable gas in-

teracting through gravitational torques and turbulence. Outer spirals emerge

usually around 0.2 Myr after collapse, though disk morphology beyond the

0.2 pc core can be difficult to discern as chaotic gas motion and eddies disrupt

any regular structure. Because of the limited resolution and pressure floors

used to stop collapse proceeding to infinitesimal scales, instabilities within

the innermost cells may be smoothed out. In extending the time for which we

run our simulations we sacrifice spacial resolution and therefore are unable to

capture the loss of angular momentum via the bars-within-bars mechanism

reported by Wise et al. (2008). The uniformity within the innermost 0.2 pc

may be an artificial product of the pressure floor adopted by Enzo.

The first fragments usually form at ∼ 0.3 Myr, after the formation of a

visible accretion disk; these first clumps arise from shear viscosity of infalling
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gas causing the arms to intertwine. This turbulent behaviour increases the

effective alpha parameter and grows the disk to around 1 pc in most halos.

As well as fragmentation occurring on the disk boundary, ensuing turbulence

effects the stability of gas closer in; this can result in clump formation at

multiple radii which are ideal conditions for assembly. The Toomre parameter

can be used as an effective tool for analysing the evolution of disk stability

and assessing the onset of turbulence. Previous studies have been able to

capture fragmentation within the first 0.1 Myr but our work is the first to

demonstrate this behaviour over timescales comparable to that of the central

star’s lifetime and reveal its ubiquity.

Halos 10 & 16 however show signs of instability after 0.5 Myr and only

after 1 Myr in halo 16 do clumps begin to assemble. This is due to the gas

within the potential becoming quickly depleted, the mass asymptoting and

the viscous scale becoming far longer than the accretion timescale. The disks

that form are thus rotationally stable and compact, with all fragmentation

occurring within 0.6 pc. Although fragmentation occurs long after halo col-

lapse in these cases, it appears to eventually become a universal phenomenon

for all halos.

Our investigation of direct collapse in atomically cooling halos thus con-

firms the conclusions of previous studies that report the formation of a rota-

tionally supported disk surrounding at the center. The accretion flows that

sustain the SMS are high enough to ensure that’s radius remains growing

monolithically, preventing UV feedback. When our accretion rates are used

in the evolution of a SMS with stellar evolution models, the stars collapse

into BHs via the GR instability after reaching masses of 1.10 - 1.86 ×105 M�
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, consistent with simulations performed with constant accretion rates. These

stars undergo collapse before depleting all of the available hydrogen at their

cores, asides from the SMS of halo 16 which collapses shortly after. The

shortest time taken to collapse is 0.95 Myr from maximum refinement being

reached and the longest 1.95 Myr, also demonstrating that collapse can occur

within 1 Myr. Because we do not resolve scales close to the surface of the

SMS, these accretion rates should be taken to be upper limits. Nevertheless,

numerical simulations that follow direct collapse down to proto-stellar scales

for shorter times find rates similar to ours persisting even down to these radii

because of efficient transport of angular momentum via bar instabilities. The

angular momentum within our disks is similarly transported outwards by the

tidal torques of gravitational instabilities and turbulent eddies. The study

has also demonstrated ubiquitous fragmentation occurring at some stage dur-

ing the halos’ evolution and the continuation of this phenomenon, whereas in

previous simulations the fate and occurrence of these emerging clumps was

not readily discernible. We shall look at the mechanisms behind how these

are generated next.

7.3 Fragmentation & accretion channels

Some halos accrete prominently via assembly and subsequent infall of large

clumps within the disk. This channel occurs to a certain extent in all halos

but is very noticeable in 2, 12 & 19 through high accretion spikes corre-

sponding to these events. Turbulence and clump interaction within these

disks disperses gas to large radii, leading to fragmentation as far out as

1.2 pc as it’s perturbed by closer orbiting clumps. This is advantageous to
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aggregation as it can occur away from the tidal forces in proximity to the

CO. These clumps can also grow as they gravitate inwards and interact and

merge with other fragments.

One particularly common fragmentation channel occurs when a clump

with high angular momentum relative to the CO passes within 0.2 pc. Some

gas is accreted whilst the stable inner disk tidally deforms the residual

gas into long filaments which are expelled through exchange of momentum.

These unstable arcs redistribute gas to the outer regions of the disk and

themselves contain multiple sites of fragmentation, perpetuating the pro-

cess. Whether infall generates more fragmentation or instead temporarily

stabilises the disk by redistribution of gas via stable spirals seems to be

highly dependent on the relative angular momentum. The direct merger of

clumps with low angular momentum seems to produce the opposite effect by

effectively removing unstable gas.

Large numbers of fragments also disrupt rotational gas flow, eventually

leading to turbulence. This is also a dominant accretion channel present in

most halos, seen as a series of varied jagged peaks in the accretion rate. In

the more turbulent halos such as 8 & 12, the high gas velocities neighbouring

the CO strip unstable gas off clumps which later fragments or is accreted.

The presence of many clumps also perturbs these unstable filaments and

turbulent eddies cause fragmentation as they intersect and gas flow converges.

Turbulence and fragmentation are inexorably linked with features from both

imprinted on the accretion rate of most halos. Halo 8 is the exception with

few clumps assembling throughout the simulation. In this circumstance the

disk is compact and fragmentation, although copious, is limited to short radii
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where high velocities strip gas before growth or interactions cause infall. This

could be due rapid infall preventing gas from escaping to larger radii.

The heavy accretion onto the disk drives dynamical instabilities which

eventually disrupts the disk and causes turbulence. This disrupts orbital

gas flow, creating instabilities which in turn produce more turbulent motion

via gravitational torques. Instabilities can grow and assemble into clumps

if ejected to radii where the tidal effects of the central disk are minimal.

The growth of clumps into binary disks occurs to such a degree within our

simulations that its commonality is one of our studies’ main conclusions; we

look in detail at the dynamics and repercussions of these resulting systems

in the following section.

7.4 Disk binaries

Within the majority of the atomically cooling halos, clump assembly is ef-

ficient enough to produce fragments with their own disks which clear their

orbits of gas. Occasionally the orbit of these satellites is in phase with the

arms of the main disk and and they form a stream along which gas is ex-

changed for the course of an orbit. These clumps can eventually grow to

enclose most of the remaining gas within the system so it is almost all gravi-

tationally bound. They become increasingly unstable to perturbations from

other bodies without any medium to inject any surplus energy and quickly

deviate from circular orbits; their motion becomes increasingly elliptical as

each pass close to the CO depletes it of more gas and exits with higher

velocity.

Around half of the isothermal halos simulated evolved clumps which exist
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for over 0.50 Myr and gain over 105 M� within the fiducial 0.136 pc. The

accretion rate onto these clumps also surpasses 0.04 M� yr−1 and can thus

build and sustain a binary proto-star. If this proto-star were to in turn persist

long enough to join the main sequence and accrue sufficient mass it could

evolve into a binary SMS in orbit with that at the center of the simulation.

Given the ubiquity of massive clump formation at the timescales probed

within our simulation, the next obvious step is to couple the clump accretion

rates with stellar evolution calculations to investigate whether transition to

SMS and collapse into a BH occurs before infalling into the CO (Woods et al.

in prep.). This will allow to differentiate between several possible scenarios

depending on the fate of the CO and the clump: SMS - BH orbits, SMS -

SMS orbits and BH - BH orbits. The latter implies the eventual production

of GW signatures which could be a future observable for direct collapse.

If the SMS assumes a highly elliptical orbit around its DCBH companion,

it could be destroyed in a TDE. Light curves for TDEs of less massive PopIII

stars orbiting DCBHs have been previously been calculated in Kashiyama

and Inayoshi (2016) but not those with masses typical for an SMS, which

could produce an extended afterglow. It is therefore not clear if such events

would produce enough NIR flux to be detected today but calculations are

now underway to determine their luminosities. Two types of TDEs may be

possible in such halos since X-rays from the DCBH can trigger typical PopIII

star formation in its vicinity at later times (Machacek et al., 2003) (Aykutalp

et al., 2014) (Aykutalp et al., 2020).

Fragmentation in the vicinity of the proto-star on AU scales has previ-

ously been used to invoke the formation of a cluster of PopIII stars, rather
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than a single object, but such results are inconclusive. Studies could only

follow the evolution of these clumps for several 100 kyr, hence could not as-

certain if they attain enough mass to become SMSs or are merely subsumed

by the CO, as are most of the fragments in our models on larger scales. Re-

gardless of what later happens to fragments at small scales, our simulations

demonstrate that binaries or small multiples will eventually form in the halo

on larger scales. Future studies are necessary to predict the specific fate of

the clumps, whether they host clusters of PopIII stars or their own SMSs.

If the latter is the case, stellar evolution calculations and further analysis

could determine detectability of its merger via either a TDE or GW. The

simulations of direct collapse have so far yielded promising results for the

sustainability of the central SMS and the formation of binaries which could

act as a method for future detection. So far however we have neglected the

role of molecular hydrogen cooling whose inclusion is necessary for the real-

istic treatment of this scenario, which will be the focus of the next section.

7.5 LW backgrounds

When cooling via molecular hydrogen with intermediate LW backgrounds is

included within our baryonic halo runs, the mass enclosed within the accre-

tion disk by the simulation end consistently drops by an order of magnitude.

Only one halo within our simulation suite, H10LW4, gains both enough mass

over the course its evolution and maintains sufficient accretion rates to be

considered a possible candidate for SMS formation. The time of initial col-

lapse is greatly hastened when the LW intensity is decreased to J21 = 102,

possibly due to the non-linear effect of H2 self-shielding becoming particularly
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relevant at such low intensities.

Many of the disks in halos evolved with H2 cooling develop a similar mor-

phology to the isothermal disks. These also undergo episodes of turbulence:

as the spiral arms intertwine fragmentation occurs at the intersection of gas

filaments. In some halos gas driven out of the disk by torques is perturbed by

other passing clumps and fragments; the resulting clumps then orbit creating

unstable trails of gas, behaviourally alike to the processes seen is the isother-

mal halos. Fragmentation occurs on a much smaller mass scale however and

only regular PopIII star formation is expected within any satellite clumps.

Decreasing the LW intensity regularly induces an assymptoting of the

mass after an initial phase of relatively elevated accretion rates. The earlier

onset of cooling implies a smaller critical cooling mass and more competing

sites of fragmentation: at the end of many simulations the disk depletes the

available reservoir of gas and any fragmentation gradually ceases without

any accretion to feed turbulence. The disk instead slowly grows in radius

through the viscous dissipation of angular momentum and persists isolated

for the remainder of the simulation. The effects of asymmetrical accretion

also become more pronounced at these intensities, with spiral arms experi-

encing an ’overlap’ effect where each rotation distributes gas onto a fixed bar

which continually fragments.

The most consistent effects of molecular hydrogen cooling are the ad-

vanced onset of collapse, smaller accretion disks by up to an order of mag-

nitude and lower central masses which assymptote as the gas reservoir is

depleted by competing fragmentation sites. However, each halo responds to

the decrease in LW radiation in a unique way and the specifics of how this
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variable effects disk behaviour such as turbulence and fragmentation seems

more controlled by the morphology of the halo rather than other global prop-

erties such as spin or assembly history. Even at relatively high backgrounds of

104J21 we still expect to formation of a PopIII star rather than an SMS in the

majority of our runs, although the particular case of H10LW4 demonstrates

that quasi-isothermal cooling is still possible.

7.6 Observables

From our post-processing of the infra-red radiation generated by the SMS

in section 6.1, we ascertained that the object’s detection likelihood depends

on its accretion rate, with JWST able to detect a typical 0.1 M� yr−1 star

at z . 13. The best scenario for detection is if these stars are discovered

through gravitational lensing in either Euclid or WFIRST wide fields and

JWST is used for observation in the H-bands.

As discussed in section 6.2, both future radio surveys SKA and ngVLA,

with a threshold of up to 20 nJy and 45 nJy respectively, could potentially de-

tect the birth of DCBHs occurring at z = 8 - 10. At higher redshifts however,

only more evolved DCBHs with masses ≥ 106 M� could be detected. There

is also the possibility the radio flux is contaminated by emission from HII re-

gions and SNe, possibly caused by X-rays from the BH itself (Aykutalp et al.,

2014). The authors of Whalen et al. (2020) found these competing sources

in the radio-emitter CR7 either to be either distinguishable or undetectable.

Mezcua et al. (2019) were even able to detect intermediate mass BHs in dwarf

galaxies by subtracting radio signals from these additional sources of noise.

In our study we can ignore any contribution from BH jets whilst calcu-
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lating radio fluxes since they have only been observed at lower redshifts and

for L . 0.01Ledd or L & Ledd. Additionally, any radio emission from such

jets would likely be quenched by CMB photons at high redshift: their energy

density, which evolves at ∝ z4, would exceed that of the magnetic field and

dominate as the cooling channel for electrons in the jet. This mechanism has

already been identified for the absence of such emission in some high redshift

quasars (Fabian et al., 2014) (Ghisellini et al., 2014).

The aforementioned radio surveys could also work in conjunction with

JWST, Euclid & WFIRST to investigate the formation of DCBHs by de-

tecting those with masses ≥ 106 M� out to z = 20. This would aid in

determining redshift thresholds for where there is no longer any radio flux

from the BH, thus in turn distinguishing the mechanism which produces such

object. Modeling the radio emission from an entire population of quasars,

along with competing sources from within host galaxies, has not yet been

done however, though such models are currently being developed.
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During isothermal collapse, moving the system forward in time is equiva-

lent to moving closer towards the center. We can hence express the solution

as a single function of a dimensionless quantity x with

x =
r

cst
(A.1)

and the density, velocity and mass as dimensionless quantities

ρ =
α(x)

4πGt2
u = csv(x) M =

c3
st

G
m(x) (A.2)

By replacing the values in the equations for spherical conservation of mass,

∂M
∂t

+ u∂M
∂r

, by their dimensionless counterparts we can obtain an alternate

expression for the mass as

m = αx2(x− v) . (A.3)

We then take the Euler equations for an isothermal sphere, neglecting terms

arising due to viscosity

∂u

∂t
+ u

∂u

∂r
+
c2
s

ρ

∂ρ

∂r
+
GM(r)

r2
= 0

∂ρ

∂t
+

1

r2

∂(r2ρu)

∂r
= 0

and again replace with dimensionless quantities, yielding:

−α− x∂α
∂x

+
2αv

x
+ α

∂v

∂x
+ v

∂α

∂x
= 0 (A.4)

(v − x)
∂v

∂x
+

1

α

∂α

∂x
+ α(x− v) = 0 . (A.5)

Re-arranging further:

[(x− v)2 − 1]
∂v

∂x
= [α(x− v)− 2

x
](x− v) (A.6)

[(x− v)2 − 1]
1

α

∂α

∂x
= [α− 2

x
(x− v)](x− v) . (A.7)
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At distant radii and during the earlier phases of collapse, thus taking the

limit of x→∞ and v=0, these derivatives reduce to

∂v

∂x
' α− 2

x2

∂α

∂x
=
α(α− 2)

x
(A.8)

which upon integrating gives

α =
2

Kx2 + 1
v = −A− 2

x
. (A.9)

Taking the same approach for late times close in to the halo, with x→ 0

and αx|v| � 1, we obtain

∂v

∂x
' α

∂α

∂x
+
α2

v
+

2α

x
= 0 (A.10)

α→
√
m0

2x3
v → −

√
2m0

x
(A.11)

with more complete solutions yielding

α(x) =
A

x2
− α∞(A− 2)

2x4
+O(x−6) . (A.12)
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The tables in this section list the most important reaction rates involved

in molecular hydrogen chemistry in the early universe. For each reaction is

given the chemical description of the process, its number for reference in the

appendix of Abel et al. (1997) and the reference for the original study. The

analytical fits for each reaction rate, detailing its dependence on temperature,

can be found by looking up their corresponding coefficients, given in the k,

column in the study of Abel et al. (1997).

Name Reaction k Reference

Electron photo-attachment H + e− → H− + γ k7 Abel et al. (1997)

H2 via H− H +H− → H2 + e− k8 Shapiro and Kang (1987b)

Proton photo-attachment H +H+ → H+
2 + γ k9 Karpas et al. (1979)

H2 via H+
2 H+

2 +H → H2 +H+ k10 Abel et al. (1997)

Table C.1: References for reactions rates involved in the formation of molec-

ular hydrogen

Name Reaction k Reference

Charge exchange H2 +H+ → H+
2 +H k11 Donahue and Shull (1991)

Dissociation by electrons H2 + e− → H +H + e− k12 Dove and Mandy (1986)

Dissociation by hydrogen H2 +H → H +H +H k13 Janev et al. (1987)

Table C.2: References for reaction rates involved in the destruction of molec-

ular hydrogen
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Name Reaction k Reference

Recombination H+ + e− → H + γ k2 Janev et al. (1987)

H− photo-detachment H− + γ → H + e− k23 ONeil and Reinhardt (1978)

Table C.3: References for reaction rates that compete with the formation of

molecular hydrogen
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A. Babul, P. N. Best, M. Brüggen, A. C. Fabian, C. S. Frenk, A. Khalatyan,

H. Netzer, A. Mahdavi, J. Silk, M. Steinmetz, and L. Wisotzki. The role

of black holes in galaxy formation and evolution. , 460(7252):213–219, Jul

2009. doi: 10.1038/nature08135.

K.-J. Chen, A. Heger, S. Woosley, A. Almgren, D. J. Whalen, and J. L.

Johnson. The General Relativistic Instability Supernova of a Supermassive

Population III Star. , 790(2):162, Aug 2014. doi: 10.1088/0004-637X/790/

2/162.

S. Chon, T. Hosokawa, and N. Yoshida. Radiation hydrodynamics simula-

tions of the formation of direct-collapse supermassive stellar systems. , 475

(3):4104–4121, Apr. 2018. doi: 10.1093/mnras/sty086.

B. Ciardi and A. Ferrara. The First Cosmic Structures and Their Effects. ,

116(3-4):625–705, Feb 2005. doi: 10.1007/s11214-005-3592-0.

P. C. Clark, S. C. O. Glover, R. J. Smith, T. H. Greif, R. S. Klessen, and

V. Bromm. The Formation and Fragmentation of Disks Around Primor-

188



dial Protostars. Science, 331(6020):1040, Feb 2011. doi: 10.1126/science.

1198027.

E. J. M. Colbert, D. K. Strickland, S. Veilleux, and K. A. Weaver. The

Origin of the Extra-nuclear X-ray Emission in the Seyfert Galaxy NGC

2992. In American Astronomical Society Meeting Abstracts, volume 205 of

American Astronomical Society Meeting Abstracts, page 155.01, Dec. 2004.

P. Colella and P. R. Woodward. The Piecewise Parabolic Method (PPM)

for Gas-Dynamical Simulations. Journal of Computational Physics, 54:

174–201, Sept. 1984. doi: 10.1016/0021-9991(84)90143-8.

H. M. P. Couchman. Mesh-refined P3M - A fast adaptive N-body algorithm.

, 368:L23–L26, Feb. 1991. doi: 10.1086/185939.

M. B. Davies, M. C. Miller, and J. M. Bellovary. Supermassive Black Hole

Formation Via Gas Accretion in Nuclear Stellar Clusters. , 740(2):L42,

Oct. 2011. doi: 10.1088/2041-8205/740/2/L42.

J. Debuhr, E. Quataert, C.-P. Ma, and P. Hopkins. Self-regulated black hole

growth via momentum deposition in galaxy merger simulations. , 406(1):

L55–L59, July 2010. doi: 10.1111/j.1745-3933.2010.00881.x.

A. Dekel and J. Silk. The Origin of Dwarf Galaxies, Cold Dark Matter, and

Biased Galaxy Formation. , 303:39, Apr 1986. doi: 10.1086/164050.

B. Devecchi and M. Volonteri. Formation of the First Nuclear Clusters and

Massive Black Holes at High Redshift. , 694(1):302–313, Mar. 2009. doi:

10.1088/0004-637X/694/1/302.

189



T. Di Matteo, N. Khandai, C. DeGraf, Y. Feng, R. A. C. Croft, J. Lopez,

and V. Springel. Cold Flows and the First Quasars. , 745(2):L29, Feb.

2012. doi: 10.1088/2041-8205/745/2/L29.

M. Dijkstra, Z. Haiman, A. Mesinger, and J. S. B. Wyithe. Fluctuations

in the high-redshift Lyman-Werner background: close halo pairs as the

origin of supermassive black holes. , 391(4):1961–1972, Dec. 2008a. doi:

10.1111/j.1365-2966.2008.14031.x.

M. Dijkstra, Z. Haiman, A. Mesinger, and J. S. B. Wyithe. Fluctuations

in the high-redshift Lyman-Werner background: close halo pairs as the

origin of supermassive black holes. , 391(4):1961–1972, Dec. 2008b. doi:

10.1111/j.1365-2966.2008.14031.x.

M. Donahue and J. M. Shull. New Photoionization Models of Intergalactic

Clouds. , 383:511, Dec. 1991. doi: 10.1086/170809.

J. E. Dove and M. E. Mandy. The Rate of Dissociation of Molecular Hydrogen

by Hydrogen Atoms at Very Low Densities. , 311:L93, Dec. 1986. doi:

10.1086/184805.

B. T. Draine and F. Bertoldi. Structure of Stationary Photodissociation

Fronts. , 468:269, Sept. 1996. doi: 10.1086/177689.

T. Ebisuzaki, J. Makino, T. G. Tsuru, Y. Funato, S. Portegies Zwart, P. Hut,

S. McMillan, S. Matsushita, H. Matsumoto, and R. Kawabe. Missing Link

Found? The “Runaway” Path to Supermassive Black Holes. , 562(1):

L19–L22, Nov 2001. doi: 10.1086/338118.

190



G. Efstathiou, M. Davis, S. D. M. White, and C. S. Frenk. Numerical tech-

niques for large cosmological N-body simulations. , 57:241–260, Feb. 1985.

doi: 10.1086/191003.

D. J. Eisenstein and A. Loeb. Origin of Quasar Progenitors from the Collapse

of Low-Spin Cosmological Perturbations. , 443:11, Apr 1995. doi: 10.1086/

175498.

G. Fabbiano, D. W. Kim, T. Fragos, V. Kalogera, A. R. King, L. Angelini,

R. L. Davies, J. S. Gallagher, S. Pellegrini, G. Trinchieri, S. E. Zepf, and

A. Zezas. The Modulated Emission of the Ultraluminous X-Ray Source in

NGC 3379. , 650(2):879–884, Oct. 2006. doi: 10.1086/507018.

A. C. Fabian, S. A. Walker, A. Celotti, G. Ghisellini, P. Mocz, K. M. Blundell,

and R. G. McMahon. Do high-redshift quasars have powerful jets ? , 442:

L81–L84, July 2014. doi: 10.1093/mnrasl/slu065.

G. J. Ferland, M. Chatzikos, F. Guzmán, M. L. Lykins, P. A. M. van Hoof,

R. J. R. Williams, N. P. Abel, N. R. Badnell, F. P. Keenan, R. L. Porter,

and P. C. Stancil. The 2017 Release Cloudy. , 53:385–438, Oct. 2017.

A. Ferrara, S. Salvadori, B. Yue, and D. Schleicher. Initial mass function

of intermediate-mass black hole seeds. , 443(3):2410–2425, Sep 2014. doi:

10.1093/mnras/stu1280.

L. Ferrarese and H. Ford. Supermassive Black Holes in Galactic Nuclei:

Past, Present and Future Research. , 116(3-4):523–624, Feb 2005. doi:

10.1007/s11214-005-3947-6.

191



L. Ferrarese and D. Merritt. A Fundamental Relation between Supermassive

Black Holes and Their Host Galaxies. , 539(1):L9–L12, Aug 2000. doi:

10.1086/312838.

J. L. Fisker, V. Barnard, J. Görres, K. Langanke, G. Mart́ınez-Pinedo, and

M. C. Wiescher. Shell Model Based Reaction Rates for rp-PROCESS

Nuclei in the Mass Range A=44-63. Atomic Data and Nuclear Data Tables,

79(2):241–292, Nov. 2001. doi: 10.1006/adnd.2001.0867.

C. L. Fryer and A. Heger. Forming massive black holes through stellar col-

lapse: Observational diagnostics. Astronomische Nachrichten, 332(4):408,

May 2011. doi: 10.1002/asna.201011510.

K. Gebhardt, R. Bender, G. Bower, A. Dressler, S. M. Faber, A. V. Fil-

ippenko, R. Green, C. Grillmair, L. C. Ho, J. Kormendy, T. R. Lauer,

J. Magorrian, J. Pinkney, D. Richstone, and S. Tremaine. A Relationship

between Nuclear Black Hole Mass and Galaxy Velocity Dispersion. , 539

(1):L13–L16, Aug 2000. doi: 10.1086/312840.

G. Ghisellini, F. Tavecchio, L. Maraschi, A. Celotti, and T. Sbarrato. The

power of relativistic jets is larger than the luminosity of their accretion

disks. , 515(7527):376–378, Nov. 2014. doi: 10.1038/nature13856.

S. Glover. The First Stars, volume 396, page 103. 2013. doi: 10.1007/

978-3-642-32362-1\ 3.

S. C. O. Glover and T. Abel. Uncertainties in H2 and HD chemistry and

cooling and their role in early structure formation. , 388(4):1627–1651,

Aug. 2008. doi: 10.1111/j.1365-2966.2008.13224.x.

192



S. C. O. Glover and P. W. J. L. Brand. On the photodissociation of H2 by

the first stars. , 321(3):385–397, Mar. 2001. doi: 10.1046/j.1365-8711.2001.

03993.x.

S. C. O. Glover and P. W. J. L. Brand. Radiative feedback from an early

X-ray background. , 340(1):210–226, Mar. 2003. doi: 10.1046/j.1365-8711.

2003.06311.x.

N. Y. Gnedin, K. Tassis, and A. V. Kravtsov. Modeling Molecular Hydrogen

and Star Formation in Cosmological Simulations. , 697(1):55–67, May

2009. doi: 10.1088/0004-637X/697/1/55.
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