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Abstract

Seeds for the first super-massive quasars in our Universe are thought to have formed in atomically-
cooled haloes subjected to immense Lyman Werner (LW) UV backgrounds, as they are able
to form objects high enough in mass by suppressing star formation and fragmentation in their
centers until reaching the super-massive regimes. Such unusually high LW backgrounds are
needed to completely destroy H; and therefore prevent the fragmentation and formation of smaller
structures. However, such exotic conditions would have been very rare in the early Universe.
Therefore, this thesis aims to study the evolution of atomically-cooled haloes immersed in a
10°J>; LW background with enabled H, self-shielding, as intermediate LW backgrounds that
allow H to survive in halo centers would have been more common in the early Universe.

We perform cosmological zoom-in simulations with the grid-based hybrid adaptive mesh refine-
ment code Enzo (Bryan et al.|(2014)) on the high-performance computing cluster SCTAMA at the
ICG Portsmouth, UK. Initial conditions are generated by MUSIC (Hahn and Abel (2011)) and are
laying the base on which subsequently eight designated haloes are evolved from z = 200 until 2 - 5
Myr after their catastrophic baryon collapse. A top grid resolution of 256° is enforced, with three
additional nested grids (256° each) on a target halo, for 15 levels of refinement. H, self-shielding
is calculated with the Sobolev-like approximation from (Wolcott-Green et al.| (2011)). Data is
then processed using the community developed, open source code yt Turk et al.|(2011).

We find that H, is able to self-shield against the highest LW backgrounds, surviving in halo
centers. There it surrounds a hot central core that is cooled through Ly, while itself being
embedded in a hot, atomically-cooled medium. Accretion rates are somewhat lower than for
pristine Lya cooled haloes, having average values of 0.026 - 0.1 Mgyr~! with peaks of up to
1.78 Muyr~'. The total accumulated masses inside the 0.136 pc tally sphere lie between 0.5 - 3
x10°M, leading to the formation of two types of stars with masses between 10> — 10° M, either
compact, blue supergiants or cool, red super-massive stars. Depending on the specific accretion
history, they might not be the progenitors of the most massive quasars at z > 7, yet potentially
present a new population of intermediate mass black holes.
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Kurzfassung

Die Entdeckung supermassereicher Quasare bei einer Rotverschiebungen von z > 7 (Mortlock
et al.[(2011); Banados et al.| (2018));|Matsuoka et al.|(2019); Yang et al.|(2020); Wang et al.|(2021}))),
stellt einige Fragen in Bezug zu ihrer Entwicklung auf. Ein mogliches Entstehungs Scenario sind
durch atomaren Wasserstoff gekiihlte Haloes die einer hohen Lyman Werner (LW) UV Strahlung
ausgesetzt sind. Derartige Bedingungen unterdriicken die Bildung von kleineren Strukturen,
unter anderem Sterne, bis die Haloes genug Masse aufbauen konnen um supermassereiche
Objekte zu formen in dem sie molekularen Wasserstoff H, komplett unterdriicken bzw zerstoren.
Diese exotischen Bedingungen waren im frithen Universum jedoch wahrscheinlich sehr selten.
Dabher hat diese Masterarbeit das Ziel, die Entwicklung von atomar gekiihlten Halos die einer
LW Hintergrundstrahlung von 10375, ausgesetzt sind, zu untersuchen. Des Weiteren, wird H»-
Selbstabschirmung mit hinzugenommen um realistischere Ergebnisse zu erzielen.

Wir fithren kosmologische Zoom-in-Simulationen mit dem gitterbasierten hybrid adaptiven Netz-
Verfeinerungscode (AMR) Enzo (Bryan et al.| (2014))) auf dem High-Performance-Computing-
Cluster SCTAMA am ICG Portsmouth, UK durch. Anfangsbedingungen werden von MUSIC (Hahn
and Abel (2011))) bestimmt. AnschlieBend werden acht Halos von z = 200 bis 2 - 5 Millionen Jahre
nach ihrem katastrophalen Baryonenkollaps entwickelt. Fiir 15 Verfeinerungsstufen wird eine
maximale Rasterauflésung (grid resolution) von 256> eingesetzt, mit drei zusitzlich Uberlagerten
nested grids (je 256%) auf einem Ziel-Halo. H, Selbstabschirmung wird mit der Sobolev-ihnlichen
Néherung aus (Wolcott-Green et al.| (2011)) berechnet. Simulationsdaten werden dann mit dem
Open-Source-Code yt [Turk et al.|(2011)) visualiziert und erforscht.

Unsere Ergebnisse zeigen, das H; bei geniigend grofSen Dichten in der Lage ist, sich selbst vor
sogar extremer LW Strahlung zu schiitzen und in Halo Zentren zu iiberleben. Dort umgibt das
H,-reiche Gas einen heiflen zentralen Kern, der durch Lya gekiihlt wird, wihrend es selbst in ein
heiBles, atomar gekiihltes Medium eingebettet ist. Die von uns berechneten Akkretionsraten sind
etwas geringer als bei rein Lya-gekiihlten Halos, mit Durchschnittswerten von 0.026 - 0.1 Mgyr~!
und Maxima von bis zu 1.78 Mgyr~!. Die insgesammt hierbei akkumulierten Massen innerhalb
der approximierten 0.136pc Kugel liegen zwischen 0.5 - 3 x10°> My, was zur Bildung von zwei
Arten von Sternen mit Massen zwischen 103 — 105 M, fiihrt. Zum einen sind das kompakte, blaue
massive Sterne und zum anderen rote, kalte supermassereiche Sterne. In Abhéngigkeit von der
spezifischen Akkretionsgeschichte sind sie wahrscheinlich nicht die Vorldufer der super-massiven
Quasare mit 10°M;, bei z > 7, stellen jedoch moglicherweise eine neue Population von schwarzen
Lochern mittlerer Masse dar.
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Chapter 1

Introduction

Over 200 quasars have been discovered at redshifts z > 6, with nine at z > 7 (Mortlock et al.
2011} Baniados et al.|2018; [Matsuoka et al.|2019; [Yang et al.[2020; Wang et al.[2021)), when the
Universe was ~ 800 Myr old. How 10° M, supermassive black holes (SMBHs) appeared by
Z > 6 remains one of the outstanding problems in astronomy. Three main channels have been
proposed for their formation. The first is Population III (Pop III) stars with masses of a few
tens to hundreds of Mg, which were fairly common in the early universe. More massive Pop III
stars that grew to a few thousand Mg via runaway collisions in dense nuclear clusters are the
second proposed path. The leading contenders, however, are supermassive stars (SMSs) forming
in atomically cooled primordial haloes at high redshifts, z ~ 15 — 20. Those halos would have
been exposed to either unusually strong Lyman-Werner (LW) UV fluxes or highly supersonic
baryon streaming motions that prevented star formation (SF) in them until they grew to ~ 107
M, and reached virial temperatures of ~ 10*K. This led to the formation of cool, red SMSs that
later collapsed to 100, 000 — 250, 000 Mg BHs (direct collapse BHs, or DCBHs) (Hosokawa et al.
(2013)); [Umeda et al.| (2016); Woods et al.|(2017); Haemmerlé et al.| (2018]); [Woods et al.| (2021);
Herrington et al.| (2022)).

Latif et al.| (2022)) recently found that 40,000 M, seeds for SMBHs form in primordial halos
at the intersection of turbulent cold accretion flows without any need for streaming motions or
LW radiation. Supersonic turbulence driven by the flows prevents star formation in the halo until
it reaches high enough masses to trigger catastrophic baryon collapse and form SMSs, which
later collapse to DCBHs. Thereby lifting the weight from atomically cooling haloes as a means
for SMBH formation and letting it stand on its own scientific feet. And standing it does, although
often times called exotic, it pushes the understanding of the primordial Universe forward while
revealing processes otherwise hidden.

Numerical simulation of collapse in atomically-cooled haloes have come a long way. Initially
they were relying on idealized conditions or semi-analytic calculations and are currently balancing
between the best resolution and time ratio. More often than not, due to limited computational
power and storage, one has to decide between in depth studies or the evolutional time-steps of
an object. The starting point is usually defined by cosmological initial conditions. Simulations
then either follow the forming protostar without the accretion disk on parsec scales or the other



way around, growing the accretion disk for a few dynamical times, yet not capturing the forming
star in its core (e.g., Wise et al.|(2008); Regan and Haehnelt (2009allb)). However, it was later
found that high infall rates could reach down to star-like sizes. Precise results were though
missing as the simulations did not evolve the objects for long enough times (Latif et al.| (2013a);
Regan et al.|(2014)). Follow up high resolution simulations revealed that this was indeed true.
Large accretion rates were able to sustain to very small sizes and survive for a few tens of kyr.
Those simulations additionally made use of sink particles and pressure floors (Latif et al.[(2013b);
Regan and Downes| (2018b))). Subsequently |(Chon et al.|(2018)) and [Regan and Downes| (2018b))
studied the centers of atomically-cooled haloes with implemented radiative feedback and simple
evolution from the forming star. Following the progress for 100kyr and 250kyr, they found that
accretion on to the star was not hampered by radiation. Furthermore it was discovered that gas on
AU scales in the halo core was susceptive to fragmentation, potentially allowing the formation of
multiple SMSs. Yet, again the studies failed to evolve the haloes for long enough to determine
whether multiple stars were able to form or not due to the clumps merging with the central object.
High resolution studies on scales of ~ 0.1pc from [Suazo et al.| (2019) were able to follow the
central object until a DCBH would form, coming also close to determining masses of those SMSs.
Trading high resolution for longer evolution times paid in this case off. [Latif and Khochfar|(2020);
Regan et al.| (2020b) and Patrick et al.| (2020) examined the infall rates and evolution of gas in
the halo center for million of years until a DCBH would have been able to form. They were
able to determine masses and infall rates for potential SMSs. In particular [Latif and Khochfar
(2020) observed that an accretion disk can fragment into binaries and clusters of SMSs in the pc
range. The caveat being, that they investigated only a small number of haloes on the upper and
lower limit of spin parameters. Patrick et al.[|(2020) focused on determining the impact of halo
formation history and spin parameter on SMS masses and number, finding that SMSs did form in
binaries or small cluster systems in atomically-cooled haloes. Room for improvement was left, as
they modeled the upper LW background limit without any H; and purely isothermal collapse.

However, implementing H» into simulations can yield some difficulties. J; itself, the flux
necessary to completely suppress H, star formation, is a difficult to determine value. LW photons
reside in 78 lines between 11.18-13.6 eV, which can be shifted into and out of line center due to
turbulent motions of the gas. Calculations of line transport with Lorentz boosts have to be carried
out in order to attain realistic results of H, photo-dissociation rates and account for Doppler shifts
(Ricotti et al.|(2001))). Additionally the escape fractions of LW photons f,,. from their parent
haloes have to be determined (Schauer et al.| (2015} 2017))) . Both are not easy feats especially
in cosmological simulations. The go-to solution is to implement a uniform LW background
as has been done by e.g.,Machacek et al.| (2001)); |Yoshida et al.| (2003)); (O’ Shea and Norman
(2007). For more realistic results self-shielding of H; inside haloes against outside radiation is
calculated with semi-analytic functions, which has been done by e.g/Draine and Bertoldi| (1996));
Shang et al.[(2010); [Wolcott-Green et al.| (2011} 2021]). Another tool comes in the form of the
TREECOL algorithm (Clark et al.|(2012)) that determines through the calculation of Doppler
shifted lines from velocity gradients the column densities of 3D simulations. Those revealed that
self-shielding is underestimated by a factor of two in cases of Jeans approximations, as there
is a strong dependence on the direction in which the H> column density is measured, which is



impossible to determine with a simple 1D approach (Hartwig et al.[(2015))). Hartwig et al.| (2015)
furthermore found, that with their higher self-shielding the number density of DCBHs in the early
Universe increases by a factor of 32. Still, even this higher number density does not account for
the vast number of SMBHs at z < 6 considering solely the isothermal direct collapse scenario.

As an effective source of LW radiation for quenching later Pop III star formation, the first

semi-analytic studies deemed the first generation of stars adequate. They are able to produce
modest LW backgrounds of J.,;; ~ 1J>1 (Haiman et al.| (1997} 2000); \Glover and Brand| (2001)).
However, subsequent studies revealed that their effect can be diminished by turbulence as it
moves fluid elements away from the line center (Ripamonti and Abel| (2004)). Further on, an
increased value of J,.;; = 10J2; was found by Wise and Abel| (2007). Collisional ionization
caused by mergers with other haloes could increase the number of free electrons and thus boost
the formation of H; through H™. In return this would raise the value of J.,;, required to supress H,
star formation. Sources of UV radiation could increase local LW fluctuations to J.,; > 10*J5;, as
has been found in simulations of |/Agarwal et al.|(2012), indicating that the formation of primordial
haloes as progenitors of DCBHs is possible. Additionally, they highlighted how Pop III stars
would have been unable to generate the necessary flux. This is due to their limited number and
lifetime. Most of the flux is therefore believed to come form Pop II stars, in a sufficient distance
to the designated halo. Distance is needed as to not ionize the halo and evaporate it before it even
has the chance to start atomic cooling. (Johnson et al.|(2014)); Regan et al.| (2017))
Therefore, the value of J..; was in most studies based on simple blackbody spectra of Pop III or
Pop II stars. Temperatures of the second generation of stars Pop II are believed to be of order
10* — 10°K (Schaerer| (2003); LLeitherer et al.|(1999)), hence assuming the blackbody temperature
Ty as Ty = 103K or 10*K. However, for a more realistic approach spectral energy distributions
(SED) have to be taken into account as J.;; varies depending on their shape. A softer SED will
lead to a lower J; by two orders of magnitude than a harder shape. The softer SED is mainly
driven by the suppression of H; through photo-detachment of H~, whereas its counterpart the
hard SED is dominated by direct dissociation of H, (see equation [2.14]and [2.13]) (Omukail (2001);
Shang et al.[(2010); Johnson et al.| (2013a)); [Latif et al.[|(2014a)). Estimating J.,;; based on 3D
simulations using realistic SEDs yields 20, 000 — 50, 000J,;, which is one order of magnitude
larger than values of J.,;; based on one-zone models. Extensive studies additionally showed that
the critical LW flux can be correctly calculated based on the ratio of the disscociation rates of H~
to Hy, with Tpp = 10* — 10°K, as J,,; only marginally depends on the specifics of star formation,
including age, metallicity and bursty or continuous formation mode. Those studies utilized the
stellar synthesis code STARBURST99 from |Leitherer et al.| (1999)) for their SED calculations.
(Sugimura et al. (2014); Agarwal et al.| (2016); Latif et al. (2015)); Patrick et al.| (2021)))

This thesis aims to investigate the initially deemed most probable formation path for SMBH,
atomically cooled haloes. Detailed descriptions of the respective formation paths are going to be
outlined below. Chapter [2.T| will delve into the formation of the first objects in the early universe.
Subsequently followed by runaway stellar collisions in chapter [2.2] Atomically cooled haloes
will be described in chapter [2.3] and chapter [2.3.1| will showcase LW radiation and inlying H,
self-shielding. This will be followed with a detailed numerical description of the used methods in
chapter 3] Chapter [ presents the results of the study and is concluded in chapter 3]






Chapter 2

The Early Universe

2.1 First Stars and Population III Black Holes

Before discussing the formation of the first stars, Pop III, a theoretical framework has to be
established pertaining the evolution of our Universe, starting with the Big Bang (BB). In this case
the framework is defined through the standard cosmological model, the A cold dark matter (CDM)
scenario, in which the Universe underwent hierarchical structure formation and consists today
roughly of 68% Dark Energy, 27% Dark Matter and 5% ordinary Matter. The cosmology therein
can be described through six independent parameters. Those parameters are fitted to correspond
to observational results regarding the anisotropies of the Cosmic Microwave Background (CMB),
the expanding Super Novae (SN) Type Ia light curves and large-scale structures to name a
few. This framework makes it possible to describe the early stages of our Universe, when our
technology does not yet suffice to explore those parts and possibly never will.

2.1.1 Initial conditions

The infant stage of the Universe is thought to be a time of an extremely hot, dense, nearly
homogeneous photon-matter plasma. An epoch of accelerated expansion - cosmic inflation -
increases the size of the Universe exponentially. At this time, vacuum quantum fluctuations give
rise to primordial density fluctuations that are still imprinted on the CMB. Cosmic inflation stops
once the size of the Universe increased by order 10*. Remaining energy, that before drove the
inflation, is now poured into reheating the Universe and expansion progresses at a slower pace.
This environment allows for the pair production and annihilation® of proton and antiprotons,
neutrons - antineutrons and electrons and positrons. Formation of subatomic particles continues
until the Universe cools down to 1 trillion Kelvin, with the exception of electrons that are less
massive and are able to form down to cooler temperatures. Shortly thereafter with temperatures
of ~ 10K, first nuclei are able to form in the Big Bang Nucleosynthesis as the probability
of destruction by photons decreases significantly. Deuterium, Helium, Lithium and Beryllium
start to form approximately three minutes after the Big Bang, culminating in a ratio of ~ 75%
Hydrogen and ~ 25% Helium. The BB Nucleosynthesis stops after roughly 30 minutes due to

3a particle-antiparticle pair collides to form a pair of
photons



a temperature smaller than 108K and a hence decreased reaction rate. At this point, matter is
completely ionized, leaving electrons unbound. Photons scatter on those free electrons and cannot
travel through the surrounding ionized gas. This picture changes 380000yr after the BB once the
Universe is able to cool further down to ~ 3000K, this process is also known as Recombination.
Electrons bind themselves to nuclei forming neutral atoms and leaving room for photons to
travel unscattered. Photons and baryons are furthermore no longer strongly coupled. Thomson
scattering is able to slightly delay Recombination. Looking back through time we describe this
period as the Dark Ages, as no stars have been formed yet, implying that the only light is emitted
by hydrogen through radio waves. Only at z ~ 6 — 20 the first stars rise to reionize the Universe
again. (Loeb| (2006); [Weigert et al.|(2010))

2.1.2 Density contrast

The conditions for a star to form, however, are established long before recombination. They
require slight fluctuations in the matter distribution, which thankfully our Universe fulfills.
Already the young Universe, at 380000yr after the BB, shows anisotropies. Those anisotropies
stem from primordial quantum fluctuations that are depicted to this day on the power spectrum
of the 2.7K CMB. Photons, able to travel mostly unscattered due to recombination, carry that
information back to us.

Those small inhomogenities are directly tied to the gravitational field and baryon density of that
time. The gravitational field was dominated by non-baryonic matter, dark matter (DM). Dark
matter has the characteristics of being unaffected by radiation and is therefore able to assemble
way before normal baryonic matter, forming dark matter potential wells. Those accumulations
act as attractive gravitational fields into which normal matter later on collapses. Baryons are able
to collapse once photon pressure falls away after recombination. Before that, they are subjected
to repulsive forces of photon pressure working against gravity trying to pull them into potential
wells. This is due to the phenomenon that increasing the density leads to increased pressure.
Photons, while escaping those potential wells have to work against gravity. This results in a shift
in frequency which is correlated to a shift in temperature visible in the CMB. Applying this to the
grand scheme of the Universe leads to the freckled picture we have of the CMB. Regions of high
density, where the potential wells are located, imprint as cold spots and regions of lower densities
show as warm spots on the CMB map. Initially the discrepancies are only of order AT/T ~ 107>,
however, grow with cosmic expansion. They can be described with the density contrast ¢,

§=0"F 2.1)

where p denotes the average cosmic matter density. A region of average density will yield 6 = 0
whereas an overdensity region requires 6 > 0 and an underdensity 6 < 0. In the early Universe
the density contrast must have been |6 < 1 and only after recombination the density contrast
of baryonic matter was high enough to form structures. With time density fluctuations grow
due to their self-gravity, proceeding in this manner as long as the self-gravity remains small.
Expansion is able to extend those regions until an overdensity reaches § > 1, where the local
gravitational field is able to overpower it. It slows the pace of the expansion or even reverses its
effect by triggering gravitational collapse. Gravitational collapse is triggered when an overdensity



region accumulates enough mass so that its self-gravity is able to defeat the pressure forces
working against it. After recombination that pressure arises from high densities originating in
infalling gas. The first objects are believed to have formed in overdense environments and its
resulting instabilities. Those can be approximated through the Jeans-criterion, which is going to
be described below. (Weigert et al.| (2010); Schneider| (2006))

2.1.3 Gravitational collapse and cooling

Initial density perturbations will grow linearly until they reach high enough masses for self-gravity
to trigger gravitational collapse. Those dark matter accumulations will be bound together by
gravity to form the first haloes. They continue to grow by accreting mass and/or merging with
other haloes, as the ACDM model favors a bottom up structure formation.

Aforementioned, baryonic matter will be attracted to those structures and settle into them. Dark
matter then helps to overcome thermal and radiative pressure forces working against a collapse
and allowing for the first stars to form. J.Jeans deduced from this the Jeans criterion and with it

the Jeans-length A;
kT
A= | == 2.2)
Gpump

M, = %pﬁ, 2.3)

where T is the temperature of the gas cloud, p its baryonic density, kg the Boltzman constant, G
the gravitational constant, ¢ the mean molecular weight and m,, the proton mass.

They define a critical mass and length that when it is reached will trigger runaway contractions.
A primordial gas cloud is in this picture assumed as spherical, homogenous, isothermal and
non-rotating. In addition to the gravitational collapse, gas has to get rid of its kinetic energy and
cool to be able to form stars, as infalling gas will be shock heated. (Weigert et al.[|(2010))

and Jeans-massM

How does one get rid of kinetic energy and cool to form objects? The early Universe had not
much going on in regards of cooling agents, lacking the metals we find in the solar environment
today and no dust grains to act as catalysts for molecular formation. Various cooling processes
surrounding the primordial chemical composition operate at different temperatures and densi-
ties. The main cooling processes are collisional in nature, acting between the gas particles and
depending thus on the density squared. Although compression of the gas raises pressure forces it
likewise increases the efficiency of cooling. Kinetic energy of a gas can then be radiated away
while the potential energy grows, enabling runaway collapse that is only stopped once infalling
matter gets to dense and cold. Initially Pop III stars were believed to be very massive, as H,
chemistry was not well understood leaving atomic hydrogen as the main coolant. This would
lead to an adiabatic heat up of the collapsing gas cloud as H is a very inefficient radiator and
operates at higher temperatures. Such a gas cloud would increase its temperature until it triggers
at ~ 10*K Lya cooling through collisional ionization. The resulting high Jeans-Mass M lead to
the question of how stellar like structures could fragment in such an environment. A solution
presented itself through H;, chemistry which was first pointed out by McDowell|(1961). He found



that at densities present in H clouds the important processes for molecular hydrogen formation
will be the radiative attachment

H+e > H +hy 2.4)

and the associative detachment
H +H->Hy+e, (2.5)

where electrons e~ as leftover from Recombination, work as catalyst. The slow process of
radiative attachment and the rapid process of associative detachment in equation [2.4]and [2.5] are
the main reactions responsible for forming H;. Further, the formation channel through radiative
association

H+H"— Hy +hy (2.6)

subsequently followed by charge transfer
Hy +H— H, +H' 2.7

contributes to the increase in H,, although only slightly. In sufficiently high gas densities
> 108¢cm™3, H, can be additionally formed through three-body reactions

H+H+H—- Hy + H, (2.8)

H+ H+ H,— H, + Hs. (2.9)

Even a small fraction of H, allows substantial cooling through the molecules collisionally excited
rotational and vibrational transitions. Therefore cooling is triggered when the temperature in
the center rises to 1000K, working through the channels of photo-dissocitation of hydrogen
molecules and progressing until no Hj is left. It leaves the gas at temperatures of ~ 100 — 200K
and densities of ~ 103 — 10*cm™3, allowing for stellar like structures to evolve. Nonetheless,
they are believed to be more massive than Pop I or Pop 1II stars as H> is, compared to metals, a
rather poor coolant. If the gas, however, is able to get to temperatures of 10*K without enabling
photodissociation of Hj, it cools through the earlier mentioned collisional excitation of atomic
hydrogen H and emits a Lya-photon. At 10°K singly ionized Helium (He) is responsible for
cooling and at higher temperatures Bremsstrahlung takes over the role of main coolant. (Agarwal
(2018))

Once this protostellar clump collapses it further contracts to a protostar. A protostar is a com-
pressed fragment in hydrostatic equilibirum in its center and outer collapsing regions. It continues
to accrete matter and looses excessive kinetic energy through radiation. The central part increases
its potential energy and by doing so heats up. Central temperatures keep building until thermonu-
clear fusion is ignited, denoting the birth of a star. (Weigert et al.| (2010); [Latif et al.| (2014b);
Bromm et al.| (2002); |Whalen et al.| (2008, 2010))

2.1.4 Population III Black Holes

H, is, as established above compared to the metals we find in the interstellar medium (ISM)
today, a very inefficient coolant leading to the first stars to be more massive. They had surface



temperatures of ~ 10°K and radii ~ six times greater than the radius of the sun, rendering them
the perfect candidates for reionizing the universe. Pop III stars lived for a few million years
ending their life in different scenarios depending on their mass. Masses of > 20 My, will trigger a
complete gravitational collapse into a BH, a core-collapse SN with BHs, or neutron stars. Even
if the final fate of Pop III stars are neutron stars, they can still eventually become BHs due to
merger and accretion of such objects. BHs produced in those scenarios will end up having masses
of ~ 10 — 1000 Mg, continuing their growth as long as they have enough fuel by accreting
surrounding matter. (Loeb| (2010alb); Mo et al.| (2010alb)))

Approximation of Black Hole growth

For Black holes to grow in mass by accreting surrounding gas, the gravitational force Fg.q, ~
(GMm,)/ (r?) has to maintain dominance over the repulsing radiative force F,,q = (Lor)/ (4nrc).
Following this condition and equating Fgqy = Fuq, the Eddington-Luminosity L.sq can be

introduced as
dnGem,,

Leqa = M., (2.10)
or

where M, is the BH mass, or the electron Thomson cross-section, L the luminosity, G the
gravitational constant, m, mass of a proton, and c the speed of light. Accretion is only possible
for a luminosity L of L < L.q4 and L,g4y4 is proportional to the BH mass. Conversion of infalling
matter into energy happens with an efficiency e that ultimately determines the on L dependent

accretion rate M as L
M = —. (2.11)
€c

Meassuring it in terms of the Eddington-Luminosity yields the Eddington-Accretionrate Mz,

Leqa

Medd = 2
€c

(2.12)

The Eddington-Accretionrate, although an approximation using isotropic emission and spherical
symmetry, sets a robust limit for the upper accretion limit of a BH. Another caveat is the absence
of angular momentum and accretion disk in the calculation.

2.1.5 Population III Black Holes as progenitors of Supermassive Black Holes?

Black holes formed by typical Population III stars, with masses of ~ 10 — 1000 Mg, could not
have maintained the high accretion rates that are required for growing to masses of M ~ 10° Mg
by z > 7. Estimations using the Eddington-limit accretion show that typical Pop III black holes
would need an accretion time that exceeds the age of the Universe. Accretion at super-Eddington
rates may solve that problem, however, only small episodes were found. Additionally to not
being massive enough from the start, normal Pop III BHs are usually formed in low density
environments that prevent substantial initial growth (Pelupessy et al.|(2007); Alvarez et al.[(2009)).
Stellar feedback tends to push gas out before a BH is formed (|Whalen et al.| (2004); Johnson and
Bromm|(2007)). In case of lower mass progenitors, the central object could be ejected out of the
host halo due to the explosion accompanying the final fate of the star, ultimately leading the BH



to be cut off from its fuel supply.(Whalen and Fryer (2012); [Woods et al.[(2018))

This leaves the other two options as progenitors for SMBHs, runaway stellar collisions in dense
nuclear clusters and DCBHs formed in primordial atomic-cooling haloes. More massive initial
seeds were furthermore found to come with big enough gas reservoirs to feed the central object
for long periods of time (Latif et al.|(2013b); [Pacucci et al.|(2015))).

2.2 Runaway Stellar Collisions

The early Universe provided good conditions for the formation of dense, low metallicity clusters
and the therein occurring collisional processes. Clusters with radii of 0.1 pc or smaller would
be able to form. Gas enriched by a single SN could lead to even denser clusters as dust grains
are efficient cooling agents and can trigger fragmentation at even higher densities. Compared
to the protostars forming today, the primordial environment with its higher accretion rate would
have allowed for larger protostellar radii. Stellar evolution models found them to be ~ 300R¢
(Stahler (1986); (Omukai| (2001)); (Omukai and Pallal (2003))). Furthermore, very high accretion
rates of order ~ 0.1 Mgyr~! are able to significantly boost protostellar radii to ~ 500R,, for a
10 Mg, star and to > 1000R for a 100 M, star ([Hosokawa et al.| (2012, 2013)); [Schleicher et al.
(2013); [Haemmerlé et al.| (2018)); |Woods et al.|(2017)). Subsequently this leads to an increase in
the cross section for collisions, whereas the percentage for protostars engaging in collisions in
typical clusters lays between 0.1 — 1% (Baumgardt and Klessen| (2011))). Runaway collisions in
such dense clusters then produce a central very massive star (VMS) of ~ 400 — 1900 Mg. Those
VMSs would later on collapse to BHs in the mass range of 10? — 10* Mgwith at least 600 Mo,
which equals to 0.1 — 10% of the black holes mass of a DCBH (Reinoso et al.| (2018))). Although
massive, this implies a formation pathway for intermediate BHs (IMBH) and not super-massive
BHs. Near-Eddington accretion could theoretically lead them to build up enough mass to become
super massive at z > 7. However, that is very unlikely as they would need enough fuel and
high enough accretion efficiencies for substantial growth, which is not necessarily given in their
environment. Additionally, orbital dynamics could kick out stars from the cluster and starve
IMBHs. (Hirano et al.| (2014} 2015); Whalen et al.| (2004)); Kitayama et al.|(2004)); Alvarez et al.
(2009); 'Whalen and Fryer| (2012)); Smith et al.| (2018)); |[Latif et al.|(2016)); Johnson et al.|(2013b));
Latif and Khochfar (2020); Katz et al.|(2015)); [Sakurai et al.| (2017))

2.3 Atomically Cooled Haloes

A feasible solution for forming SMBHs are super massive stars forming in atomically-cooling
primordial halos at high redshifts, z ~ 15 — 20. Those halos would have been exposed to either
unusually strong Lyman-Werner UV fluxes or highly supersonic baryon streaming motions. In
order to reach the masses needed to fuel a super massive black hole, the collapsing gas has to
evade early fragmentation and efficiently rid itself of angular momentum. One efficient way is
to eradicate the main coolant H, by either direct destruction or by neutralizing its formation
channels. An environment with low gas densities and/or a large ionization background like LW
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radiation, leads to H, production hampering through photo-dissociation of H;
Hy, +hv— H+H", (2.13)

where hv denotes a photon with a certain energy E = hv. Another process is the inverse of
radiative attachment, photo-detachment

H +hv—>H+e, (2.14)

which operates at photon energies in the range of E < 0.75¢V. At higher densities with tempera-
tures of > 1000K collisional dissociation of H, becomes efficient

Hy+H— H+H+H. (2.15)

Destroying H; prevents a halo from cooling gas at lower temperatures, thus enabling it to grow
to higher masses. Taking a closer look at the Jeans-Mass M this becomes more palpable. The
Jeans mass is defined in equation hence M; ~ 10® M (T/10*K)>/? for the critical H, density
~ 10*cm™3. In the case of efficient H, cooling the gas temperature will fall to T ~ 100K leading
to M; ~ 10° My, a Jeans-mass for which normal Pop III star formation is possible. When H,
is missing the gas temperature is expected to be of order 7 ~ 10*K yielding a Jeans -mass of
Mj; =~ 100 M. (Sternberg et al.| (2021); McDowell| (1961); [Lepp and Shull| (1984); Palla et al.
(1983)); \Gall1 and Pallal (1998)); |Stahler (1986); Peebles| (1968))

Baryon streaming motions could have the same effect by delaying the collapse of a halo. Orig-
inating from baryonic acoustic oscillations of the decoupling of baryons and dark matter after
Recombination, they later grow to acoustic waves producing oscillations between baryons and
dark matter. That motion could shift baryons far enough away from potential wells to prevent
early gas fragmentation. Furthermore, it is able to feed a mini-halo additional energy and angu-
lar momentum. Another possibility is the suppression of H> formation via supersonic baryon
streaming motions. H> is suppressed through collisional dissociation by shocks of cold accretion
flows colliding near the halo center which also heats the gas. Streaming motions decay as 1 + z
starting from ~ 30kms~" at z = 1000 and having values of ~ 1kms~! at z = 20, implying a greater
disturbance to haloes forming at higher redshifts and with lower masses. (Latif et al.| (2014a);
Tseliakhovich and Hiratal (2010); Inayoshi and Omukail (2012); Hirano et al.[(2017); Stacy et al.
(2011))

Haloes subjected to such scenarios would grow to masses of 10’ Mg, and virial temperatures of
~ 10*K, without having formed stars. Once a temperature of ~ 10%K is reached it triggers atomic
cooling through collisionally-excited hydrogen and its radiative transitions in the center of the
halo. The halo collapses isothermally to a hydrogen number density of 10°cm™3, becoming later
on optically thick to Ly radiation. Stars are able to form at the center with fuel provided by infall
rates of ~ 0.1 — 1.0 Mgyr~!, which are predicted by stellar evolution codes to evolve as cool, red
SMSs. Usually during their thermonuclear life cycle the most massive SMS can directly collapse
into black holes of 100.000 — 250.000 Mg, through the general relativistic (GR) instability (Iben
(1963)); Chandrasekhar| (1964)). Pressure support is not able to stabilize the star against its radial
pulsations and general relativity’s’ stronger gravity, allowing for the implosion. This arises due to
the GR binding energy increasing more rapidly with density than in the Newtonian case. (Woods
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et al.| (2017); Fowler (1964); Umeda et al.| (2016))

Such high density environments would furthermore offer enough material to sustain a substan-
tial growth through time until the super massive regime is reached. Therefore DCBHs are the
favored candidate. They form in massive, dense atomically-cooled haloes fueled even through
photo-heating by X-rays. (Shang et al.|(2010); Oh and Haiman| (2002); [Woods et al.[ (2018)

2.3.1 Lyman-Werner radiation

Previous chapters successfully explored the absence of the coolant H, and the resulting higher
Jeans-mass, enabling a halo to grow to ~ 107 My, through the channels of H cooling. In order to
trigger H cooling a halo has to get rid of H; or prevent its formation. Ultraviolet photons in the
energy range of 11.18 to 13.6 eV corresponding to the Lyman and Werner absorption bands of
molecular hydrogen, and therefore called Lyman-Werner photons, are able to accomplish this.
They can be absorbed by H,, elevating the molecule from a ground electronic state to an excited
state (Lyman or Werner). Subsequently the molecules rapidly decay through radiative decay with
roughly 15% of them leading to complete dissociation into the molecules vibrational continuum.
This two-step process, see equation |2.16} is known as the Solomon process.

H> + hv— H; — 2H, (2.16)

where H; corresponds to one of the 78 LW ressonances between energies of 11.18 to 13.6 eV.
Surrounding gas is heated as a result of a portion of the photons kinetic energy being transported
away with remnants of the photo-dissociation and due to the other decays being radiative and/or
collisional in nature. Photo-dissociation is described in equation[2.13] Collissional dissociation,
the other channel in H; destruction operates at > 4000K exiting a H, molecule into its ground
state through the collision with atomic hydrogen as described in equation [2.15] Photo-detachment
as showcased in equation 2.14] destroys H™ and therefore prevents H, formation via associative
detachment. (Draine and Bertoldi| (1996)); McDowell (1961); (Glover and Brand! (2001)); |Stecher
and Williams| (1967))

LW photons responsible for the devastation come from a general LW background and nearby
haloes that underwent fragmentation, Pop III and even Pop II SF earlier. Stars of neighbouring
haloes will start their life cycle with thermonuclear fusion and emit photons. Photons are emitted
in three energy bands that will affect late blooming haloes as stellar radiative feedback. Those
bands are the ionizing band with £ > 13.6eV, the LW band with 11.18 to 13.6 eV and the
photo-detachment at £ < 0.75eV. Direct dissociation of H, is most efficient with stars emitting
a hard spectrum of T,,; = 10°K and photo-detachment of H~ is most powerful through a soft
spectrum of T,,q = 10*K stars. As to not ionize and evaporate the collapsing halo with photons of
E > 13.6, the atomically-cooling halo and the star bursting halo need to be in sufficient proximity
and accordingly synchronized in time. Haloes forming in very close proximity, with one being the
subhalo of the other, and most LW photons coming from Pop III stars are called a synchronized
pair (Visbal et al.|(2014)). (Patrick et al.| (2020); Johnson et al.| (2014); Regan et al.| (2017))
The LW background flux necessary to quench H; cooling in haloes for as long as they reach
enough mass to start atomic cooling, is defined as J.,;. J.i; is mostly expressed in terms of
Jo1, where J;; is defined as the mean intensity of the UV background in the LW band in units
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of Jo1 = IO‘ZIergs‘lcm_sz_1 sr~'. H, was found to be able to self-shield and survive in the
inner most parts of the parent halo with the exception of extremely strong LW fluxes. The actual
value of J,; itself remains an elusive parameter as the implementation of LW backgrounds into
simulation tends to be tricky.

2.3.2 H;-shielding

The upper paragraphs mentioned H; self-shielding briefly. It is the ominous phenomenon of H;
living in the core of an otherwise atomically cooling halo. In this scenario the inner region of H,
rich gas can be preserved from photo-dissociation by a large column density (> 104cm™2). H, in
the outer part absorbs photons able to photodissociate them and therefore leads the inner medium
to becoming optically thick to LW absorption line bands. It is however extremely difficult and
expensive to compute self-shielding by considering a full radiative line transfer study of individual
lines in the LW band. Self-shielding of H; is hence estimated as a function of the H> column
density and gas temperature. In direct application self-shielding of H, can be taken into account
while calculating the H, photo-dissociation rate in the LW bands. Thus, the averaged flux of the
LW band is multiplied by a self-shielding factor. The form of the self-shielding factor fj, is still
under debate. In|Draine and Bertoldi| (1996) it is given as a simple power-law approximation

fon = min ll, (ﬁ)w], 2.17)

104 cm—2

where Ny denotes the Hy column density. Itis 1 for Ny, > 10cm™2 and else for Ng, >
10'%cm=2. The upper equation behaves unphysically for Ny, — o, as is the case at the absence
of dust. Therefore Draine and Bertoldi| (1996) deduced a more complicated equation to overcome
this

0965  0.035 (1+x)2
fsh = X o + 1 -
(1+ E) (1 +x)3 1180
or slightly rewritten
0.965 0.035
fon=——— 4 _exp [—8.5 x 1074(1 + x)%] (2.18)
450" A+x2

where @ =2, x = legv,#, bs = wSCbW and b is the Doppler Broadening parameter b = V2o,

with o defining the one-dimensional velocity dispersion. The Doppler Broadening parameter
is used to define the width of observed spectral lines. In[Sugimura et al.| (2014} b is defined
as b = \2kgT2mp, where mp is the proton mass, kg the Boltzmann constant and T the gas
temperature.

fsn takes a different form in the calculations of |[Wolcott-Green et al.| (2011). They carried out
3D simulations of protogalaxies and fit f;; based on post-processed data, finding that modifying
equation [2.18] with @ = 1.1 produces a better fit. Yet another approach for a more accurate
self-shielding factor is given by Richings et al.| (2014}, who also derived their formula based on
equation [2.18] Richings et al| (2014) investigate the diffuse interstellar medium and how it shields
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against UV radiation, modifying f, to

1 - wp,(T)

fsh(NHz, Tgas) S —
(1+ )

exp[—s x 1077(1 + x’)]

w,(T)
+ [

1 (2.19)
(1+x)2

exp [—8.5 x 1074(1 + x')2

with X = Ny, /N¢i(T) and bs = b/ 103ems™!. As they are fitting their parameters to values of
CLOUDY, they set wg,(T), a(T), Ne+i(T) to be temperature dependent.

T 1.3 l?S T 14.6

7)= 00131+ (5555) ~ (35002 2.20
(T "\2700x ] eXp[ 3900K (2.20)

1.4 T < 3000K
() =3 (k)" 3000 < T < 4000K @21)

11 T > 4000K

7 \08
13]1+ (k)| T < 300K

Ncrit(T) _ -38 220
10 em=2 ~ ) (7m%) 3000 < T < 4000K (222)

2.0 T > 4000K

Furthermore [Richings et al.| (2014) make changes to the Doppler parameter b as LW affected
by Doppler broadening can suppress self-shielding. They include turbulence and calculate b

asb = b2 +b2  where byem = 2kgT/mpy, with T the gas temperature, kp the Boltz-
mann constant and mp, the H> molecule mass. Their turbulence amounts to a constant velocity
dispersion of 5kms~Y, which translates to by, = 7.1kms™!'. This value of b,,,;, was first used
by |[Krumholz (2012) based on data, that this equals approximately the velocity dispersion of

molecular clouds in nearby galaxies.

Since it is monetary impossible to compute the column density without some approximation,
accurate estimates have to be found, of which there are several. A few possibilities following
Wolcott-Green et al.|(2011)) are described below.

The H, column density is approximated as

Ny, = n(Hy)L¢par, (2.23)

with L., being the characteristic length over which the local H, number density is constant.
Otherwise those parameters change with time. As Np, is a non-local quantity it is generally
expressed by plugging the value for the Jeans-length A; (see equation [2.2]) into L. This
approximation allows for the derivation of Ny, and fy; through the local parameters H; fraction,
density and temperature. The use of the Jeans-length however does not implement temperature
and velocity gradients of the gas.
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Very high velocity gradients can nevertheless change the efficiency of photodisscoiation as LW
photons can be shifted in and out of line center from their restframe wavelength due to turbulent
motions. Very large and/or supersonic perturbations lead to a column density exceeding the
effective self-shielding column density N,¢r. This discrepancy along a line of sight then is of non
negligible order. The Sobolev approximation with its characteristic Sobolev-length Lg,; (Sobolev
(1957)) offers a solution for calculating Np,. It defines changes in the mean fluid velocity in
terms of the molecular thermal velocity vy, as

Lsop = pob (2.24)

@]

assuming that dv/ds is constant. This means that for a specific line of sight, Lg,; is the length
for which absorption lines are displaced by one local linewidth. Additionally, this leads to the
assumption that local fluctuations of the velocity gradient can be ignored if below Lg,, and
shielding by molecules above Lg,;, becomes insignificant. Since this method relies on the Doppler
shift, scenarios in which it is not the dominant component could potentially underestimate self-
shielding. Yet, it is a useful tool in the supersonic regime.
There are a handful of approaches in realizing the Sobolev length. A non-spherically symmetric
geometry requires Lg,p to be defined as a single value over the mean of the Sobolev length in all
directions. Three-dimensional set-ups depend on the derivation of Lg,, and its disscociation rate
towards each line of sight individually and then take the mean of it. Another method is to use the
over all directions averaged Ng,. In 3D simulations the minimum Sobolev length is often used as
a substitute for the magnitude of the velocity gradient.
A new scheme employing the Sobolev length in a slightly different way, was carried out by
Gnedin et al.| (2009). They defined L, over the gas density gradient p, ngg = |A%' This
characterizes a length above which optical depth is insignificant and for which the gas density is
diminished, contributing negligibly to shielding. Though they applied it to a different problem,
the usage is interesting and delivers on a rather accurate value of the integrated column density.
Another approximation directly computes Ny, by integrating the H, profile along six sightlines.
Those lines of sight are parallel to the Cartesian axes. It was used by |Yoshida et al.| (2003, 2007)
and (Glover and Mac Low| (2007alb) and although fairly accurate, it is computationally very
expensive.
Hartwig et al.| (2015) calculated their column densities based on the aforementioned TREECOL
algorithm from Clark et al.| (2012)). This approach computes column densities of 3D simulations
by determining Doppler shifted lines from velocity gradients of the gas. It is a realistic approach
as in a collapsing gas cloud spectral lines are Doppler shifted due to relative velocities between
infalling particles. H, can then only self-shield when the relative velocity is smaller than the
thermal velocity.

Different treatment of self-shielding leads to different values of J.,;;. Especially a lower criti-
cal flux would result in more haloes forming with suppressed H> cooling, ultimately leading to a
higher probability of producing sites environmentally friendly towards DCBHs and then further
on SMBHs. [Sugimura et al.| (2014) conducted a study by comparing the different approaches
mentioned above from [Draine and Bertoldi (1996)); Wolcott-Green et al.| (2011)) and Richings
et al.[(2014). They compared J.,;; for different blackbody spectra with radiation temperatures
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Figure 2.1: Figure 3 from|Sugimura et al.|(2014)) depicting J.,;; for for different blackbody spectra
with T, and different f;,. Data is taken from Draine and Bertoldi (1996); Wolcott-Green et al.
(2011), and Richings et al.|(2014) corresponding to DB96, WG11, and R14 in the graph.

Trqq and fy, in their figure 3, here figure @ were critical LW flux ist denoted with "LW”.

They found that J.,;; is affected by different treatment of f;;, mainly towards higher temperatures.
In the T,qq = 10*K regime, dominated by suppression of H, formation through H~ photodisso-
ciation, J..; yields almost the same results for all approaches. Suppression of H, through H~
photodissociation is independent of self-shielding. Reaching towards higher temperatures of
T,ea = 10°, where H, photodissociation and its strength play a key role, discrepancies in J
are considerable. For instance, J.,;; derived by means of Wolcott-Green et al.| (2011])) is up to an
order of magnitude smaller than what [Draine and Bertoldi| (1996) found, hereby showcasing the
importance of the implementation and treatment of f;,. Additionally, Hartwig et al.| (2015) found
that the simple Jeans approximation of Ny, and therefore of fy; leads to an underestimation of a
factor 2.

Results in figure 2.1] are not that surprising as fy, from Draine and Bertoldi| (1996) is only valid in
cases of low density or cold gas. [Wolcott-Green et al.| (2011)) adapted their study by @ = 1.1 in
favor of dense gas for all important temperatures. Furthermore, other discrepancies may arise
from the usage of different chemical reactions and cooling functions. Moreover, Richings et al.
(2014) calculated f;; for a 1D plane-parallel gas fragment whereas |Wolcott-Green et al.| (2011])
concentrated on 3D simulations of a static gas fragment. (Patrick et al.|(2021)); Shang et al.[(2010);
Sugimura et al.|(2014)); Wolcott-Green et al.|(2011)); Draine and Bertoldi| (1996); [Hartwig et al.
(2013))

2.3.3 Hybrid cooling

For haloes to grow significantly in mass, not all H> has to be destroyed. Yet, the presence of
H, in atomically cooling haloes brings in new interesting dynamics diverging from the ones in
pristine atomically cooled haloes. It is thought to produce a new path of Pop III star formation,
hybrid molecular - atomic cooling. In this scenario a halo undergoes collapse by Lya cooling in
its outer parts, while cooling through self-shielded H; in its center. Accretion disks turn out to be
smaller and infall rates lower than in haloes with pure atomic-cooling gas.

Studies have been conducted to better understand and describe that scenario. Employing resolu-
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tions of roughly 300AU, Latif et al.|(2020) studied six atomically cooling haloes. They followed
them for up to 900kyr in Lyman-Werner backgrounds of 100J,; and 500J,;. The haloes are
spanning masses from a few 10® Mg, to 107 Mg. The results showcase how the core of a given
halo is temperature wise dominated by H; cooling through self-shielded H, with mass fractions
of 1073, Outer parts of the same halo are cooled through atomic hydrogen. Infall rates in such
haloes have values of 0.005 — 0.02Mgyr~'. Those environments are able to produce stars of a few
thousand solar masses Mg, due to the accretion rates exceeding normal H; sites. However, infall
rates are smaller than for purely atomic-cooled haloes. Results are consistent with [Suazo et al.
(2019) and Regan et al.| (2020a) who furthermore found, that this implies a third mode of Pop III
star formation in the primordial universe. Moderate LW backgrounds lead to halos atomically
cooling in their outer parts while sustaining a H» rich core. Virial temperatures are close to the
peak of the H; cooling curve, few thousand K, yielding higher cooling rates than for smaller
haloes. Nonetheless, Lya cooling rates are not reached. (Patrick et al.[(2021))

Therefore this study is going to investigate the collapse of atomically-cooled haloes at a higher
LW background implementing self-shielding. Haloes, spanning a range of different properties in
order to represent realistic structures, are evolved to up to 5Myrs. This time frame is chosen to
accommodate the potential birth of DCBHs even if infall rates are smaller than for purely atomic
cooling haloes.
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Chapter 3

Numerical Methods

The aim of this chapter is to provide an overview of the tools used for simulating the formation
and evolution of atomically-cooling haloes and their visualization. Furthermore the code for
generating initial conditions is shortly described.

3.1 Enzo

Enzo” is an open-source adaptive mesh refinement (AMR), grid-based hybrid (hydrodynamics and

N-body) code developed by |Bryan et al.|(2014)) for a variety of astrophysical and cosmological
problems. It works in co-moving coordinates, implementing important physical effects like
self-gravity, magnetohydrodynamics, and radiative cooling. The code is written in C + + and
Fortran77 and parallelization is achieved using the message-passing interface (MPI), putting out
data in the cross platform supporting format HDF5 (Bryan et al.|(2014)). This provides Enzo with
the necessary resources required for operating on high-performance computing (HPC) clusters.
On SCIAMA’, an HPC cluster in Portsmouth UK, Enzo is executed with the SLURMC job scheduler
by submitting batch job scripts. HPC cluster come in various forms and shapes, spanning a
wide range of numbers of computer cores and allocated memory per core. Typical clusters
have between hundreds and thousands of computer cores with several GB memory per core.
SCIAMA, supported by the Institute of Cosmology and Gravitation, SEPNet and the University of
Portsmouth, consists of 4 288 cores and is spread over 179 compute nodes having a Lustre’ file
storage space of 1.8PB. Compute nodes are distributed over different partitions/queues, displayed
in table[3.1] and have to be specified in the submitted batch script along with the required time.

“https://enzo-project.org/ Shttps://slurm.schedmd.com/overview.html
Shttp://www.sciama.icg.port.ac.uk/ "https://www.lustre.org/
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sciama2.q 95 16 64 GB 4 GB

sciama3.q 48 20 64 GB 3.2 GB
sciama4.q 12 32 192 GB 6 GB
sciama4-12.q 16 32 384 GB 12 GB
sciamad4-4.q 4 128 1 TB
himem.q 1 16 512 GB
hicpu.q 1 128 125 GB
gpu.q 2 1 TB

Table 3.1: Following the SCTAMA website, the table displays the number of compute nodes, cores
per node, allocated memory per node, and memory per core of the used HPC cluster.

3.1.1 Physical equations

Enzo established itself as a very handy tool in astronomical fluid dynamics, finding solutions to
the Eulerian equations of ideal magnetohydrodynamics (MHD). Equations being solved by Enzo
are in co-moving coordinates, following the cosmological expansion and are given, as described
in Bryan et al.|(2014), as

dp 1
iV, =0, 3.1
g (ov) (3.1)
dov 1 BB ' 1
AR (pVV i P —) = ov— Zovg, (32)
ot a a a a
E 1 1 ' B? 1
O gl E+pw-18B-v|=-2(2E-B)-Ly.vo-n+T+ L1V . Fo (33
ot a a a 2a] a a?
OB 1
—-Vx(vxB)=0, (3.4)
ot a

with E the co-moving total fluid energy density, p the co-moving gas density, B the co-moving
magnetic field strength, and v the peculiar velocity. a is the cosmological expansion parameter and
I denotes the identity matrix. Radiative cooling A and heating I', as well as the flux corresponding
to the thermal heat conduction F,,; are introduced on the right side of equation @

Equations [3.1] [3.2] [3.3] define the conservation of mass, conservation of momentum, and the
conservation of total fluid energy (kinetic, thermal, and magnetic), while in addition representing
the first, second, and third moment of the Boltzmann equation. The magnetic induction equation
is described with equation [3.4] For a purely hydrodynamic (HD) regime, which this study is,
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B = 0 and equation [3.4]as well as the magnetic component of the fluid energy fall away.
The co-moving total fluid energy density E can be calculated as
2 2
pV B
E=e+—+—, 35

‘T2 T 2a (5-3)
where e denotes the co-moving thermal energy density. The total co-moving isotropic pressure
p” including the thermal pressure p is

. B
P=pts (3.6)
a
with gy = 1. The equation of state (EOS) for an ideal gas with specific heat vy and Poisson’s

equation for the gravitational potential ¢ are given as

e:—p
(y-1

AnG
Vi = T(ptotul = p0)s (3.8)

3.7

where pioral = Pgas +PDM + Psiars> and pg is the mean density. Note, that the gravitational potential
is derived through the total mass density contrast.

Parameters following the cosmological expansion of a smooth, homogeneous background are the
expansion parameter a = 1/(1 + z) and the only on time ¢ dependent redshift z. The universal
expansion is removed from the coordinate system by determining all spatial derivatives with
respect to the co-moving position X = x’/a, where x” denotes the position in proper coordinates.
Time evolution of the expansion parameter a(¢) is followed with the second Friedmann equation.
It reads for an expanding, spatially homogeneous and isotropic universe

7 4 Ac?
2= ”G(O @)+ < (3.9)

a 33 c? 37
where py is the co-moving background pressure contribution, A, the cosmological constant and
po denotes the mean co-moving mass density consisting of baryonic and dark matter. This system
holds for the non-relativistic limit and assumes curvature effects negligible, which is true for
simulated regions as long as they are small in regards to the radius of curvature and the Hubble
length ¢/H. Here H = a/a is the Hubble constant and ¢ the speed of light.

Newton’s equations in co-moving coordinates are

— =-V, (3.10)

dv a 1

— = ——v--Vo. 3.11

dt av a ¢ -11)
They describe the dynamics of collisionless particles, like DM, stars, and BHs, which are modeled
as N-body particles. Their contribution to the gravitational potential is governed through Poisson’s
equation.
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Furthermore, Enzo is able to solve mass conservation equations for up to 12 chemical species (H,
H* He,He",Het", e~, H , H», H;, HD, D%) with

al’li 1 h
AR U zj:kij(T)ninj + zj:r;’ nj, (3.12)

where n; is the co-moving number density and k;; the rate coefficients for two-body reactions,
which are mostly functions of only temperature. F‘;’h implements the destruction and creation
rates due to photo-ionization and/or photo-dissociation. Additionally the advection of one or
more co-moving metal density fields is monitored, as they can play a role in radiative cooling and
in SF.

Radiation can be implemented either as a homogeneous background or as an inhomogenous
radiation field. Enzo is able to track the inhomogenous field by directly solving the radiative
transfer equation along rays or by calculating momentum equations from the radiation field and
solving them. (Bryan et al.|(2014))

3.1.2 Adaptive Mesh Refinement

The Enzo AMR is based on the structured

adaptive mesh refinement (SAMR) technique

on a Cartesian mesh from Berger and Colella
T ; I (1989). AMR efficienlty adjusts grid sizes,
AN H

Hierarchy

U 4 ”_\' EEEEEEEEEEEE overlaying the base grid with sub-grids when-

ﬂ- i ‘ EEEEEEEEEEEE ever a cell is ﬂe.lgged for reﬁnement due .to crit-
ey o eeccccscscse ical processes in need of higher resolution. A
- single root grid over the whole computational

chostard S space works as the basis on which subgrids
(child grid) are placed for further refinement.
This forms a tree like structure to which sub-
grids of subgrids can be added and so on as

Figure 3.1: Grid schematics based on Figure 1 to cover the necessary resolution. Therefore
of Bryan et al| (2014) displaying a grid hierarchy @ child grid can become a parent to another

on the left and a 2 — D grid example on the right. higher resolution child. Enzo then enforces
certain grid conditions to maintain efficiency.

Thus, restricting high-resolution child grids to be completely enveloped by its parent and requiring
its edges to align with the cell edges of its parent. Cells are accumulated into grids. Additionally,
all grids are forced to align with the main axes x, y, z. The mesh spacing ratio between a parent
and child grid is for cosmological simulations usually set to 2.

Refinement is estimated by a variety of criteria, including baryon and DM overdensities, shocks,
Jeans length and cell cooling time. Refinement can take place anywhere in the simulation and/or
in a specified region. Subgrids can also be fixed over a subvolume of a simulation in order to
start with a higher initial resolution. Figure [3.2] showcases how AMR increases the resolution
of certain parts of a simulation by overlaying it with more grids. Figure [3.1|shows simplified
schematics of the hierarchical grid structure and a 2 — D example grid distribution.
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Figure 3.2: Grids displayed for Halo 2 in a Slice-Plot. The upper row displays the time at the
onset of atomic cooling and the lower row at 2.32Myr. The columns display the grids for a slice
size of 6pc on the left and 15kpc on the right.

Enzo uses grid patches as a primary data structure, storing information about field variables
and particle data in each patch. They are treated as individual objects, organized into a dynamic
and distributed hierarchy. A simple dynamic load-balancing is used to spread the workload
uniformly over all used processors. Grids are distributed as real grids embedded in surrounding
ghost zones. Ghost zones store temporary data from a processor not allocated to it, whereas real
grids are allocated to a certain processor and store its field values. A grid can therefore only be a
real grid on one processor and a ghost grid on all others. Ghost zones are needed to store data
from hydro-solvers, gravity solvers and PPM to only name a few. For instance the hydro-solver
needs a three layer thick ghost zone to contain its input, similar to the simplified view in figure

B-1) (Bryan et al] (2014))

Timesteps

Timesteps, in which physical equations are solved, are determined hierarchically level-by-level
by identifying the biggest timestep that satisfies certain criteria. Calculations proceed in a time
subcycling way starting with the lowest level 1 and progressing all grids on that level by one
timestep Af. Once this step is taken, another one follows on all grids to / + 1 at the next refinement
level, iterating this process until the finest level is resolved and then advancing until the level
above is reached. Once this is achieved, the finest level is synchronised to the one above and
progressed by one additional timestep. Grid information is shared after every Az, updating
adjacent ghost zones by interpolating from a parent and/or sharing data with neighbouring grids.
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Furthermore, it is analyzed which parts are in need of refinement subsequently upending the
gird hierarchy to accommodate the new requirements. This is done for every level of refinement
allocated to the simulation. Each level 1 determines its own timestep size progressing all grids on
the same level by it, invoking the condition of not exceeding the timestep of / — 1. (Bryan et al.
(2014))

Some of the timestep criteria following Bryan et al.| (2014) and displaying the 1D version for
simplicity, are

alx
At = mi, —_— , 3.13
hydro = Min (Khydro o+ |Vx|)L ( )
A
Atpy = min (KDM anx ) , (314)
VDM x|,
A
Atceer = min| y|==1 (3.15)
lgl ),
A
Atyaq = min all (3.16)
|arad|
a
Atexp = fexp (;) s (3.17)

where (...)r, denotes that this value is taken for all cells or particles on a level L. and the minimum
value is calculated as the timestep.

Refinement Criteria

Enzo has a variety of criteria that mark a cell for refinement using physical parameters. Depending
on the scientific question, 19 different methods can be employed, which are refinement by slope,
baryon mass, shocks, particle mass, Jeans length, cooling time, and metallicity to only name a
few. Cosmological simulations usually require cells to be flagged based on the baryon mass and
particle mass.

A cell is flagged for refinement by baryon mass if the baryonic mass of the cell exceeds a specified
value.

My > P fiag (AxXroor) 79, (3.18)

with M, = p(Ax)“ the baryonic cell mass. Here r is the refinement factor, [ the refinement level,
Prlag 1 the needed density of the rood grid for refinement and Ax,,,, the root grid cell spacing.
Additionally € specifies super-Lagrangian or sub-Lagrangian refinement as this refinement factor
tries to work similarly to a Lagrangian method and sustain a fixed mass resolution.

Refine by particle mass focuses on refining based on dark matter and stellar density. It works
similarly like the baryon mass flag with the difference that it uses gridded particle densities.
The flag for the Jeans length refinement is based on the Truelove criterion (Truelove et al.| (1997)).
It forces Enzo to refine the Jeans length by a fixed specified number of cells in order to account
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for artefacts. Cells are flagged when

1

ksT

Ax<(zﬂ—3) , (3.19)
N;Gpump

where Ny is the manually specified number with which the Jeans length has to be resolved, and
Ax the cell length. (Bryan et al.| (2014))

3.1.3 Overview of Hydrodynamics, Gravity and N-body dynamics

Enzo utilizes four different (M)HD methods with one of them being the hydrodynamic-only
piecewise parabolic method (PPM) based on the code from Woodward and Colellal (1984)
and extended to cosmology by Bryan et al.| (1995). It is an explicit, higher-order accurate
version of the Godunov PPM method, developed for solving ideal gas dynamics using a spatially
third-order accurate piecewise parabolic monotonic interpolation and capturing shocks with
a nonlinear Riemann solver. [Bryan et al.| (1995) furthermore implemented modifications for
usage in hypersonic flows, as the thermal energy e is extremely small in regards to the total
energy E which can cause otherwise large numerical inaccuracies. This DualEnergyFormalism is
implemented for stability and accuracy in the hyper-Machian range and can be switched on and
off manually.

Currently, a variety of Riemann solvers have been introduced to Enzo. To be accurate, five
approximate Riemann solvers take on the job of calculating the Riemann problem in Enzo, as
finding an exact solution would be tremendously costly. Those Riemann approximations are
a two-shock scheme (Toro| (1997)), the Harten-Lax-van Leer (HLL; Toro|(1997)) solver, HLL
with a contact discontinuity (HLLC; Toro|(1997)), HLL with multiple discontionuities (HLLD;
Miyoshi and Kusano| (2005))), and the Local Lax-Friedrichs (LLF) solver. A Riemann solver
fallback is employed for the PPM method when negative densities or energies are calculated in
high-order solutions, falling back on a more diffusive HLL Riemann solver for the erring cell.
This fallback can be switched on and off manually.

Self-gravity is introduced in Enzo by first distributing massive (DM, stars) particles onto the grid
using a second-order cloud-in-cell (CIC) interpolation technique, secondly calculating Poisson’s
equation on the root grid on each time step with the fast Fourier technique from [Hockney and
Eastwood| (1988)), and lastly the Dirichlet boundary conditions of the potential on each subgrid
are solved using a multigrid relaxation technique. Accelerations are found by determining the
potential and subsequently interpolating it back to particles. This scheme allows for fast and
accurate periodic and isolated boundary conditions of gravity, self-consistently computing the
gravitational potential emerging from baryon fields and particles.

A particle-mesh N-body method is utilized in Enzo to compute the dynamics of collisionless
systems following the standard drift-kick-drift technique of Hockney and Eastwood (1988]).
Modeled with particles, collisionless matter (DM,stars, BH) is set to interact with baryons only
through gravity, their dynamics calculated following trajectories of a sample of particles. They are
not adaptively refined as they follow the collapse of structures and are thus allocated the highest
level of refinement available at their position, encountering the same time step and gravitational
pull as a grid cell of that level. In order to avoid unphysicalities to the gravitating mass field,
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contributions from higher level particles are smoothed over a spherical region centering on each
particle’s position.
Bryan et al.| (2014) provide a more in depth description.

3.1.4 Chemistry

Enzo allows for the implementation of up to 12 species, utilizing a non-equilibrium chemical
network. That was initially based on work done by |Abel et al.| (1997)) and |Anninos et al.| (1997)
and update with reaction rates from McGreer and Bryan| (2008) and [Turkl (2009). This is
controlled by the Multispecies parameter, which when turned to 0 means off, 1 works with six
species (H, He,e™, H", He*, He*™ ), set to 2 includes nine species adding H~, H», H,, which
are important for the gasphase molecular hydrogen formation, and set to 3 utilizes 12 species
including D, D", and HD . The code monitors the total density, the ionization states of Hydrogen
and Helium as well as cooling and heating of each species. Rate equations are calculated, keeping
stability in mind, with one Jacobi iteration of an implicit Euler time discretization. 29 kinetic and
radiative processes stemming from nine Kinetic equations for the 12 species are solved (see Table
2 and 3 of Bryan et al.|(2014))). Those are then sub-cycled within one hydrodynamic timestep
in order to maintain accuracy. Radiative heating and cooling due to atomic and molecular line
excitation, recombination, collisional excitation, free-free transitions, Compton scattering of the
CMB, as well as models for UV backgrounds that are heating the gas via photo-dissociation and
photo-ionization are calculated in Enzo and updated either at the same hydrodynamical timestep
or within the same sub-cycle. (Bryan et al.[(2014))

Cooling

Enzo is able to directly compute the cooling and heating rates of H and He attributed to the
processes of collisional excitation and ionization, recombination, free-free emission, Compton
scattering of the CMB, and photoheating from a UV background. By setting Multispecies = 2 and
enabling H, chemistry, the code furthermore solves ro-vibrational transitions (Glover and Abel
(2008); |Galli and Palla (1998)), heating and cooling from H, formation and destruction (Turk
et al.| (2009)), and collision-induced emission (Ripamonti and Abel (2004)). Multispecies = 3
additionally allows for the calculation of the rotational transitions of HD (Galli and Palla) (1998));
Lepp and Shull| (1984))). Those mechanisms are further controlled through the RadiativeCooling
parameter.

Cooling through metals can be introduced into Enzo in three ways, the simpler pathway is through
an analytic cooling function from [Sarazin and White| (1987)), the second one being tables of
multidimensional cooling and heating rates calculated with the photo-ionization code CLOUDY
Ferland et al.| (19982013}, [2017), and through outputs of a Raymond-Smith code of |Cen et al.
(1995) that calculates cooling rates for T > 10*K.

Radiation

Most of the radiation fields interacting with the cooling and heating routines in Enzo use fits for
the H, He and He" ionizing and photo-ionization heating rates of the form, as described inBryan
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et al.| (2014), )
M), (3.20)
1+ y(z+z21)?

with literature values for the constant coefficients a, £, v, zo, and z;. They are controlled by the
parameter RadiationFieldType, which subsequently sets up one of nine different approaches for
calculation. For instance RadiationFieldType = I imposes a homogenous radiation background
based on |Haardt and Madau| (1996)) with a quasar spectra slope of g, = 1.5, whereas Radiation-
FieldType = 9 implements a constant molecular H, photo-dissociation rate. Molecular hydrogen
dissociation rates can be normalized using the RadiationSpectrumNormalization parameter, which
is multiplied to the rate. Approximate radiative shielding is introduces by the RadiationShield
parameter and shields when set to 1 H and He, and when set to 2 it follows the Sobolev-like
approximation of Wolcott-Green et al.|(2011) for H, shielding.

Radiation transport through ray tracing in Enzo follows the approach from |Wise and Abel| (201 1)).
Another radiation transport solver is field-based and coupled to the gas energy and chemical
number density. It focuses on a flux-limited diffusion approximation for cosmological radiative
transfer, a problem encountered on uniform grids.

rate = ko(1 + 2)* exp(

3.2 Cosmological Initial Conditions

Initial conditions set the ground work for successful simulations, laying down the appropriate
grids and physics for numerical studies to evolve from. This is usually done by starting from
redshifts z = 150 — 200, which cover the description of the Universe with a linear power spectrum
and describe matter fluctuations with Gaussian distributions. Cosmological initial conditions
are not generated by Enzo itself and have to be set up with other packages like MUSIC, inits,
or mpgrafic. The initially used code was inits, however, the most commonly used today is
probably MUSIC, which computes uniform or zoom-in initial conditions with multiple levels of
refinement for hierarchical sets of nested regions.

MUSIC, short for MUIti-Scale Initial Conditions, was developed by |Hahn and Abel (2011)) and
build upon work by [Pen! (1997); Bertschinger| (2001) and Sirko| (2005)). [Hahn and Abel|(2011])
are making use of an adaptive convolution of Gaussian white noise with a real-space transfer
function kernel and an adaptive multi-grid Poisson solver to compute velocity fields and particle
displacements at the first- and second-order Lagrangian perturbation theory (LPT1, LPT2). Their
usage of a hybrid Poisson solver, implementing an adaptive multi-grid algorithm for the hierarchy
of grids and a Fast Fourier Transform (FFT) for grids on the highest level, leads to a good
reproduction of small-scale perturbations without their suppression. The algorithm initializes
Gaussian primordial density fluctuations based on a set of random seeds, that can be drawn with
a random number generator or specified as wished, which subsequently determines the large
scale structure and noise refinement. Those have to be specified in an input file together with
other quantities like the simulation box size, the starting redshift, cosmological parameters, the
input transfer function, refinement levels, the number of nested grids, and their extent over the
simulation volume. Random seeds create a unique environment and changing even a single digit
will alter a whole simulation run, hence for investigating the same structures random seeds have
to stay fixed. MUSIC then proceeds to put out a grid-set up and a parameter file, that has to be
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adjusted with more physical parameters as well as control parameters for Enzo. Once this is done,
a simulation run can be started. (Hahn and Abel (2011)); Surace|(2020)))

3.3 Data Analysis

Data analysis and visualization of astrophysical simulations can be quite challenging, pushing
worktools like yt® (Turk et al.| (2011)) into focus. This tool is a community developed, open
source code, which is written mainly in Python® and has some routines coded in C. yt can be
used in Python as a module or imported as a library, while itself depending on NumPy'? (Harris
et al.| (2020)). It was originally developed for Enzo outputs and updated to handle data from
Orion, RAMSES, FLASH, and CASTRO to name a few. The code focuses on analyzing and
visualizing important physical quantities instead of quantities put out by simulations. yt is able
to calculate important physical quantities, make multi-dimensional profiles and visualize them
in 2-D and 3-D slice plots or projections from reading the simulations (Enzo) mesh and fluid
information. Information about the AMR grids and cells itself, like cell edges or grid overlays,
can be called by the code. Analysis is made easier by enabling defined simulation field variables
to be called at leisure and by defining physical quantities like the angular momentum vector
as data objects (quantities.angular_momentum_vector()), which yt is self-consistently able to
calculate when called. Furthermore, it is able to sift through a simulation box to find the location
and value of maxima and/or minima with a find_max()/find_min() command, setting it as the
plotting center if required. An important quantity used is the find_max(’density’), which is used to
find the most massive halo centers in this studies zoom-in simulations. Another useful application
is the quantities.total_quantity() command, which calculates the total amount of a field (e.g.
mass) in a specified area when asked by defining for example a sphere over a certain region
with ds.sphere(location, radius), where ds denotes the read-in simulation data. Enzo puts out
quantities in code units that can be easily converted into real values with yt, by setting .in_units()
or .set_unit() to the desired magnitude (e.g. Msun; "HM_Density’,’ g/cm**2’). Simulation time
and real time are likewise tracked with yt. Additionally, different sub-scripts of yt are for
instance able to identify haloes in cosmological simulations and build hierarchies of merger trees
(ytree; (Smith and Lang| (2018))). Other Python packages used in this work are matplotlib!!
(Hunter| (2007)), pandas!? (pandas development team| (2020); [Wes McKinney| (2010)), and
NumPy. (Turk et al.|(2011); Bryan et al.[(2014))

3.4 Simulating atomically-cooled Haloes

Initial conditions for the 8 simulated haloes were provided by |Patrick et al.| (2020), where they
identified and choose haloes of different formation histories and spin parameters. Those haloes
are then simulated in a 10°J,; LW background.

The earlier explained Enzo AMR cosmology code is used for this study. Characteristic parameters
used are the piecewise parabolic method for hydrodynamics (PPM;|{Woodward and Colellal (1984);

8https://yt-project.org/ Thttps://matplotlib.org/
“http://www.python.org/ "?https://pandas.pydata.org/
!Ohttps://numpy.org/
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Bryan et al.|(1993)) and the HLLC scheme. The HLLC scheme provides enhanced stability for
strong shocks and rarefaction waves (Toro et al.| (1994)). Evolution of Dark Matter is traced
through an N-body adaptive particle-mesh scheme. Dynamics of collisionless particles are calcu-
lated following trajectories of a sample of particles (Efstathiou et al.| (1985)); |Couchman|(1991));
Bryan and Norman|(1997); Hockney and Eastwood| (1988))). The adaptive particle-mesh scheme
is self-consistently linked to the nonequilibrium primordial gas chemistry and gas flows (Anninos
et al.| (1997)); |Glover and Abel (2008))). Furthermore, Multispecies = 2 is used, implementing
nine species (H, He,e™, H*, He*, He’*, H™, H>, H>,). Additionally collisional excitational and
ionizational cooling thorugh H and He , H; cooling, cooling through Bremsstrahlung, recombina-
tion cooling as well as inverse cooling by the CMB are utilized. Self-shielding of H> against the
LW background is calculated following the Sobolev-like approximation of |[Wolcott-Green et al.
(2011).

3.4.1 Simulation Setup

The starting point for the 8 simulations is a redshift z of z = 200 and a comoving simulation box
size of 1.5Mpc h~!. Simulations initialize between 27503288 (halo 12), 28293672 (haloes: 2, 8,
19, 20) and 29142800 (haloes: 1, 10, 16) particles, showcasing designated haloes in the center of
the box.

Initial conditions are generated by MUSIC (Hahn and Abel|(2011)), as was described in section
implementing the second-year Planck cosmological parameters: Q) = 0.308, Qa = 0.691,
Quh? = 0.0223, o3 = 0.816, h = 0.677, n = 0.968.(Planck Collaboration| (2016))

Simulations have a top grid resolution of 2563. Additional three nested grids with a resolution
of 256 each, are centered on the targeted halo enclosing 20% of the simulation. This adds
up to a DM mass resolution of 28 M and baryon mass resolution of 34 Mg. A maximum
physical resolution of 0.014pc is reached by employing 15 levels of refinement. Refinement on
baryon and particle mass as super-Lagrangian is implemented from the beginning. Baryon or DM
overdensities exceeding eight times the mean density (6p/p > 8.0) lead to grids being marked for
refinement.

The Simulation is stopped for the first time at z=30, were refinement on the Jeans length is turned
on manually to ascertain physical matter clumping. 32 cells are set to cover the Jeans length in
order to resolve important physical processes, like the formation of turbulent structures, and the
Truelove criterion (Truelove et al.|(1997)). Otherwise contamination by artificial fragmentation
due to a violation of the Jeans criterion would diminish the reliability of the results (Truelove
et al.[ (1997); [Latif et al.[|(2013a)). Numerical artifacts are further avoided by smoothing DM
particles at the tenth level of refinement, as baryons dominate the collapse below pc scales and can
unphysically heat and accelerate surrounding gas if higher resolutions lack enough DM particles.
This is equivalent to a comoving resolution of 5.72pc.

The simulation is then stopped for a second time at the onset of the atomically-cooled halo
collapse, when the maximum refinement level is reached. To stabilize the collapse on the smallest
scales a pressure floor is activated manually by setting a minimum temperature in the highest
refined cells following the approach of Machacek et al. (2001)). Additionally Cells are kept Jeans
stable and are prevented from collapsing on scales below the maximum resolution, which could
cause artificial fragmentation and non-angular momentum conservation. Data is set to be put
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Halo 1 16.7 3.68¢e7 0.0389 1

Halo 2 14.5 8.47e7 0.0388 0
Halo 8 20.4 1.15e7 0.0321 0
Halo 10 17.3 2.60e7 0.0500 1
Halo 12 16.80 1.93e7 0.0471 0
Halo 16 16.5 2.91e7 0.0258 3
Halo 19 13.9 2.12e7 0.0072 0
Halo 20 17.7 3.56¢e7 0.0199 0

Table 3.2: Properties of the eight designated haloes from |Patrick et al.| (2020) at the onset of
atomic cooling.

out every 10kyr to capture accretion rates and the gravitational collapse. A collapsing halo is
followed for up to 5 Myrs (Patrick et al.| (2021)).

3.4.2 Halo Properties

The data for the eight haloes simulated in this thesis is provided by [Patrick et al.[(2020). They
performed initial DM only runs in order to identify potential candidates through spin parameters
and accretion history at the onset of atomic cooling. Subsequently they selected a scientific
sample based on various spin parameters and evolution history (accretion, major merger and or
both). Major mergers are defined there as the collision between two haloes of a mass ratio of at
least 1/5. The spin parameter A is defined as (Peebles| (1969);Bullock et al.| (2001))

12 VIET 1L 321)

GM3  \2GRM3’

where L denotes the angular momentum, R the virial radius, M the virial mass of the halo and G
the gravitational constant. Properties are taken from [Patrick et al.| (2020) and listed in table @}
They include the collapse redshift z.,;, mass and spin A at the onset of atomic cooling as well
as merger history. Initial haloes were identified through ROCKSTAR (Behroozi et al.| (2013)),
which determined the position, mass and velocity of each halo. Merger trees were then build
using ytree (Smith and Lang| (2018])) on the previously output data from ROCKSTAR. They
follow the haloes from z=25 until z=15 in Az=0.5 steps.

Halo assembly histories therefore vary. Halo 16 evolved through three major mergers where as
halo 2 has zero major mergers in its history and grew mostly through accretion. Halo 1 and halo
10 encounter a major merger each while evolving. Halo 10 also has the highest spin parameter,
followed closely by halo 12. Halo 12, however, did not live through a major merger accumulating
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its high spin through accretion of matter. Halo 19 grew mostly through accretion and halo 8 and
20 are products of minor mergers and accretion. The common factor being low-mass ancestor
haloes in the merger tree (see figure 1 |Patrick et al.| (2020)). For greater detail on assembly
histories in the no-H, runs, consult [Patrick et al.| (2020).

3.4.3 LW Backgrounds

Haloes are evolved in a LW background of 10°J,;. This value is set to build on results from
Patrick et al.| (2021)) in order to map the upper limit of J,; and better approximate the total
destruction of H» and isothermal cooling in haloes. We estimate, that it will probably walk the
edge between isothermal and H; cooling. The LW backgound is modeled as a constant molecular
H, photo-dissociation rate (RadiationFieldType = 9) multiplied by the set value of J,;, here
10°Jy; (RadiationSpectrumNormalization = 1.0e-16). H~ photodetachment continuum photons
with energies < 0.755eV are not included, as their effects are most likely covered by the LW
backgrounds implemented. In general, however, disregarding photodetachment photons can lead
to overestimations of H~ mass fractions in the center of haloes, where they could potentially cool
it to ~ 5000K(O’Shea and Norman| (2007))). Those temperatures lie below of what is achievable
by Lya cooling and are almost perfect for the formation of H, through H~. This effect including
higher densities due to the lower temperatures, could result in an overestimation of H, mass
fractions and self-shielding in halo cores of this study.

Self-shielding of H, against the LW background is computed following the Sobolev-like approxi-
mation of Wolcott-Green et al.| (2011) (RadiationShield = 2).
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Chapter 4

Results and Discussion

In this section results for the simulations of a 10°J>; LW background are presented. The disk
evolution and accretion rates for each halo are described in detail. Initial time # = 0.0 is defined as
the time of the onset of the rapid gas collapse when the densest cell of the simulation reaches the
maximum refinement level 15 for the first time. Table 4.1 shows the summarized data from the
simulations of [Patrick et al.|(2020), [Patrick et al.| (2021)) and this work. It displays the redshifts at
collapse corresponding to the different LW backgrounds. Results from [Patrick et al.| (2020) and
Patrick et al.|(2021) are included for comparison purposes and better understanding.

4.1 Early Beginnings

Onset of atomic cooling (here t=0.0) occurs at different redshifts for the different haloes simulated
in this work, ranging from z ~ 14.11 for halo 19 to z ~ 20.89 for halo 8. Tabel 4.1| shows the
different collapse redshifts in which halo 1 collapses at z=16.89, halo 2 at z=14.60, halo 8 at
20.89, halo 10 at z=17.74, halo 12 at z=16.98, halo 16 collapses at z=17.16, halo 19 at z=14.11,
and halo 20 at z=18.03. Temperature profiles against radius at t = 0.0 are displayed in figure .1}
where they show a similar trend for all simulated haloes. Temperatures of ~ 10° K are found
in the halo center and rise to ~ 10°K between 1pc and 10pc outwards, followed by a plateau
which drops rather rapidly towards larger radii of ~ 10> — 10° pc. Halo 2 has the largest and
boxiest plateau of the sample, while halo 8, the first to collapse, shows the sharpest and smallest
peak in temperature. The lower temperatures towards the halo center are due to self-shielded
H; cooling through its collisionally excited rotational and vibrational transitions, whereas the
higher temperatures of ~ 10* K correspond to atomic H cooling. Halo 2’s boxier shape might
be attributed to the fact that it has a companion halo at a distance of 200 pc, which is more
pronounced in figure (b). Figure (b) features a bump at 10% pc in the number density,
corresponding to the neighbouring halo of halo 2 (see also[C.I)). Otherwise figure d.2] displays a
similar trend for all simulated haloes, with a peak of the number density in the center and a falling
slope towards larger radii. Additionally, the steepness of the slope is comparable for all haloes.
Furthermore, the radial profiles show good agreement to radial profiles from earlier studies of
high and intermediate LW backgrounds and self-shielded H, (e.g. |Patrick et al.[ (2020, 2021);
Regan and Downes| (2018a); |Suazo et al.|(2019)).
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Halo 1 16.7 16.89 17.4 18.5 30.0

Halo 2 14.5 14.60 15.5 18.9 289
Halo 8 20.4 20.89 22.1 22.7 333
Halo 10 17.3 17.74 17.9 18.4 284
Halo 12 16.80 16.98 - - -

Halo 16 16.5 17.16 - 19.0 27.1
Halo 19 13.9 14.11 14.7 15.3 21.1
Halo 20 17.7 18.03 - - -

Table 4.1: Redshifts of Halo collapse corresponding to different LW backgrounds. Data for the
no H, column has been taken from Patrick et al.| (2020) and for J>; = 10*, 103, 10? from [Patrick
et al. (2021)). Values for 10°J,; are the work of this thesis.
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Figure 4.1: 1-D temperature against radius profiles at the beginning (t=0.0) of catastrophic baryon
collapse for the simulated haloes 1, 2, 8, 10, 12, 16, 19, and 20 displayed in subfigures (a), (b),
(¢), (d), (e), (1), (), and (h) respectively.
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Figure 4.2: 1-D number density against radius profiles at the beginning (t=0.0) of catastrophic
baryon collapse for the simulated haloes 1, 2, 8, 10, 12, 16, 19, and 20 displayed in subfigures (a),
(b), (c), (d), (e), (1), (g), and (h) respectively.
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4.2 Disk Evolution

Once catastrophic baryon collapse is triggered, a dense spherical core is formed which is sur-
rounded by an accretion disk. The gas is flattened around the core due to rotation and at
~ 0.5 — 0.7Myr after the collapse a bar instability creates spiral arms. Due to the increase in
angular momentum with infalling matter, the spherical center gets more elongated/ellipsoid over
time. Temperatures tend to be of order ~ 10%K in the center of the disk, while surrounded by
cooler 10°K H, rich gas. Some haloes showcase the trend of a small, cool H; core surrounded by
hot 10*K gas, which is embedded in a larger self-shielded H, environment. H, fractions rise over
time, corresponding to the disks getting denser. H, manages to self-shield against LW radiation
in all simulated runs, however, Lya cooling is still the dominant process.

Halo 1 starts to form a dense, cold core that starts cooling through the channels of H, to ~ 10°K
at around 0.228Myr. The clump grows in density and size, until at ~ 0.47Myr atomic cooling
is triggered. At roughly ~0.5Myr after the collapse a smaller cold, dense clump forms in a 1pc
distance to the core and is accreted at 0.625Myr. The halo then proceeds to cool trough Lya in
the center and isothermally on the outer parts. This is shown in figure .3] where the temperature
plots in the middle display a red small structure cooling at 10*K surrounded by gas of cooler
temperatures in green. Lower plots of figure [d.3|show the H> mass fraction which corresponds
to this picture, where a region with very low H, density exists close to the central object. Halo
1 proceeds to evolve in this manner until the end of the simulation at 2.08Myr. Spiral arms get
more distinct and develop cold dense H; rich clumps, which then fall into the center. The central
hot region grows in size, while being devoid of H,.

Halo 2 evolves in a similar fashion as halo 1, starting with a dense core which triggers atomic
cooling at around ~0.575Myr after the rapid baryon collapse. At first the 10*K region is very
small, however, after another dense clump falls into the center at ~0.7Myr its size receives a
substantial boost. Cooling with temperatures of 10*K dominates the central part with H, cooling
around it, embedded in a hot medium as is shown in figure @.4] As time evolves more gas
fragments along the spiral arms and falls into the hot center. Those fragments, as can be seen in
picture two and three of the middle panel in figure[d.4] vary between being cold, dense and hot,
H, poor. The clumps display the same trend as the center, a H, bare area developing close to the
hot central region. Halo 2 shows more fragmentation along spiral arms than halo 1, yet not as
much as halo 8. This scenario persist until the end of the simulation at 2.83Myr.

Halo 8 is the first of the sample that undergoes rapid baryon collapse, at z ~ 20.89. The central
dense clump collapses as nearby another dense clump is forming at ~0.2Myr. This clump spirals
around the center and gets accreted shortly after, at ~ 0.25Myr. However, earlier at ~0.23Myr
when the clump is close by the central region, yet not fully swallowed, atomic cooling is triggered.
In addition, around this time a H; poor region around the center develops. For this halo the H»
void is especially pronounced, a H, void ringed by cold, dense H, gas. Larger fragments also
show this behaviour. This picture persist until the end of the simulation at 2.18Myr with the
shape of the material outside the H, void slightly changing due to the spiral arms and angular
momentum. Halo 8 shows more fragmentation than the previous haloes, which showcases itself
in a clumpier accretion mode. Snapshots of the simulation regarding halo 8 can be seen in figure
4.5l

37



Atomic cooling in halo 12 is triggered at ~ 0.253Myr after catastrophic baryon collapse.
Shortly after at ~ 0.417Myr, a second clump that cools at 10*K falls into the main disk, expanding
the atomically cooling center. At ~ 0.592Myr a third, very dense and hot clump merges with
the main disk. Subsequently, more and more clumps fall into the center with time, some being
hot, close to 10*K, while others have temperatures between 10°K and 10°K. Some fragments
orbit the main disk several times before being accreted, coming close to the center before being
ejected into another round-about. This is illustrated in the middle row of figure [4.6] which
captures the moment of a clump coming close to the center before being send on another rotation.
A remarkably dense and hot clump fly’s by the main disk at ~ 2.6 Myr before merging with
it at ~ 2.74Myr, causing massive turbulence that ejects material in tidal tails outwards. This
turbulence further boosts the formation of H; and very cold spiral arms, that can be still seen
in the third row of figure [d.6] The center of halo 12 shows a similar cooling mode as the other
haloes, where a small, hot 10*K Lya cooled bubble of H, devoid gas is surrounded by a cooler
H, self-shielded 10°K environment. The hot region is distinguished by its low H, fraction, which
is in agreement with density, temperature, and H,-fraction plots.

Halo 16 starts cooling though the channels of Ly« in its center at ~ 0.237Myr. The atomically
cooling region expands slowly and at ~ 0.431Myr another clump crashes into it, after forming at
a distance of ~ 1pc for about 100Myr. Halo 16 proceeds to evolve due to turbulent flows without
as much clumpy accretion and fragmentation as halo 8 or halo 12, accreting cooler clumps of
temperatures between 10°K to 10°K. Fragmentation increases with time, where at ~ 2.26K a hot
clump merges with the main disk. The clump formed at ~ 1.88Myr orbits the center until finally
crashing into it, which can be seen in the middle row of figure[d.7] Halo 16 exhibits distinct spiral
arms that harbor H;, which is showcased by cold temperatures like in the last column of figure
It further depicts the scenario of a H, devoid core, surrounded by colder, H, gas that sits in
an environment of atomically cooled gas.

Halo 19 is the last of our sample to undergo catastrophic baryon collapse at z = 14.11. Atomic
cooling is triggered in its central core at ~ 0.57Myr. The disk of halo 19 is prone to fragmentation,
accretion therefore proceeds in a clumpy manner. Bigger and smaller clumps are accreted by the
center, with some of them reaching temperatures of 10*K in their cores. This is in agreement
with pictures of the H,-fraction, as hot Ly cooled regions are almost devoid of H,. Some bigger
clumps fall into the center at 0.717 Myr, and at 1.36 Myr. Around 2.08 Myr a clump forms in the
vicinity of the central disk and proceeds to orbit it. At ~ 2.31 Myr the clump completes a flyby
accompanied by mass exchange, which places its orbit closer to the disk until it is fully accreted
at 2.42 Myr. Subsequently, the disk is rattled by turbulence that triggers H» cooling in the spiral
arms and ejects material in tidal waves outwards. This is depicted in the middle column of figure
[4.8] were cold, H, rich regions are blue in the temperature plot. Afterwards, the disk stabilizes a
little and other fragments start to fall in again. Another hot, big clump that orbits the main core
and performs close flybys forms at roughly 3.07 Myr, continuing its revolution until the end of
our simulation at 3.39 Myr. Spiral arms seem to form somewhat later than for the other haloes at
around 0.678Myr, which can be seen in the first column of figure 4.8] It furthermore shows the
scenario of a central H; poor region, surrounded by a denser H, rich gas that is embedded in a
Lya cooled medium.
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Disk evolution for halo 20 is showcased in figure 4.9 Atomic cooling in its central core is
triggered at ~ 0.54 Myr. Initial stages resemble those of halo 8, where a filamentary structure
is present, enabling clumps of various sizes to migrate onto the central clump and for relatively
smooth mass accretion. The accretion of big, hot clumps leads to turbulence induced H, cooling
in spiral arms, as well as mass ejection in tidal waves. This is depicted through the cold, blue
regions in the middle panel of figure d.9] After a massive clump crashes onto the center at
~ 1.67 Myr, accretion proceeds in a clumpy manner until the end of the simulation at 3.09 Myr.
The central core of halo 20 displays the same trend as the other simulated haloes, namely a hot
atomically cooled core surrounded by cooler H, rich gas that again is embedded in a hot 10°K
medium. Hj-fraction plots support this idea, demonstrating a clear H, void corresponding to a
hot Lya cooled region in the central core.

Some haloes, (e.g. halo 10), form multiple disks that survive for long enough times before
merging with the central core to potentially form supermassive binaries. Whether these smaller
systems would be able to cool enough to form stars is unclear, as it would require a higher
resolution than has been enforced here.

All simulated haloes further show the trend of turbulence enhancing local densities. These in
turn boost H, formation and cooling through the channels of H~ and H7, which can be seen as
cool regions in the temperature plots around the disks where most turbulence occurs. Although
implementing a high LW background of 10°.J,1, H, preserves in all haloes, setting a limit to the
efficiency of atomic cooling. This is affirmed by the H; fraction plots that depict the evolution of
H,. Higher densities coincide with higher H, fractions and the denser the medium gets, the more
it self-shields against external radiation, cooling it down to ~ 100 - 200K with the exception of the
Lya cooling central cores that are almost devoid of H;. This is also showcased in the 1D-Profile
plots in figures[B.5] and[B.7] were the H,-fraction is calculated against the radius for three
different timesteps. The first timestep is the onset of catastrophic baryon collapse, followed by
the start of atomic cooling in the central core, and lastly figure [B.7]displays the fractions at the
end of each halos simulation. They rise with time to up to 1072 for halo 8 and halo 16, otherwise
staying in the range of 10* — 1073, Figures of the onset of Ly cooling depict yet again the trend,
of a hot central core as the graphs exhibit a dip there and rise towards larger radii. Subfigure
(e) shows an interesting dip at 10~! pc, which is consistent with ﬁgure as halo 16 has at that
distance hot atomically cooling companion clumps.

4.3 Accretion Rates

The accretion rate defined here is the change in mass from output to output divided by the time
between outputs. Therefore, accretion rates are calculated by centering a sphere with a radius
of 0.136pc on the densest cell at the center of the halo disk. The mass in a 0.136pc sphere
is calculated for each data output and then divided by 10kyr, which is the time of the output
intervals, to get the dimension of Muyr~!. A radius of 0.136pc was chosen in order to keep the
approximated sphere resolved by at least 10 cells and to exclude mass from spiral arms, as their
artificial input would falsify the rates. Initial time t = 0.0 is defined as the time of the onset of
the rapid gas collapse when the densest cell of the simulation reaches the maximum refinement
level 15 for the first time. Accretion rates are displayed in Figure #.10]and summarized for their
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Figure 4.3: Snapshots of the evolution of the disk in halo 1 in a LW background of 103J,;. The
top row displays the projected densities at 0.577Myr (left), 1.87Myr (middle) and at 2.08Myr
(right) after the onset of atomic cooling. In the middle panel the temperatures corresponding
to the densities are shown and in the bottom row the H> mass fractions. Snapshots are 6pc in
diameter.
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Figure 4.4: Snapshots of the evolution of the disk in halo 2 in a LW background of 103J;. The
top row displays the projected densities at 0.575Myr (left), 1.87Myr (middle) and at 2.32Myr
(right) after the onset of atomic cooling. In the middle panel the temperatures corresponding
to the densities are shown and in the bottom row the H, mass fractions. Snapshots are 6pc in
diameter.
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Figure 4.5: Snapshots of the evolution of the disk in halo 8 in a LW background of 10°J,;. The
top row displays the projected densities at 0.576Myr (left), 1.87Myr (middle) and at 2.18Myr
(right) after the onset of atomic cooling. In the middle panel the temperatures corresponding

to the densities are shown and in the bottom row the H> mass fractions. Snapshots are 6pc in
diameter.
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Figure 4.6: Snapshots of the evolution of the disk in halo 12 in a LW background of 10°.J,;. The
top row displays the projected densities at 0.456Myr (left), 2.21Myr (middle) and at 3.02Myr
(right) after the onset of atomic cooling. In the middle panel the temperatures corresponding
to the densities are shown and in the bottom row the H, mass fractions. Snapshots are 6pc in
diameter.

43



Figure 4.7: Snapshots of the evolution of the disk in halo 16 in a LW background of 10°.J,;. The
top row displays the projected densities at 0.527Myr (left), 2.27Myr (middle) and at 3.6Myr
(right) after the onset of atomic cooling. In the middle panel the temperatures corresponding
to the densities are shown and in the bottom row the H> mass fractions. Snapshots are 6pc in
diameter.
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Figure 4.8: Snapshots of the evolution of the disk in halo 19 in a LW background of 10°.J,;. The
top row displays the projected densities at 0.678Myr (left), 2.47Myr (middle) and at 3.39Myr
(right) after the onset of atomic cooling. In the middle panel the temperatures corresponding
to the densities are shown and in the bottom row the H, mass fractions. Snapshots are 6pc in
diameter.
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Figure 4.9: Snapshots of the evolution of the disk in halo 20 in a LW background of 10°.J,;. The
top row displays the projected densities at 0.791Myr (left), 1.77Myr (middle) and at 3.09Myr
(right) after the onset of atomic cooling. In the middle panel the temperatures corresponding
to the densities are shown and in the bottom row the H> mass fractions. Snapshots are 6pc in
diameter.
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average, maximum, and minimum as well as for the total accumulated mass in table @

Each halo shows an initial jump in the accretion rate that corresponds to the formation of the
dense core of the main disk, lasting for ~200 - 500 kyr. The initial jump is of order 0.05 - 0.075
Moyr‘1 for halo 2, halo 8, and halo 16 and ~ 0.02 M@yr‘1 for halo 1, halo 12, and halo 19. These
rates lie between the ones calculated by [Patrick et al.| (2020) for very high LW backgrounds
without H; self-shielding, and for H, self-shielding in backgrounds of 102, 103, 10* J; from
Patrick et al.|(2021). [Patrick et al.|(2020) found initial jump rates of ~ 0.3 - 1 Mgyr~!, whereas
Patrick et al.| (2021) found rates of order 0.003 - 0.06 M@yr‘l. Furthermore, the formation of
the core is faster than in lower LW backgrounds (500 - 750kyr; Patrick et al.|(2021))), coinciding
for some haloes with the timeline from pristine atomically cooled haloes (200 - 300kyr; |Patrick
et al.|(2020)). Due to self-shielded H in the halo cores and its less efficient cooling, rates never
reach the efficiency of pristince Lya cooling but manage to be way higher than for normal Pop I1I
star formation in minihaloes. Once the core is formed, rates slightly fall as the disk stabilizes
with the conservation of angular momentum. Accretion proceeds in a clumpy manner for halo
2, halo 8, halo 12, halo 19 and halo 20 due to fragmentation of the main disk and subsequent
collision of those fragments with the center. Halo 1 and halo 16 display a smooth accretion mode,
as fragmentation of the disk only slightly occurs and mostly towards higher evolution times. The
rates have average values of 0.026 - 0.1 Mgyr~!, with peaks reaching 0.18 - 0.59 Myyr~! and as
high as 1.78 Muyr~! for halo 12. Yet again, these rates are between the calculated accretion rates
of pristine atomically cooled haloes and normal Pop III forming minihaloes, cooling through the
channels of H,.

The accretion rate graph for halo 1 displays a steadily increasing slope, that is mostly due
to turbulent motions. Its central core evolves as a dense, cold clump, cooling through H; at
~ 10% — 103K until atomic cooling is triggered at 0.47 Myr and causes the peak around 0.5 Myr in
the accretion rate graph. That is followed by a small infalling clump, accompanied by another rise
in the rate. At ~ 1.84 Myr another atomically cooling fragment crashes into the center, causing
more turbulence that ejects mass outwards and induces H; cooling in the spiral arms. Other than
that, the peaks and dips in the accretion rate are due to episodes of smooth mass accretion.
Peaks in the accretion rate for halo 2 are mostly due to the accretion of small, hot clumps and
from fragmentation of the disk and subsequent collisions of those fragments with the center.
The central core starts to cool through Lya at 0.575 Myr, coinciding with the first peak of the
graph. It is followed by the stabilization of the disk and almost constant accretion as matter
continues to smoothly fall into the center accompanied by smaller clumps. At 1.29 Myr a bigger
atomically cooling clump crashes into the disk, causing the accretion rate to jump to roughly
0.2Moyr~!. This peak is followed with a slightly larger peak at ~ 1.7 Myr due to another hot
fragment colliding with the center, subsequently resulting in a negative rate. Around 2.2 Myr a
large dip followed by the maximum of ~ 0.6Mgyr~! is caused by a hot clump interacting with
the center. The clump proceeds to orbit the center with a flyby and mass exchange responsible for
the negative rate before completely merging at 2.34 Myr.

Halo 8 showcases a clumpy accretion history, with pronounced peaks and valleys in its rate
graph. It starts to atomically cool at its core around 0.218 Myr and accretes at 0.257 Myr another
atomically cooling clump, that ultimately leads to the initial peak in the accretion rate. The disk
subsequently stabilizes due to conservation of angular momentum, resulting in a fall in the graph.
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At 0.663 Myr a clump forms in a 2 pc distance, growing in mass and density so that Lya cooling
is triggered, before merging with the main core at 1.16 Myr. This is depicted in the accretion
rate as the ~ 0.16 Mpyr~! maxima, followed by turbulent motions that induce H, formation and
subsequent H, cooling in the spiral arms. Dips and slight rises before this event are due to the
mass exchange between those two clumps. A third distinguished clump starts to form at 1.05 Myr
and keeps orbiting the center, while reaching temperatures of 10*K. Then at 1.71 Myr it performs
a close flyby with a massive mass exchange with the central core, before falling into the disk at
1.81 Myr. The accretion rate at this point in time, therefore, displays two closely followed peaks,
with the first one corresponding to the flyby and mass exchange, whereas the second maximum
of 0.18 Myyr~! is due to the complete accretion of the revolving clump. Thereafter, the center
experiences turbulence and disk fragmentation that triggers H, cooling and mass ejection.

Halo 12 accretes at the beginning two smaller clumps, which correspond to the two small peaks
in the accretion rate, followed by the accretion of a more massive clump that is responsible for the
larger peak at around 0.592 Myr. Accretion proceeds smoother for the next 1 Myr as only small
fragments fall into the center of the main disk. This changes at around 1.74 Myr as denser and
more massive clumps start to crash into the main disk. At around 2.74 Myr a satellite, orbiting
the main disk and cooling at 10*K, causes mass exchange and a negative rate before crashing into
the center with a peak value of ~ 1.78 Mgyr~!. Turbulence caused due to this event ejects tidal
tails outward, which are depicted in the negative accretion rate and figure [4.6] Subsequently, the
disk starts to stabilize again, resulting in positive rates.

The initial dense core of halo 16 forms at ~ 0.237 Myr after the catastrophic baryon collapse,
when atomic cooling is triggered and which corresponds to the first small peak in the accretion
rate graph. This small peak is followed by a slight dip and another peak, that is due to a small
fragments being accreted at 0.556 Myr. Smooth mass accretion is then the dominant process in
the evolution of halo 16, with modest contributions from accreted disk fragments. The maximum
in halo 16s accretion rate plot at around 2.26 Myr arises from the accretion of a clump that
managed to reach high enough temperatures to trigger Lya cooling. It forms at ~ 1.87 Myr close
to the center and proceeds to orbit the disk. That causes mass exchange between the two, resulting
in negative accretion rates, before being completely accreted. After 2.8 Myr disk fragmentation
occurs more frequently, causing more and more fragments to subsequently fall into the center.
Close to the end of the simulation at 3.4 Myr, a large fragment crashes into the disk. It triggers
turbulent motions, a peak in H; cooling in the spiral arms, and induces ejection of mass from the
center before the disk is able to stabilize again.

Halo 19 exhibits a clumpy accretion mode. The first rise of the accretion rate at ~ 0.5 Myr depicts
the start of Ly« cooling in its center, followed by a larger peak at around 0.717 Myr that is due to
a larger clump being accreted. This is followed by the accretion of two bigger clumps at 0.929
Myr and 1.36 Myr interspersed with infalling smaller fragments. Around 2.08 Myr after the
start of the catastrophic baryon collapse, a clump forms close to the main disk and proceeds to
evolve, while orbiting the center. It performs a flyby with mass exchange at ~ 2.31 Myr, which is
depicted as a dip in the accretion rate and that subsequently puts it into closer orbit. The hot 10* K
satellite merges with the center at 2.42 Myr, which is preceded by a mass exchange and negative
accretion rate. Once it falls into the center, causing the peak in the rate, it triggers turbulence
and mass ejection that is showcased in a negative rate. Subsequently, the main disk stabilizes
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again for a short period of time, before it accretes another big clump at 2.97 Myr, producing the
maximum and minimum of halo 16. That event is foreshadowed by yet another close flyby with a
massive mass exchange and followed by H; inducing turbulence accompanied by mass ejection
in tidal tales. Halo 16 afterwards produces another interacting satellite, that orbits the main disk
until the end of our simulation at 3.39 Myr.

Halo 20 displays a clumpy accretion mode, that is driven by a mixture of small, cold and big, hot
infalling clumps. The first rise of the rate in figure [d.10]at ~ 0.5 Myr is due to the start of central
Lya cooling, shortly followed by the accretion of smaller clumps. A filamentary structure allows
for other clumps to migrate onto the central core, producing the two big spikes in halo 20 rate
plot. The first big spike located at ~ 1.23 Myr arises from a 10* K hot clump first interacting with
the main clump before merging with it. Subsequently, at around 1.67 Myr another hot, big clump
travels through the filament towards the main center and is shortly after accreted, causing the
maximum of 1 Mgyr~! and subsequent trubulence with slight mass ejection. Halo 20 proceeds,
until the end of our simulation at 3.09 Myr, to accrete only small fragments, leading to a small
rise in its rate.

Figure [4.10] shows negative accretion rates for almost all haloes. They arise from mass exchange
with other disks during close encounters or are due to gas being ejected out of the center
by turbulence. A star forming in the center of the disk, however, would only experience a
temporary stop in its accretion flow as the gas stripping occurs on much larger scales. Accretion
rates computed here are in good agreement with previous studies of high and intermediate LW
backgrounds (e.g. Patrick et al.| (2020, [2021)); Regan and Downes| (2018a); |Suazo et al.|(2019)).
They walk the edge between hybrid H;, cooling and pristine atomic cooling. Dominated by central
Lya cooling at 10* K, a limit is set to the accretion rate as Hj is able to survive in all runs and
hinders them from reaching values as high as for pristine atomic cooling haloes, which show
average rates of ~ 0.1 - 0.5 Mgyr~! and can peak up to 2 Mgyr~! (Patrick et al. (2020)). Yet,
central accretion rates are about 10 to 100 times higher than for LW backgrounds of 10%J5y,
10351, and 10*J,; from [Patrick et al.|(2021). In summary, accretion is driven through atomic
cooling with an upper limit set due to self-shielded H, in the center.
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4.3.1 Accreted Mass

Figure [4.11] displays the total accumulated mass over time for the central 0.136 pc of the
designated haloes. The total accreted mass lies in the range between 0.5 - 3 x10° Mg, which
is consistent with the results of [Patrick et al.|(2020) and Patrick et al.|(2021)), coming closer to
the rates of pristine atomically cooled haloes than to those of cooling predominantly through
H,. They are about 10 times greater than the rates calculated by [Patrick et al.|(2021)) for smaller
LW backgrounds and about 2 times smaller than those in [Patrick et al.|(2020) for pristine atomic
cooling. Graphs further yield similar results to the accretion rates, highlighting individual halo
evolution. Highest peaks from figure [4.10] coincide with steep increases in the accumulated
masses of figure 4.11] and occasional dips equal negative accretion rates. Halo 1 and halo 16
depict smooth, constant mass accumulation as is likewise the case for their accretion mode. Halo
16, halo 19, and halo 20s graphs show a left falling orientation towards the end of the simulation
with a flattening in its slope. The other haloes display a preference for a right rising orientation.
Non of them seem to have reached their accretion limit, which is the case in the LW backgrounds
of 102J1, 103J51, and 10*J5; from Patrick et al. (2021). Halo 8 and halo 20 depict a highly
unruly evolution in mass, which corresponds to their clumpy accretion process, with several
mass exchanges. Note worthy is further the dip and jump in halo 12s graph at around 2.7 Myr.
It matches the negative accretion rate at this point, due to mass exchange and the subsequent
accretion of the clump, followed by another dip caused by the ejection of mass. Halo 19 likewise
depicts its highest accretion peaks in small increased bumps in the accumulated mass graph. Halo
20s distinct jumps and bumps further correspond to it’s accretion history of hot, dense clumps
and staggering phases of mass increase, when only accreting smaller fragments.

Simulations were run for at least 2.08 Myr and up to 5 Myrs, making sure that haloes build up
masses of several 103 M. This covers the evolution of normal Pop III stars with masses of
103 — 10* My, and lifetimes of < 2 Myr, as well as more massive and supermassive stars as they
have shorter lifespans. The simulations follow central accretion rates beyond the stars progression
into BHs. Stars born in environments with accretion rates > 0.04 M@yr‘1 (Woods et al.| (2017))
are found to directly collapse into BHs through the GR instability during central H-burning.
Accretion rates below that fuel stars that collapse after the depletion of hydrogen or helium.
Stars with infall rates below ~ 0.02 M@yr‘1 (Herrington et al.| (2022); Haemmerlé et al.| (2018]))
are predicted by stellar evolution codes to produce compact, blue supergiants. Those hot, blue
stars could ionize the surrounding medium and hamper subsequent accretion (Latif et al.| (2021)).
In comparison, infall rates of 0.1 - 1.0 Mgyr~! are thought to produce cool, red SMS. Haloes
exposed to LW backgrounds of 10°J,; and average accretion rates of 0.026 - 0.1 Mgyr~!, like in
this study, would most likely produce both, compact, blue supergiants and cool, red SMS of a few
tens of thousands to hundred thousands My (Woods et al.| (2017)).

4.3.2 Multiple Systems

All simulated haloes display some sort of fragmentation and companion clumps or satellites.
Throughout the simulation those clumps will, after a certain amount of time, crash into the
center or get torn apart. Massive satellites tend to interact with the main disk through mass
exchanges that are depicted as negative accretion rates in figure 4.10] Furthermore, the most
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massive companions eventually trigger temperatures of 10K in their centers. Their lifetimes
vary between 0.15 Myr and up to 1 Myr, long enough for stars to potentially form in them and
form binaries or multiples. However, the simulations resolution is not high enough to capture
whether cooling would be able to form stars inside them.

Halo 1 0.05 0.21 0.00095 1 x10°
Halo 2 0.086 0.589 -0.153 2.5 x10°
Halo 8 0.026 0.18 -0.054 0.56 x10°
Halo 12 0.1 1.78 -0.53 3 x10°
Halo 16 0.037 0.23 -0.053 1.3 x10°
Halo 19 0.042 0.38 -0.15 1.4 x10°
Halo 20 0.065 1.00 -0.096 2 x10°

Table 4.2: Detailed Accretion rate and accumulated Mass table for the simulated haloes. The
table features the average accretion rate, maximum, and minimum value for each halo as well as
the total accumulated mass M,,; at the end of the run for a 0.136 pc sphere.
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Chapter 5

Conclusio

Our Simulations were run for 2.08 - 5 Myr, long enough times to allow for the formation, evolu-
tion, and death of a star. SMS are found to have lower lifetime thresholds of ~ 30 - 100 kyr for
extreme accretion rates in pristine atomically cooled haloes and typical values of ~ 1 - 2 Myr for
lower rates (Woods et al.| (2020)).

Haloes subjected to external UV fluxes are able to grow to higher masses and temperatures com-
pared to normal Pop III star forming minihaloes, before collapsing. This study of a 107.J,; LW
background with enabled H- self-shielding shows, that H; is able to self-shield even against the
strongest external UV radiation. It survives in halo centers embedded in hot 10*K gas, growing
in density with time and surrounding a hot, atomically cooling core. This hybrid cooling mode
sets an upper limit for the accretion rates compared to pristine Ly cooled haloes, as H, cooling
is more efficient, while still being way higher than in normal Pop III star forming minihaloes or
in intermediate LW backgrounds.

Patrick et al.| (2020) found for high LW backgrounds without enabled self-shielding average
accretion rates of 0.1 - 0.5 Meyr‘1 with peaks of up to 2 Moyr‘], whereas the 10%J,;, 103/, and
10*J5; backgrounds from [Patrick et al.| (2021) yield average rates of a few 107> — 1072 Mgyr~!.
Our simulations found average values of 0.026 - 0.1 Muyr~! with peaks of up to 1.78 Mgyr~!.
The total accumulated masses inside the 0.136 pc tally sphere lie between 0.5 - 3 x10°M,, leading
to the formation of two types of stars. Lower accretion rates of up to < 0.02 Myyr~! form stars
that evolve as compact, blue supergiants that are able to ionize the surrounding medium and
hamper accretion. To account for such an event, calculations of radiative transport including
stellar feedback have to be carried out, otherwise overestimating accretion rates and/or stellar
masses. Overestimation’s may, however, be slight ones as our rates are consistent with [Latif et al.
(2020), who performed simulations with implemented radiative transfer calculations. The second
type of Pop III stars to form are cool, red SMS with accretion rates of 0.1 - 1.0 Mgyr~!, which do
not reach temperatures high enough to alter their accretion history. Their masses are therefore
self-consistent, as the stars would not be able to produce sufficient ionizing UV flux that could
suppress accretion (Latif et al.| (2021)).

Comparing our final masses and accretion rates to values from [Woods et al.| (2017) and [Woods
et al. (2020), we estimate that stars accreting at rates of > 0.04 Mgyr~! will collapse through the
GR instabillity during hydrogen burning into DCBHs, while rates below that will drive collapse
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through the photodisintegration instability (Heger and Woosley| (2002)) or hydrogen exhaustion.
Subsequently, those may be the seeds for less luminous, intermediate mass quasars rather than the
most massive SMBH that reach 10° M, by z > 6 -7, as|Smidt et al.| (2018)) found that their seeds
have to be > 10° Mg, by z ~ 20. Yet, the DCBH, Pop III VMS and Pop III SMS formation rate is
plagued by large uncertainties making it quite difficult to estimate their likelihood (Valiante et al.
(2017)). Moreover, less luminous and massive primordial quasars are awaiting their discovery.
However, since our values yet again walk the edge between several scenarios, it is important
to note that the here calculated rates should be taken as upper limits. As the main focus lay on
self-consistent accretion flows for long enough times, resolution does not reach down to AU
scales. Thus, calculations could potentially miss sub-fragmentation with inlying star formation in
which case not all of the accreted mass falls onto one single star. Fragmentation in itself is most
likely overestimated, as effects due to magnetic fields are not taken into account. Magnetic fields
would be able to stabilize disks and thus quash fragmentation.

We furthermore show that the formation of binary and multiple SMS systems is indeed possible,
for a variety of halo assembly histories. Almost all haloes show fragmentation and the devel-
opment of companion clumps that after orbiting the main disk collide with its center. Satellites
could potentially host stars, appearing both during the life time of the central massive star and
its progression to a BH. Subsequently, this could lead to stellar collisions with the formation of
more massive stars or the collision of DCBH and their resulting gravitational waves (GW). As
was previously discussed, this result remains somewhat ambiguous as the resolution of this study
is not high enough to capture sub-fragmentation on AU scales.

The probability of ground-based and/or space-based telescopes detecting stars in the mass range
calculated in our simulations remains low. Although very massive, they are not bright enough
to be observed with the wide fields of telescopes like the James Webb Space Telescope, the
extremnely-large telescope (ELT), Euclid, or the Roman Space Telescope (RST), as|Surace et al.
(2018}, 12019) showed that slightly more luminous stars are on the fringe of detectability at z ~
6 - 8. They further found that at higher redshifts SMS have a slim chance of being observed by
JWST, if they are caught in its narrow field. [Vikaeus et al.|(2022) recently found that lensing by
galaxy clusters and massive galaxies may extend the threshold for observability up to z ~ 10 - 15
for the wide fields of JWST, Euclid and the RST. Since we expect the stars to end up collapsing
into BHs, there would be no bright explosions to observe.

Environments hosting the formation of multiple stars around a central very massive or super
massive star tend to be prone to tidal disruption events that produce near infrared (NIR) signatures,
unique to those events and that could therefore be observed.

Our DCBHs themselves have a minimal chance of being detected by JWST, Euclid and RST, as
yet again already way more massive DCBHS are barely observable even with a boost by lensing.
The same applies to the radio range, leaving room for the detection of GW up to z ~ 15 - 20
with the Laser Interferometry Space Antenna (LISA; Hartwig et al.|(2018))) resulting from the
earlier mentioned collisions between binaries. Since mergers of normal BHs occur at later times
sporting different masses, GWs from our calculated DCBHS should be easily distinguishable.
(Patrick et al.| (2020} 2021))

In summary we conclude, that H, self-shields in the highest LW backgrounds, promoting hybrid
H, - Lya cooling in halo centers that is forging the way for yet undetected populations of lower
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mass DCBHs and SMS. Those could have been fairly common in the early Universe and therefore
only await their detection. Although calculations show that observability today is unlikely, it
leaves room for future technologies to do better and for hope to blossom for an eureka find.
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Appendix A

Simulation runs

The following tables, [A.T] [A.2] [A.3] [A.4] showcase simulation details for the eight performed
runs. Step 1 describes the simulation run starting from the initial parameter file at z=200 and
evolves to z=30, where it is stopped and refinement by Jeans-length is manually switched on
with CellFlaggingMethod=2 4 6. Subsequenlty, in step 2 the simulation runs from z=30 until the
onset of atomic cooling which is labeled as t=0.0 and occurs for each halo at a different redshift
(see table . T)). Some simulation parameters are changed at this point, which are

e dtDataDump = 10t0 0.0013 ,

o StopFirstTimeAtLevel = 15100 ,

e Conservativelnterpolation = 1 t0 0,

o ParticleSubgridDepositMode = 1 to 0,
o UseMinimumPressureSupport =0to I ,
e RiemannSolver = 5t0 4,

e RiemannSolverFallback = 1to 0 .

Then, in step 3, the simulation is restarted again and proceeds as long as is deemed necessary.
Cosmological simulations and especially zoom in simulations, require a certain amount of
computational power to run. Therefore simulation were planned to run with 256processors
or cores (c; here). However, SCTAMA was going through some updates and problems, setting
a limit of 5 to 4 nodes (64-100c) per run and otherwise ending in segmentation fault errors.
The errors were rather random, occurring more frequently when SCIAMA was busy. Another
encountered error was a signal 9 kill due to not sufficient memory (halo 8), which was solved
by increasing the number of processors. Other than that, simulations proceeded smoothly only
requiring resubmitting when processors run out of memory or an inherent calculation yielded a
negative value (stop in euler with geslice < 0).

Storage used to be a problem until lustre2 was installed. The two last rows of the subsequent
tables highlight that difficulty, as the runs took up a lot of storage. GB/DD shows the size of a
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single directory in GB, whereas the last row displays the total size of the simulation output in TB,
culminating in 45.8TB total.

Step 1 01h12m23s (256¢) 01h07m16s (256¢)
Step 2 18h51m31s (256¢) 01d15h27m43s (256¢)
Step 3 01d19h36m41s (256¢) = DD0220 11d06h51m03s (256¢-352¢c) = DD0298
GB/DD 20 22-24
Size (TB) 4.3 6.8

Table A.1: Simulation details for halo 1 and halo 2, where c stands for "cores’ and if not otherwise
specified calculations are done on SCIAMA2. The last two rows display the size of a single
directory (DD) in GB and the total size of the simulation output in TB.

Step 1 04h38m17s (256¢) 02h07m36s (64c)

Step 2 18h07m40s (256c) 01d02h13m17s (64c)

Step 3 12d12h00m00s (256¢) = DD0208 07d02h36m08s (64c) = DDO0386
11d22h50m37s (352c) = DD0226 03d15h28m26s (64c) = DD0467
12d12h00m00s (480c) = DD0230

GB/DD 13 16-17

Size (TB) 29 7.5

Table A.2: Simulation details for halo 8 and halo 10, where ¢ stands for ’cores’ and if not
otherwise specified calculations are done on SCIAMA2. The last two rows display the size of a
single directory (DD) in GB and the total size of the simulation output in TB.
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- Halo 12 Halo 16

Step 1 01h34m22s (64c)
Step 2 23h28md40s (64c)
Step 3 06d03h50m46s (64c) = DD0232

02d11h22m51s (64c) = DD0274
03d08h54m38s (64c) = DD0317

GB/DD 15-16

Size (TB) 4.8

02h36m07s (64c)
01d05h27m27s (64c)
06d16h00m00s (64c) = DD0309
03d16h23m29s (64c) = DD0377

16-17
5.9

Table A.3: Simulation details for halo 12 and halo 16, where c stands for ’cores’ and if not
otherwise specified calculations are done on SCIAMA2. The last two rows display the size of a
single directory (DD) in GB and the total size of the simulation output in TB.

I Y T

Step 1 01h13mO05s (100c sciama3)
Step 2 01d11h41m55s (80c)
Step 3 06d00h57m29s (80c) = DD0332

05d00h09mO06s (80c) = DD0356

GB/DD 18-19
Size (TB) 6.4

01h46m43s (100c sciama3)
01d11h33m25s (80c)
06d00h30m33s (80c) = DDO0191
05d00h27m56s (80c) = DD0240
12d12h00m09s (128c) = DD029%4
05d15h49m59s (320c sciama3)
= DDO0324
22-23
7.2

Table A.4: Simulation details for halo 19 and halo 20, where ¢ stands for ’cores’ and if not
otherwise specified calculations are done on SCIAMA2. The last two rows display the size of a
single directory (DD) in GB and the total size of the simulation output in TB.
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Appendix B

H2 Evolution

For consistency, the following figures display the calculated H, and HII accretion rates, H, and
HII total accumulated masses, as well as the 1D Hj-fraction profile plots. They offer a good
sanity check in comparison to the graphs throughout the main part of this thesis and highlight the
formation of molecular hydrogen with time in an otherwise atomically cooled halo. Those results
are in agreement with the main findings.
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Figure B.1: H; accretion rates for all simulated haloes in a 10375 LW background. Rates are
calculated with regard to the center of the main disk, displaying halo 1 in (a), halo 2 in (b), halo 8

(@

in (c), halo 12 in (d), halo 16 in (e), halo 19 in (f), and halo 20 in (g).
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Figure B.2: HII accretion rates for all simulated haloes in a 1077, LW background. Rates are

calculated with regard to the center of the main disk, displaying halo 1 in (a), halo 2 in (b), halo 8
in (c), halo 12 in (d), halo 16 in (e), halo 19 in (f), and halo 20 in (g).
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Figure B.3: H, accumulated masses for all simulated haloes in a 10°J, LW background. Masses
are calculated with regard to the center of the main disk (0.136 pc), displaying halo 1 in (a), halo
2 in (b), halo 8 in (c), halo 12 in (d), halo 16 in (e), halo 19 in (f), and halo 20 in (g).
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Figure B.4: HII accumulated masses for all simulated haloes in a 10°J>; LW background. Masses
are calculated with regard to the center of the main disk (0.136 pc), displaying halo 1 in (a), halo
2 in (b), halo 8 in (c), halo 12 in (d), halo 16 in (e), halo 19 in (f), and halo 20 in (g).
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Figure B.5: 1-D H,-fraction against radius profiles at the beginning (t=0.0) of catastrophic baryon
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Figure B.6: 1-D H,-fraction against radius profiles for the time when central atomic cooling is
triggered. We showcase the simulated haloes 1, 2, 8, 12, 16, 19, and 20 in subfigures (a), (b), (c),

(d), (e), (), and (g) respectively.
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Figure B.7: 1-D H,-fraction against radius profiles at the end of each simulation. Simulated
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respectively.
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Appendix C

Additional pictures
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Figure C.1: Halo 2 in the middle of a 400pc diameter box, marked with a red circle and arrow,
next to its neighbour, green square, at ~200pc distance and a timestep of 2.32Myr.
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in diameter, and 75pc in diamter.
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Figure C.3: Multiple dense objects forming in the center of halo 10 displayed in 30pc boxes
and at various timesteps. They dispaly the halo through its evolution at t=1.07Myr in (a), at
t=1.67Myr in (b), t=2.22Myr in (c), t=3.01Myr in (d), t=3.37Myr in (e), and at t=3.57Myr in (f).
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Figure C.4: Multiple dense objects in halo 10 displayed as a 100pc box at an evolution timestep
of t=3.57Myr.
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