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1 INTRODUCTION

ABSTRACT

Supermassive black holes are not only common in the present-day galaxies, but billion solar
masses black holes also powered z > 6 quasars. One efficient way to form such black holes is
the collapse of a massive primordial gas cloud into a so-called direct collapse black hole. The
main requirement for this scenario is the presence of large accretion rates of >0.1 M yr~! to
form a supermassive star. It is not yet clear how and under what conditions such accretion rates
can be obtained. The prime aim of this work is to determine the mass accretion rates under non-
isothermal collapse conditions. We perform high-resolution cosmological simulations for three
primordial haloes of a few times 107 Mg illuminated by an external UV flux, J,; = 100-1000.
We find that a rotationally supported structure of about parsec size is assembled, with an aspect
ratio between 0.25 and 1 depending upon the thermodynamical properties. Rotational support,
however, does not halt collapse, and mass inflow rates of ~0.1 Mg yr~! can be obtained
in the presence of even a moderate UV background flux of strength J,; > 100. To assess
whether such large accretion rates can be maintained over longer time-scales, we employed
sink particles, confirming the persistence of accretion rates of ~0.1 M@ yr~'. We propose
that complete isothermal collapse and molecular hydrogen suppression may not always be
necessary to form supermassive stars, precursors of black hole seeds. Sufficiently high inflow
rates can be obtained for UV flux J,; = 500-1000, at least for some cases. This value brings
the estimate of the abundance of direct collapse black hole seeds closer to that high-redshift
quasars.

Key words: methods: numerical — galaxies: formation —cosmology: theory —early Universe.

2002; Bromm, Coppi & Larson 2002; Yoshida et al. 2006) suggested
that the masses of the first stars are of the order of a few hundred

The observations of high-redshift quasars at z > 6 reveal the pres-
ence of supermassive black holes of about a few billion solar masses
in the early universe (Fan et al. 2003, 2006; Willott et al. 2010;
Mortlock et al. 2011; Venemans et al. 2013; Wu et al. 2015). From a
theoretical perspective, the assembly of such massive objects within
the first billion years after the big bang is challenging. How and
under what conditions they were formed is a question of prime
astrophysical interest.

Various models for the formation of supermassive black hole
seeds have been proposed (Rees 1984; Volonteri 2010; Haiman
2012; Volonteri & Bellovary 2012). One potential pathway is the
collapse of a primordial, i.e. metal-free, ‘normal star into a stellar
mass black hole. Earlier numerical simulations performed to study
the formation of the first generation of stars (Abel, Bryan & Norman
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solar. However, recent simulations found that the protostellar disc
forming in the minihalo fragments into multiple clumps (Clark et al.
2011; Greif et al. 2012; Stacy, Greif & Bromm 2012; Latif et al.
2013c; Latif & Schleicher 2015b) and leads to the formation of
multiple stars. In the case of a single star per halo, they may still
reach up to a thousand solar masses at z = 25 (Hirano et al. 2014),
but feedback from the black hole itself shuts its own accretion and
limits its growth (Johnson & Bromm 2007; Alvarez, Wise & Abel
2009). Perhaps, as suggested by Madau, Haardt & Dotti (2014),
they may still grow under prolonged episodes of super-Eddington
accretion.

The second possibility could be the collapse of a dense stel-
lar cluster into a massive black hole due to relativistic instability
(Shapiro & Kang 1987) or the formation of a black due to the
stellar dynamical processes in the first stellar cluster (Devecchi &
Volonteri 2009; Goswami, Kiel & Rasio 2014; Katz, Sijacki &
Haehnelt 2015) or even the core collapse of a dense cluster of
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stellar mass black holes leading to the formation of a massive black
hole seed (Davies, Miller & Bellovary 2011; Lupi et al. 2014). The
expected mass of a seed black hole from these scenarios is a few
thousand solar masses.

A third mechanism could be the collapse of a protogalactic gas
cloud into a massive central object, a so-called direct collapse
black hole (Loeb & Rasio 1994; Bromm & Loeb 2003; Begelman,
Volonteri & Rees 2006; Hosokawa, Omukai & Yorke 2012;
Schleicher et al. 2013). A detailed discussion of these mechanisms
is given in reviews (Volonteri 2010; Haiman 2012; Volonteri &
Bellovary 2012), and we summarize here the main features of rele-
vance for this investigation. The particular direct collapse scenario
we address here requires the presence of large accretion rates of
about >0.01-0.1 M yr~! (Begelman 2010; Hosokawa et al. 2013;
Schleicher et al. 2013; Ferrara et al. 2014). This is because such
accretion rates are the main pre-requisite to rapidly build a su-
permassive star of about 10*~10° M@, which would eventually
collapse into a black hole retaining most of the star’s mass (Baum-
garte & Shapiro 1999; Shibata & Shapiro 2002). These large ac-
cretion rates can either be obtained through dynamical processes
or thermodynamically by keeping the gas warm (i.e. with a higher
Jeans mass) to avoid fragmentation and star formation. Begelman
et al. (2006) proposed that self-gravitating gas in dark matter (DM)
haloes may lose angular momentum via ‘bars-in-bars’ instabilities
and efficiently assemble a central massive star. On the other hand,
thermodynamical direct collapse requires the suppression of molec-
ular hydrogen to avoid fragmentation which leads to a monolithic
isothermal collapse. In both cases, the halo has to transfer angular
momentum efficiently to avoid collapse to be halted by the angu-
lar momentum barrier. For instance, Choi, Shlosman & Begelman
(2015) have found that angular momentum in isothermal conditions
can be transported by non-axisymmetric perturbations.

The conditions in primordial haloes are ideal for the formation of
massive stars due to the lack of efficient coolants in the absence of
dust and metals. However, the presence of molecular hydrogen may
lead to efficient fragmentation and star formation. UV stellar radia-
tion can quench H, formation and consequently fragmentation can
be avoided. In fact, numerical simulations show that, in principle,
in the absence of molecular hydrogen, a metal-free halo collapses
isothermally via atomic line cooling. Consequently, a supermassive
star of about 10° M could be assembled via large accretion rates of
about 1 M yr*l (Johnson et al. 2013; Latif et al. 2013a,b; Regan,
Johansson & Haehnelt 2014a).

The above scenario requires a high UV flux to dissociate molec-
ular hydrogen, which depends on the radiation spectra of stellar
populations. We define J. as the value of the UV background
flux above which full isothermal collapse occurs because molec-
ular hydrogen formation is suppressed. J.; depends on the spec-
trum of the stars contributing to the background. For hot stars with
T..a = 10° K, such as Population III stars (Pop III), J. is >10" (in
units of J,; = 107>'ergem™2 s~ Hz ! sr~!'; Omukai 2000; Shang,
Bryan & Haiman 2010; Latif et al. 2014b, 2015). The second gen-
eration of stars is, however, favoured as source of UV radiation for
this scenario due to their longer lives and higher abundance. If such
stars have a softer spectrum, with 7,4 = 10* K, the J. is 400-700,
much reduced compared to the Pop III case. Recently, however, the
spectra of Pop II stars were computed employing the stellar syn-
thesis code STARBURST, finding that realistic stellar spectra of Pop II
stars can be mimicked by adopting radiation spectra with temper-
ature between 10* and 10° K (Sugimura, Omukai & Inoue 2014;
Agarwal & Khochfar 2015). Latif et al. (2015) found that the value
of UV flux necessary to obtain full isothermal collapse for realistic
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spectra of Pop II stars is a few times 10* in units of J,; and becomes
constant for T;,q between 2 x 10%—10° K. Regan, Johansson & Wise
(2014b) considered an anisotropic monochromatic radiation source
and found that a small amount of H, forms due to self-shielding
even under very strong flux. They further propose that J,; = 1000
may be sufficient to form a supermassive star. Similarly, high values
of J.i are required for complete isothermal collapse when X-ray
ionization heating is included (Inayoshi & Tanaka 2015; Latif et al.
2015).

Within a scenario that requires full isothermal collapse, the num-
ber density of direct collapse black holes strongly depends on the
value of J.;;. The estimates of Dijkstra, Ferrara & Mesinger (2014)
suggest that J.; = 1000 seems sufficient to produce the observed
number of quasars at z > 6. However, the black holes density drops
by about a few orders of magnitude below their observed abundance
for J.i > 10%. This makes the direct collapse model infeasible by
making their sites extremely rare. Hence, it becomes necessary to
explore whether high accretion rates can be maintained under non-
isothermal conditions. In fact, the work of Latif et al. (2014a) for
soft idealized radiation spectra of 10* K suggests that it might be
possible to form massive stars even in the presence of a moderate
amount of H,. However, it is still unclear whether for realistic Pop
IT spectra high accretion rates of 0.1 M yr~! can be maintained
for fluxes lower than J.; and what value of the UV flux may be
sufficient for this purpose. If so, are these sites abundant enough to
reproduce the number density of quasars at z > 6?7 We address these
questions in the present work.

In this study, we explore the formation of supermassive stars
under non-isothermal collapse conditions and determine whether
the large inflow rates of 0.1 M yr~' necessary for their assem-
bly can be obtained. We perform three-dimensional cosmological
simulations to study the collapse of massive primordial haloes of a
few times 107 M forming at z > 10 and vary the strength of the
background UV flux emitted by Pop II stars. In addition to this, we
employ a detailed chemical model which includes all the necessary
thermodynamical processes and solve them self-consistently with
the cosmological simulations. We derive the dynamical and ther-
modynamical properties of these haloes. The temporal evolution of
the mass inflow rates is computed beyond the initial collapse by
employing sink particles. Our results show that one may not nec-
essarily need complete isothermal collapse to form a supermassive
star. This work has important implications for the observed abun-
dance of quasars at z > 6 and provides a potential pathway for the
formation of supermassive black holes at high redshift.

This paper is structured as follows. In Section 2, we describe
the simulations setup and numerical methods. We present our main
results in Section 3. In Subsections 3.1-3.3, we show the struc-
tural properties of haloes and their time evolution, the expected
mass inflow rates and the mass estimates of sinks. In Section 4, we
summarize our main findings and conclusions.

2 NUMERICAL METHODS

The simulations presented in this study adopt the open source three-
dimensional code ENzo version 2.4 (Bryan et al. 2014). ENZO is
an adaptive mesh refinement (AMR), parallel, grid-based, cosmo-
logical hydrodynamical simulations code. It utilizes the message
passing interface library for parallelization and is well suited for the
current simulations. The hydrodynamical equations are solved using

!http://enzo-project.org/, changeset:48de94882d8
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Figure 1. The ratio of enclosed DM mass to the enclosed baryonic mass is shown here for halo A, as a representative case.

the finite difference scheme by employing the piece-wise parabolic
method. The DM evolution is handled by the particle-mesh tech-
nique commonly used in the Eulerian codes.

Our simulations start with cosmological initial conditions at
z = 100 and are generated from the ‘INITS’ package available with
ENzo. The parameters from the WMAP seven years data release are
used to generate the initial conditions (Jarosik et al. 2011). The
computational volume has a comoving size of 1 Mpc h~! and pe-
riodic boundaries both for hydrodynamics and gravity. We first run
simulations with a uniform grid resolution of 128° cells (also 1283
DM particles) and select the most massive haloes forming in the
box at z = 15. The simulations are restarted with nested grid initial
conditions, one top and two nested refinement levels each with a
grid resolution of 128 cells. We employ in total 5767 168 DM par-
ticles to solve the DM dynamics which results in DM resolution of
about 600 M. In addition to this, we add 18 dynamical refinement
levels during the course of simulations which provide an effective
resolution of about 1000 au in the central 62 kpc comoving region.
Our refinement criterion is based on the gas density, the particle
mass resolution and a fixed resolution of 32 cells per Jeans length.
The cells are flagged for refinement if their density is greater than
four times the cosmic mean or the particle density is 0.0625 times
opmr®, here r is the refinement factor (i.e. 2), £ is the refinement
level and @ = —0.3. To avoid spurious numerical affects, DM par-
ticles are smoothed at 12th refinement level, which corresponds to
a resolution of about 2.7 pc in comoving units.

This technique of smoothing DM particles has been employed
in numerous high-resolution studies (Wise, Turk & Abel 2008;
Turk et al. 2012; Latif et al. 2013a). However, we note that Regan,
Johansson & Wise (2015) have recently found that coarse DM res-
olution leads to spurious numerical effects such as artificial heating
of the gas. This effect is stronger when no smoothing is applied to
DM particles, and even smoothing is not sufficient in some cases,
e.g. when the DM mass resolution is above 800 M, for their cases

MNRAS 452, 1026-1044 (2015)

with lower background UV flux. They suggest that to obtain numer-
ically converged results the baryonic mass within the core should be
approximately 100 times the DM mass. To assess whether the bary-
onic core is properly resolved in our simulations, we show the ratio
of enclosed DM to baryonic mass in Fig. 1 for halo A, as a repre-
sentative case. Our results show that the DM mass dominates above
100 pc for J,; = 500 and 1000 cases while for J,; = 100 it extends
down to 10 pc. Below these scales, the ratio of enclosed masses
(Mpwm/Mparyon) declines below unity for all background ultraviolet
(BUV) fluxes, with the same behaviour as in the well resolved cases
in Regan et al. 2015. This shows that at small radii the baryonic
core mass is about 50-100 times the DM mass in our simulations, it
is sufficiently resolved and not affected by spurious DM resolution.
Similar trend is observed for other two haloes.

To solve the thermal evolution of the gas along with cosmo-
logical simulations, we employ the KROME package (Grassi et al.
2014). Our chemical model is described in detail in Latif et al.
(2015) and here we briefly summarize its main features. The rate
equations of H, H", He, Het, He™", e”, H", H,, and HJ are
self-consistently solved with the hydrodynamics. We employ a uni-
form isotropic BUV flux with T,y = 2 x 10* K emitted by Pop II
stars in units of J,; = 107 2'ergcm™2 s~ ' Hz ' sr™! and turn it on
at z = 30. Our model includes H, formation, H, photodissocia-
tion, H™ photodetachment, H, collisional dissociation and the H,
self-shielding fitting formula of Wolcott-Green, Haiman & Bryan
(2011). We include various cooling/heating mechanisms such as
molecular hydrogen line cooling, cooling due to the collisional-
induced emission, cooling/heating due to the three-body reactions,
chemical cooling/heating and atomic line cooling (i.e. cooling due
to collisional excitation, collisional ionization, radiative recombi-
nation). Recently, Glover (2015a) identified the key chemical re-
actions for computing J.;, and provided a reduced chemical net-
work for this purpose. Subsequently, Glover (2015b) investigated
the impact of uncertainties in the chemical reaction rates, comparing
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their results with several chemical networks employed in literature,
including the KrROME package adopted here. In one-zone calculations,
Glover (2015b) find that J.;; is at most a factor of a few higher than
when using the KRoME. Therefore, our results provide a lower limit
on the estimates of J.;;. However, we expect this difference to be
further reduced in 3D simulations, as one-zone calculations often
underestimate the value of J; (Latif et al. 2014b, 2015).

2.1 Sink particles

The simulations are evolved beyond the initial collapse by employ-
ing sink particles which represent the gravitationally bound objects.
Such approach has been successfully used both in smoothed parti-
cle hydrodynamics and AMR codes (Bate, Bonnell & Price 1995;
Krumholz, McKee & Klein 2004; Federrath et al. 2010; Latif et al.
2013b). The general criteria used to create sink particles include
assuming a density threshold, requiring the highest level of refine-
ment, having converging flow, or considering the local minimum
of gravitational potential and/or a gravitationally bound region. In
the literature, various combinations of these approaches are used
and a detailed comparison of these methods was made by Federrath
etal. (2010). They found that a simple density threshold criterion to
create sink particles is insufficient in the regime of supersonic tur-
bulence because of local density enhancements. Recently, Bleuler
& Teyssier (2014) have presented a new method for sink particle
creation in the RAMSES code by employing a clump finding algorithm
to more accurately locate the sites of sink formation by taking into
account the tidal effects of surrounding gas distribution.

We here employ the algorithm of Wang et al. (2010) both for the
creation of sinks and their subsequent growth by accretion. Sinks
are created only in the grid cells at the maximum refinement level,
where, additionally, the Truelove criterion is violated, i.e. where
the density exceeds the Jeans density, and in a region where the
flow is convergent. Sinks are allowed to merge if they are formed
within the accretion radius, i.e. the Jeans length in our case. Sinks
are assigned masses so that a cell becomes Jeans stable after the
subtraction of the sink mass. Sink velocities are computed based
on momentum conservation. The works of Federrath et al. (2010)
and Bleuler & Teyssier (2014) suggest that this method of sink
creation may create more sink particles. However, this may happen
only in the regime where efficient fragmentation is expected, in
the presence of supersonic turbulence or efficient cooling. We do
not impose any accretion criterion such as the Bondi—Hoyle but
allow the creation of additional sinks and let them merge within the
accretion radius. We do not include any radiative feedback. If one
assumes that sinks may represent protostars, the stellar evolution
calculations of Schleicher et al. (2013) and Hosokawa et al. (2013)
show that the ionizing UV stellar feedback from the stars forming
via rapid accretion, i.e. >0.1 M yr~' remains very low even after
they reach 10* Mg . Therefore, we expect that feedback is negligible
as long as accretion rates are >0.1 M yr !

3 RESULTS

We perform three-dimensional cosmological simulations for three
distinct massive primordial haloes of a few 10" M, for various
strengths of the BUV flux. The properties of the haloes such as
their masses, collapse redshifts, spins and the critical strength of
UV flux are listed in Table 1. In the following, we discuss the
structural properties of the haloes and their temporal evolution.
We also study the thermodynamical and physical properties of the
haloes. We distinguish here between the mass inflow rate, provided

1029

Black hole formation in the early universe

Table 1. Properties of the simulated haloes.

Model Mass Redshift chlm Spin parameter
no. Mo, @ (Twa=2x10"K) ™)

A 5.6 x 107 10.59 20 000 0.034

B 4.06 x 107 13.23 40 000 0.02

C 3.25 x 107 11.13 50 000 0.03

by the halo, and the accretion rate that occurs on a putative protostar.
The mass inflow rates are computed for the each intensity of the
BUYV flux and the mass accretion is followed by employing sink
particles for a subset of haloes.

3.1 Structural properties of the haloes

According to our understanding of structure formation, the quantum
fluctuations in the gravitational potential induced density perturba-
tions. These perturbations collapsed via gravitational instabilities
and merged with each other to form haloes. Baryons fall in the DM
potentials, get shock heated and this process continues until the viri-
alization of the halo. We see that minihaloes of a few times 10° M
are formed at about z = 20 in our simulations. Due to the presence of
a BUV flux, these minihaloes are unable to collapse via molecular
hydrogen cooling. They continue to grow via mergers and accretion
from the cosmic web until their virial temperature exceeds 10* K.
In Fig. 2, we show the structure of halo A at various cosmic times.
This halo is formed at the intersection of filaments and is mainly
fed by three main streams. The mass of the halo ~300 Myr (z ~ 13)
after the big bang is 1.4 x 107 Mg and it undergoes a major merger
with a halo of 5 x 10° Mg (i.e. mass ratio ~1:2) about 100 Myr
later. The halo virializes at ~z = 11, when its mass is well above
the atomic cooling limit. In the meantime, it is continuously fed by
gas flowing from the filaments and by minor mergers.

Halo B goes through many minor mergers with mass ratios of
about 1:10 and is also accreting gas via cosmic streams. Eventually,
about 300 Myr after the big bang, the halo becomes virialized, and
has a mass of about 2.7 x 10’ M. This halo has a very different
merger history from halo A as it has not experienced any major
merger recently and is assembled ~130 Myr earlier than halo A.
Similar behaviour is observed for all BUV flux strengths as the
incident flux does not impact the large-scale properties of the haloes.
Halo C experienced a major merger about 350 Myr after the big
bang, similar to the history of halo A. The mass ratios of the merging
haloes is about 1:2 and the halo gets virialized about 50 million years
later.

Due to the presence of angular momentum in gas and haloes,
a central rotationally supported structure is expected to form as
a consequence of gravitational collapse (Oh & Haiman 2002;
Volonteri & Rees 2005). However, as discussed by Choi et al.
(2015), the triaxiality of DM haloes (Allgood et al. 2006) exerts
gravitational torques and helps in transferring angular momentum
via bars in bars instabilities, thus reducing rotational support com-
pared to an axisymmetric case. In order to study the properties of
the central regions, specifically their level of rotational support, we
have computed the ratio between the rotational velocity, V., and the
velocity dispersion, o. This ratio, V;.t/o, provides us the estimate
of the disc scaleheight as H/R ~ ¢ /V,, where H is the disc height
and R is the disc radius. Our estimates of V., /o for halo A are
shown in the bottom-right panels of Figs 3-6 for J,; = 100, 500,
1000 and 4 x 10*. V,o /o is ~ 6 in the central 10 pc of the halo
for J,; = 100. Rotational support is higher at lower J,; values, as

MNRAS 452, 1026-1044 (2015)
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Figure 2. Average total (gas + DM) density for halo A illuminated by a BUV flux J; = 100. The columns show the structure of the halo at various cosmic
times and the rows the total density averaged along the x-, y- and z-axis. The width of the density projections is given in physical units and the time in Myr
after the big bang. In the middle column, the white circles highlight the main halo and the halo merging with it.

cooling in the core of the halo is efficient, because the fraction of
molecular hydrogen (shown in the top-left panels) is higher. Vi, /o
in fact becomes smaller for higher fluxes and approaches unity for
the isothermal case. We estimate that the aspect ratio (i.e. H/R)
is ~0.25 for J,; = 100 and increases up to 0.5 for J,; = 1000.
The aspect ratio is almost unity for the isothermal case, i.e. for
Joy =4 x 10*. This suggests that a fat disc for all radiation field
strengths is formed in the halo with aspect ratio higher than 0.1.
Similar behaviour is observed for halo C (not shown). The value
of Vio/o is higher in the case of halo B (see Figs 7-9) in general,
but it decreases as collapse approaches the isothermal state (cf. Oh
& Haiman 2002). It indicates that the scaleheight of the disc varies
from halo to halo.

We also calculated the components of the inertia tensor in the
following way:

Lo= Y mi(y] +2)) M
j=LN
IX), = — Z miXxiyj. (2)
j=1,N

MNRAS 452, 1026-1044 (2015)

The other components of the inertia tensor can be computed in
a similar fashion. The diagonal elements of the inertia tensor are
known as the moments of inertia. The eigenvalues a;, a, and a3
of the inertia tensor for halo A are listed in Table 2 and are com-
puted at the same time at which V,y /o is measured (i.e. last time
evolution in Figs 3-6). For J,; = 100, the eigenvalues of two com-
ponents are almost equal but the value for the perpendicular com-
ponent is 1.8 times higher than the other two. The expected value
for the perpendicular component of a thin disc is twice the val-
ues in the disc plane in agreement with our results. Similarly, the
eigenvalues of two components are almost equal for J,; = 500,
1000 and 40 000 while the value of the perpendicular component
is 1.4, 1.2 and 1.1 times the values in the disc plane, respectively.
This suggests that the disc is rather thin for J,; = 100 and becomes
thicker at higher fluxes. Similar trends are observed for the other two
haloes.

We compute the rotational velocity by taking the ratio of the spe-
cific angular momentum £ to the position vector r (Vo ~ |€|/|r],
the definition used in our previous analysis) and compare it with
the definition |£|/|a; | given in the equation 13 of Regan & Haehnelt
2009. These two definitions differ only by a factor of 1.3. Regan
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Figure 3. The thermodynamical and physical properties of halo A are shown for J; = 100. The top panels show the time evolution of gas density, temperature,
H; fraction and of the total enclosed mass. The time evolution of the inflow rates, Vi /o, radial infall and turbulent velocities is shown in the bottom panels.
The different line styles represent various cosmic times. The profiles are spherically averaged and radially binned. The vertical dashed black line shows the
Jeans length and the horizontal dashed line represents Vio /o = 1.

& Haehnelt (2009) found similar differences, as expected in turbu-
lent collapsing gas where rotation is not always well defined. We
show the ratio of rotational to circular velocity in Fig. 10. For the
isothermal collapse case, the ratio of Vo / V. remains below unity
except in the very centre (within the Jeans length) where we ap-

proach the resolution limit. The increase in V., above the V. by a
factor of 5 for the weaker flux cases could be a consequence of var-
ious factors such as ellipsoidal rather than spherical geometry and
large infall rates that keep the structure unsettled. This analysis con-
firms that rotational support is more significant in haloes illuminated

MNRAS 452, 1026-1044 (2015)
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Figure 4. The thermodynamical and physical properties of halo A are shown for J>; = 500. The top panels show the time evolution of gas density, temperature,
H; fraction and of the total enclosed mass. The time evolution of the inflow rates, Vi /o, radial infall and turbulent velocities is shown in the bottom panels.
The different line styles represent various cosmic times. The profiles are spherically averaged and radially binned. The vertical dashed black line shows the

Jeans length and the horizontal dashed line represents Vioi /o = 1.

by low BUV fluxes compared with haloes collapsing isothermally.
The higher rotational support in some haloes can delay collapse and
may even halt it if angular momentum is not transferred efficiently.
In such a case, it may limit accretion on to the central object and
have important implications for the final masses of stars.

MNRAS 452, 1026-1044 (2015)

3.2 Thermodynamical properties

The thermal properties of halo A for various strengths of BUV flux
are shown in the Figs 3—-6. The temperature of the halo is a few
thousand K when the halo mass is lower than the atomic cooling
threshold. It increases through virialization and merger shocks until
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Figure 5. The thermodynamical and physical properties of the halo A are shown for J>; = 1000. The top panels show the time evolution of gas density,
temperature, Hy fraction and of the total enclosed mass. The time evolution of the inflow rates, Vio/0, radial infall and turbulent velocities is shown in the
bottom panels. The different line styles represent various cosmic times. The profiles are spherically averaged and radially binned. The vertical dashed black

line shows the Jeans length and the horizontal dashed line represents Vio /0 = 1.

it reaches the atomic cooling limit. We note that in the presence
of a BUV flux, irrespective of its strength, the temperature of the
gas in the halo is ~8000 K after its virialization at scales larger
than 10 pc. This is due to the lack of molecular hydrogen cooling
as its abundance remains low, i.e. <107°. At smaller scales, H,
molecules self-shield from the radiation depending on the strength

of the ambient UV flux. For radiation field strengths <J,; = 10%
H, self-shielding becomes effective due to its (H,) enhanced abun-
dance and consequently the gas temperature decreases to a few
hundred K within the central 10 parsec. To further illustrate this
effect, we show the H, column density in Fig. 11 for various BUV
fluxes for halo A. As expected, the H, column density becomes

MNRAS 452, 1026-1044 (2015)
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Figure 6. The thermodynamical and physical properties of the halo A are shown for J,; = 4 x 10*. The top panels show the time evolution of gas density,
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bottom panels. The different line styles represent various cosmic times. The profiles are spherically averaged and radially binned. The vertical dashed black

line shows the Jeans length and the horizontal dashed line represents Vi /o = 1.

larger than 10'® cm~2 for weaker fluxes. Consequently, H, self-
shielding becomes effective and H, cooling occurs in the centre.
On the other hand, for the strongest flux (i.e. J,; = 4 % 10%) the
H, column density remains lower than 10cm~2, self-shielding
remains ineffective and as a result the collapse is isothermal. We

MNRAS 452, 1026-1044 (2015)

define the transition from atomic to molecular hydrogen cooling at
H, abundance above 107#, which occurs between 1 and 10 pc and
is delayed by a few Myr for the J,; = 1000 case in comparison
with J>; = 100. The thermal evolution of halo B for J,; = 100,
500 and 1000 is also very similar as shown in Figs 7-9. Halo C
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Figure 7. The thermodynamical and physical properties of the halo B are shown for J>; = 100. The top panels show the time evolution of gas density,
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(not shown) has also a very consistent behaviour. Their cores are
cooled by molecular hydrogen with central temperatures of a few
hundred K and have higher temperatures at larger radii. For the
weakest flux cases, H, cooling becomes important earlier than for
the stronger flux cases. Variations are observed from halo to halo,
e.g. in halo C the transition from atomic to molecular state occurs at

0.4 pc.? Similarly, variations from halo to halo are also observed

(e.g. Shang et al. 2010).

2See Latif et al. (2014b, 2015) where abundances of various chemical

species are compared for the haloes studied here.
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Figure 8. The thermodynamical and physical properties of the halo B are shown for J; = 500. The top panels show the time evolution of gas density,
temperature, Hy fraction and of the total enclosed mass. The time evolution of the inflow rates, Vyo/0, radial infall and turbulent velocities is shown in the
bottom panels. The different line styles represent various cosmic times. The profiles are spherically averaged and radially binned. The vertical dashed black

line shows the Jeans length and the horizontal dashed line represents Vioi /o = 1.

In the case of the strongest flux, J,; = 4 x 10, the forma-
tion of molecular hydrogen remains suppressed throughout and the
halo collapses isothermally with a central temperature of 8000 K.
The fraction of H, in this case remains below 107°. Similar
behaviour is observed for the other two haloes for such high
flux. Isothermal collapse occurs therefore only for significantly

MNRAS 452, 1026-1044 (2015)

high values of Jy;, J,; > 10*. The density inside the halo in-
creases during the collapse and the peak density reached in the
simulations is a few times 107'7 gcm™3. The density profile in
halo A follows approximately an R~> behaviour and becomes
constant within the Jeans length. The small bumps in the pro-
file indicate the presence of additional substructure in the halo.
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Figure 9. The thermodynamical and physical properties of the halo B are shown for J>; = 1000. The top panels show the time evolution of gas density,
temperature, Hy fraction and of the total enclosed mass. The time evolution of the inflow rates, Vio/0, radial infall and turbulent velocities is shown in the
bottom panels. The different line styles represent various cosmic times. The profiles are spherically averaged and radially binned. The vertical dashed black

line shows the Jeans length and the horizontal dashed line represents Vioi/0 = 1.

The amount of substructure in the haloes reduces with increas-
ing flux strength. Similar features are observed for the other two
haloes.

3.3 Mass inflow rates and masses at initial stages

One of the prime objectives of the present work is to com-
pute the mass inflow rates in the simulated haloes for different

thermodynamical conditions and assess whether they are sufficient
to build a supermassive star. The latter requires mass accretion
rates of about >0.01-0.1 M yr~' to rapidly form a massive object
(Begelman 2010; Hosokawa et al. 2013; Schleicher et al. 2013).
The temporal evolution of the mass inflow rates for halo A in
the presence of various BUV flux strengths is shown in Figs 3—
6. The mass inflow rate is about 0.001-0.01 M yr™' when the
halo mass is ~10°® M. It increases up to ~0.1 M yr~! when the

MNRAS 452, 1026-1044 (2015)
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Table 2. Eigenvalues of the inertia
tensor for halo A.

J21 a a a3

Jo1 =100 79 736 437
Jo1 =500 30 217 214
Jo1 = 1000 35 34 29
Jo1 =40000 7.7 75 6.7

halo mass is a few times 10’M, for all the strengths of BUV flux
(J21 = 100, 500 and 1000). This is comparable to the theoretical
free-fall rate, i.e. M ~ c2/G ~ 0.1 Mg yr~! (T/8000 K)*?, where
¢s 1s the thermal sound speed. The inflow rate tends to be higher for
Jo1 = 1000 at all radii compared to the J,; = 100 but differences are
not significant. Similar values are found for J,; = 500. In general,
the small fluctuations in the inflow rates at various radii are due to the
different density structure and the intermittent flows present in the
halo (note that these are spherical averages).

For halo B, the inflow rate for J,; = 100 is between
0.01and 0.1 Mg yr~! while for Jo; = 500 and 1000 it is about
0.1 M@ yr~! (see Figs 7-9). The drop in the inflow rate at 10 pc
is due to the formation of an additional clump in the halo. Simi-
lar to halo A, the inflow rate for halo C for J,; = 100, 500 and
1000 is ~0.1 M@ yr~'. In all three haloes and for all flux cases,
the inflow rate declines within the Jeans length due to the higher
thermal pressure. The variations in the inflow rates are correlated
with the radial infall velocity of the halo. The typical infall veloc-
ities in these cases are 5-10 km s~!. The fluctuations in the infall
velocity also indicate the onset of gravitational instabilities which
may exert torques and help in the transfer of angular momentum.
The infall velocity tends to increase with the strength of the BUV
flux and becomes higher particularly for the isothermal collapse.

Therefore, the mass inflow rate is larger for the isothermal collapse
and is about 0.1-1 Mg yr™".

We also estimated the total (DM + gas) enclosed mass in
halo A. The enclosed mass within the central 10 pc of the halo
is about a factor of a few higher for J,; = 1000 compared to the
J>1 = 100 as shown in Figs 7-9. The mass profiles show a plateau
around a few thousand solar masses which indicate the formation
of small scale disc, comparable to the estimates of V. /o and also
found by Regan et al. (2014b). This plateau becomes even more
visible for halo B in the J,; = 100 case. We also estimated the
turbulent velocity for halo A in the presence of various strengths of
UV flux and is shown in Figs 3—6. The typical turbulent velocity is
about 10 km s~! and fluctuations in the turbulent velocity at various
radii are related to the density structure and intermittent flows oc-
curring. For the other two haloes, we found similar trends both for
the enclosed mass and turbulent velocities. Again, small variations
in these quantities are observed from halo to halo. The gaseous
structures (density and temperature) within the central 10 pc of the
three haloes are shown in Figs 12—-14. Either extended (halo A and
halo B) or narrow funnels of dense gas connect to the halo centre,
providing the high inflow rates we measured.

3.4 Estimates of the masses of supermassive stars

We selected two out of three haloes, those with the highest in-
flow rates, to study the long-term evolution of mass accretion rates.
We here only focus on the weaker BUV flux cases, where col-
lapse is not fully isothermal. It has been shown that strong BUV
fluxes lead to complete isothermal collapse where large accretion
rates of about 1 My yr~' can be obtained and massive objects of
10° M can be formed (Regan & Haehnelt 2009; Latif et al. 2013b;
Becerra et al. 2015). However, as explained earlier, these sites are
very rare. As mentioned in the previous subsection, in haloes A and
C mass inflow rates of 0.1 M, ylr_1 can be obtained for J>; > 500

20 T

Vrot/ Vcirc

i J21=100
= J21=500

= |21=1000
= |21=40000

l
10° 10! 10° 10°

Radius [pc]

Figure 10. The ratio of rotational to circular velocity is shown here for various BUV fluxes for halo A, as a representative case.
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Figure 12. Average density (top panels) and temperature (bottom panels) weighted by the gas density along the y-axis for halo A. They are plotted for the
BUV of strengths J>; = 100, 500 and 1000 and show the central 10 pc region of the halo when the simulation reaches the maximum refinement level prior to

the formation of a sink particle.

and even for J,; = 100. To assess if these rates can be maintained
for long time-scales, we employed sink particles in our simulations
and followed accretion on to them for about 30 000 yr after the
formation of the first sink particle. The sinks are formed at den-
sities above 107 cm™ and at the maximum refinement level. In

general, no vigorous fragmentation is observed in either halo for
all strengths of BUV flux. Only a single massive sink forms per
halo.

Figs 15 and 16 show the time evolution of the gas density in the
central 10 pc of haloes A and C for J,; = 1000 after the formation

MNRAS 452, 1026-1044 (2015)
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Figure 13. Average density (top panels) and temperature (bottom panels) weighted by the gas density along the y-axis for halo B. They are plotted for the
BUV of strengths J>; = 100, 500 and 1000 and show the central 10 pc region of the halo when the simulation reaches the maximum refinement level prior to

the formation of a sink particle.
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Figure 14. Average density (top panels) and temperature (bottom panels) weighted by the gas density along the y-axis for halo C. They are plotted for the
BUV of strengths Jo; = 100, 500 and 1000 and show the central 10 pc region of the halo when the simulation reaches the maximum refinement level prior to

the formation of a sink particle.

of the sink particle. Note the highly anisotropic distribution of gas:
the central sink is mainly fed by a narrow stream of gas, rather than
by an extended, spherical or axisymmetric structure as in the case
of a higher UV flux, where collapse is isothermal (cf. figs 2 and 8
in Latif et al. 2013b).

MNRAS 452, 1026-1044 (2015)

The temporal evolution of the mass accretion rates on to the
sinks for halo A, illuminated by various strengths of BUV flux,
is shown in Fig. 17. A mass accretion rate >0.1 M yr~' can be
maintained for the simulated time for all cases. In the J; = 1000
case, the gas distribution at the time the sink particle is inserted
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Figure 16. The time evolution of the density averages along the y-axis is shown in the central 10 pc of the halo C for J; = 1000 after the formation of the
sink particle. The time after the formation of the sink particle in each panel is shown in years and the white dot depicts the position of the sink particle.

is less dense and more extended, and it takes about 10 000 yr
to move the smaller clumps into the centre and, after that, the
inflow rate increases. Additionally, the small clumps that form,
eventually merge in the centre. Therefore, in the last 5000 yr of
the simulated time, the mass accretion rate increases further for
J>1 = 1000 while the mass accretion rate for J,; = 100 and 500 cases
declines.

The masses of the sinks after 30000yr, are
4700, 6000 and 6770 Mg for J>; = 100, 500 and 1000, re-
spectively. The mass of the sink is 2000 M) higher for J;; = 1000
compared to the weakest flux case. In fact, the mass for J,; = 100
shows a plateau around 4700 M, and becomes almost constant for
the last 10 000 yr. This is because of the higher rotational support
as well as the presence of colder gas compared to the higher flux

MNRAS 452, 1026-1044 (2015)
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Figure 17. The masses of the sink particles and their mass accretion rate
are shown against time for halo A. The strength of incident field is shown
by different colours and line styles as described in the legend.

cases. The small plateau in the sink mass and a small decline in
the mass accretion rate are also observed for J,; = 500 in the last
5000 yr. However, the mass of the sink seems to keep increasing
for the J5; = 1000 case. Therefore, we expect that the masses of
the resultant star may be higher compared to the lower flux cases.

We have also employed sink particles for halo C and followed
the evolution for about 30 000 yr. The masses of the sinks and the
mass accretion rates on to them are shown in Fig. 18. The mass
accretion rate starts to increase in the first 10 000 yr due to the
sufficient mass supply in the central clump, but decline later. This
behaviour is similar to halo A, but the decline is more significant.
The sink mass starts to show a plateau earlier, at about 18 000 yr
after the formation of the sink. The mass accretion rates and the
masses of the sink particles continue to increase for the rest of the
two cases. The masses of the sinks are 4600, 6400 and 7000 Mg,
from the weaker to stronger fluxes, respectively (i.e. J>; = 100, 500
and 1000). Similar to halo A, mass accretion rates remain above
0.1 Mg yr~! for the simulated time, irrespective of the BUV field
strength. The mass accretion rates show some decline for J,; = 100
case, but not for the J,; = 500 and 1000 cases. Mass accretion
rates may decline at later stages of evolution if rotational support is
enhanced significantly, or efficient fragmentation takes place inside
the halo. However, for the duration of our simulation, we confirm
>0.1 M yr~! for the whole time.

Overall, our simulations suggest that the mass accretion rates re-
quired to build a supermassive star can be obtained for UV fluxes be-
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Figure 18. The masses of the sink particles and their mass accretion rate
are shown against time for halo C. The strength of incident field is shown
by different colours and line styles as described in the legend.

low the critical value necessary for isothermal collapse. Particularly,
the formation of supermassive stars seems plausible for J,; = 1000
and 500, at least in one case. If accretion persists at the same rates,
the masses of the sinks can reach 10*-10° Mgp.

4 DISCUSSION AND CONCLUSIONS

We have performed high-resolution cosmological simulations for
three distinct haloes to study under which conditions the accretion
rates necessary for the formation of supermassive stars in massive
primordial haloes of a few times 10’ M) can be achieved. These
supermassive stars are the potential cradles of direct collapse black
holes which are one of the candidates to explain the existence of
high-redshift quasars.

The prime objective of this work is to explore the formation
of supermassive stars in non-isothermal collapse. Indeed, the key
parameter for supermassive star formation appears to be an inflow
rate above 0.1 M yr~!' (Begelman 2010; Hosokawa et al. 2013;
Schleicher et al. 2013; Ferrara et al. 2014). Specifically, we are
interested in estimating whether the concept of a critical value,
Jerit, of the BUV flux above which full isothermal collapse can
be achieved through complete suppression of molecular hydrogen
formation is necessary for black hole formation in the direct collapse
scenario.

We also study the structure of the inner regions of the haloes to
evaluate the role of rotational support. We presume that haloes are
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metal free and illuminated by moderate strengths of BUV flux. A
pc-size fat disc is assembled in these haloes as a consequence of
gravitational collapse and the angular momentum of the infalling
gas. The formation of such disc is irrespective of the merger his-
tory of the halo. The scaleheight of the disc varies from 0.25 to 1
depending on the thermodynamical properties of the halo. Haloes
cooled by the molecular hydrogen have higher rotational support
and an aspect ratio lower than the haloes collapsing isothermally
(Oh & Haiman 2002; Begelman et al. 2006; Lodato & Natarajan
2006).

Rotational support, however, does not, at least initially, hinder gas
collapse in any of the simulated haloes. In fact, our estimates for
the mass inflow rates show that the haloes irradiated by moderate
UV fluxes, Jo; = 500 and 1000 have typical mass inflow rates of
about 0.1 Mg yr~!. Indeed, Regan et al. (2014b) already noticed
that sufficiently high accretion rates can be obtained for haloes
experiencing (anisotropic) fluxes of J; ~ 1000. An inflow rate of
~0.1 Mg yr~! can be achieved even for Jo; = 100 for haloes A
and C, while halo B has somewhat lower inflow rates. This may
suggest that haloes experiencing major mergers in their recent past
may form supermassive stars more easily, for lower strengths of
UV field, while perhaps this is not happening in haloes formed via
minor mergers and accretion. In fact, Mayer et al. (2014) suggested
that the merging of very massive galactic cores, >10° M, may
form a stable nuclear disc with very large gas inflow rates. They
argue that merging of such systems leads to the enhanced inflow
rates and helps in the formation of a massive black hole. Although
the present work explores very different systems, the merging of
a few times 10° Mg protogalaxies, it hints that larger accretion
rates seem to be obtained in the aftermath of a major merger, as
mergers induce torques that remove angular momentum from gas,
favouring inflows. However, our small sample does not allow us
to draw strong conclusions. Inayoshi, Visbal & Kashiyama (2015)
have proposed an alternative scenario which does not require the
BUV to photodissociate molecular hydrogen but the collisions of
protogalaxies with velocities of a few hundred km s~' produce
strong shocks with T > 10° K where subsequently gas collapses
isobarically and H, gets collisionally dissociated.

To further assess whether such higher accretion rates can be
maintained for long time-scales, we have employed sink particles
and followed accretion on them for 30 000 yr after the formation of
the first sink particle for haloes A and C. No strong fragmentation is
found for these haloes, irrespective of the employed UV field, and a
single star is formed per halo. A mass inflow ~0.1 M yr~' can be
maintained for long times, at least for the whole simulated time. We
stopped the simulations 30 000 yr after the formation of the first sink
as evolving them further becomes computationally very expensive.
However, given these accretion rates, supermassive stars may reach
10*~10° M within about one million years. Our results suggest
that J,; > 500-1000 may be sufficient to form supermassive stars,
at least for some cases. The observed abundance of z > 6 quasars
can be reproduced by the above flux, extrapolating the findings of
Dijkstra et al. (2014).

In our simulations, we employed sink particles to follow the mass
accretion on to them, which introduce a characteristic length-scale
below which fragmentation is ignored. To assess fragmentation
below this scale would require simulations resolving the collapse
down to sub au scales and it becomes computationally impractical
to evolve them for longer times. This is due to the shorter time-steps
involved in these calculations which cover a large range of spatial
scales, from cosmological scales down to the scales of au. However,
the analysis of the density structure in these haloes indicates that no
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vigorous fragmentation is expected, as H, cooling is only effective
in the core of the halo and most of the gas outside the core is warm
and no signs of substructures are present. Even if fragmentation
occurs on very small scales, Latif & Schleicher (2015a,b) show that
clumps may migrate inward on short time-scales. Moreover, viscous
heating further dissociates molecular hydrogen, stabilizes the disc
and favours the formation of a massive central object. Based on the
results from both these simulations and the complementary analyt-
ical studies (Latif & Schleicher 2015a,b), we argue that formation
of supermassive stars in these conditions is possible.

We also found that accretion on to the central star becomes highly
anisotropic particularly for the case with J,; = 1000 where the gas
is fed to the central star by a single stream. Such behaviour seems
to persist for 30 000 yr. This may have important implications for
feedback by the central star or even by the black hole at later stages.
The ionizing radiation around a star/black hole would escape in
the low-density region while the gas supply to the central object
may continue from a single dense stream even in the presence of
feedback.

The simulations presented in this work are based on a number of
idealized assumptions such as haloes are metal free and irradiated
by an isotropic flux. In the future, simulations self-consistently
taking into account metal enrichment and radiation emitted by the
nearby sources should be performed. Such simulations are mainly
constrained by the exorbitant computational costs.

ACKNOWLEDGEMENTS

The research leading to these results has received funding from
the European Research Council under the European Community’s
Seventh Framework Programme (FP7/2007-2013 Grant Agreement
no. 614199, project ‘BLACK’). This work was granted access to
the HPC resources of TGCC under the allocation x2015046955
made by GENCI. The simulation results are analysed using the
visualization toolkit for astrophysical data YT (Turk et al. 2011).

REFERENCES

Abel T., Bryan G. L., Norman M. L., 2002, Science, 295, 93

Agarwal B., Khochfar S., 2015, MNRAS, 446, 160

Allgood B., Flores R. A., Primack J. R., Kravtsov A. V., Wechsler R. H.,
Faltenbacher A., Bullock J. S., 2006, MNRAS, 367, 1781

Alvarez M. A., Wise J. H., Abel T., 2009, ApJ, 701, L133

Bate M. R., Bonnell I. A., Price N. M., 1995, MNRAS, 277, 362

Baumgarte T. W., Shapiro S. L., 1999, ApJ, 526, 941

Becerra F., Greif T. H., Springel V., Hernquist L. E., 2015, MNRAS, 446,
2380

Begelman M. C., 2010, MNRAS, 402, 673

Begelman M. C., Volonteri M., Rees M. J., 2006, MNRAS, 370, 289

Bleuler A., Teyssier R., 2014, MNRAS, 445, 4015

Bromm V., Loeb A., 2003, ApJ, 596, 34

Bromm V., Coppi P. S., Larson R. B., 2002, ApJ, 564, 23

Bryan G. L. et al., 2014, ApJS, 211, 19

Choi J.-H., Shlosman I., Begelman M. C., 2015, MNRAS, 450, 4411

Clark P. C., Glover S. C. O., Smith R. J., Greif T. H., Klessen R. S., Bromm
V., 2011, Science, 331, 1040

Davies M. B., Miller M. C., Bellovary J. M., 2011, ApJ, 740, L42

Devecchi B., Volonteri M., 2009, ApJ, 694, 302

Dijkstra M., Ferrara A., Mesinger A., 2014, MNRAS, 442, 2036

Fan X., Strauss M. A., Schneider D. P., Becker R. H., White R. L., Haiman
Z., Gregg M., 2003, AJ, 125, 1649

Fan X., Strauss M. A., Richards G. T., Hennawi J. F., Becker R. H., White
R. L., Diamond-Stanic A. M., 2006, AJ, 131, 1203

Federrath C., Banerjee R., Clark P. C., Klessen R. S., 2010, ApJ, 713, 269

MNRAS 452, 1026-1044 (2015)

220z Iudy gz uo 3senb Aq L0Z1LS/21/920L/1/2SY/o10ne/SeIuW /WO dNO"dlWaped.//:sd)y WOl PaPEOjuUMOQ



1044 M. A. Latif and M. Volonteri

Ferrara A., Salvadori S., Yue B., Schleicher D., 2014, MNRAS, 443, 2410

Glover S., 2015a, preprint (arXiv:1501.05960)

Glover S. C. O., 2015b, preprint (arXiv:1504.00514)

Goswami S., Kiel P, Rasio F. A., 2014, ApJ, 781, 81

Grassi T., Bovino S., Schleicher D. R. G., Prieto J., Seifried D., Simoncini
E., Gianturco F. A., 2014, MNRAS, 439, 2386

Greif T. H., Bromm V., Clark P. C., Glover S. C. O., Smith R. J., Klessen R.
S., Yoshida N., Springel V., 2012, MNRAS, 424, 399

Haiman Z., 2012, preprint (arXiv: 1203.6075)

Hirano S., Hosokawa T., Yoshida N., Umeda H., Omukai K., Chiaki G.,
Yorke H. W., 2014, ApJ, 781, 60

Hosokawa T., Omukai K., Yorke H. W., 2012, ApJ, 756, 93

Hosokawa T., Yorke H. W., Inayoshi K., Omukai K., Yoshida N., 2013, ApJ,
778,178

Inayoshi K., Tanaka T. L., 2015, MNRAS, 450, 4350

Inayoshi K., Visbal E., Kashiyama K., 2015, preprint (arXiv:1504.00676)

Jarosik N., Bennett C. L., Dunkley J., Gold B., Greason M. R., Halpern M.,
Hill R. S, Hinshaw G., 2011, ApJS, 192, 14

Johnson J. L., Bromm V., 2007, MNRAS, 374, 1557

Johnson J. L., Whalen D. J., Li H., Holz D. E., 2013, ApJ, 771, 116

Katz H., Sijacki D., Haehnelt M. G., 2015, preprint (arXiv:1502.03448)

Krumholz M. R., McKee C. F, Klein R. I., 2004, ApJ, 611, 399

Latif M. A., Schleicher D. R. G., 2015a, A&A, 578, 118

Latif M. A., Schleicher D. R. G., 2015b, MNRAS, 449, 77

Latif M. A., Schleicher D. R. G., Schmidt W., Niemeyer J., 2013a, MNRAS,
433, 1607

Latif M. A., Schleicher D. R. G., Schmidt W., Niemeyer J. C., 2013b,
MNRAS, 436, 2989

Latif M. A., Schleicher D. R. G., Schmidt W., Niemeyer J., 2013c, ApJ, 772,
L3

Latif M. A., Schleicher D. R. G., Bovino S., Grassi T., Spaans M., 2014a,
Apl, 792,78

Latif M. A., Bovino S., Van Borm C., Grassi T., Schleicher D. R. G., Spaans
M., 2014b, MNRAS, 443, 1979

Latif M. A., Bovino S., Grassi T., Schleicher D. R. G., Spaans M., 2015,
MNRAS, 446, 3163

Lodato G., Natarajan P., 2006, MNRAS, 371, 1813

MNRAS 452, 1026-1044 (2015)

Loeb A., Rasio F. A., 1994, ApJ, 432, 52

Lupi A., Colpi M., Devecchi B., Galanti G., Volonteri M., 2014, MNRAS,
442,3616

Madau P., Haardt F., Dotti M., 2014, ApJ, 784, L38

Mayer L., Fiacconi D., Bonoli S., Quinn T., Roskar R., Shen S., Wadsley J.,
2014, preprint (arXiv:1411.5683)

Mortlock D. J. et al., 2011, Nature, 474, 616

Oh S. P, Haiman Z., 2002, ApJ, 569, 558

Omukai K., 2000, ApJ, 534, 809

Rees M. J,, 1984, ARA&A, 22, 471

Regan J. A., Haehnelt M. G., 2009, MNRAS, 393, 858

Regan J. A., Johansson P. H., Haehnelt M. G., 2014a, MNRAS, 439, 1160

Regan J. A., Johansson P. H., Wise J. H., 2014b, ApJ, 795, 137

Regan J. A., Johansson P. H., Wise J. H., 2015, MNRAS, 449, 3766

Schleicher D. R. G., Palla F., Ferrara A., Galli D., Latif M., 2013, A&A,
558, A59

Shang C., Bryan G. L., Haiman Z., 2010, MNRAS, 402, 1249

Shapiro P. R., Kang H., 1987, ApJ, 318, 32

Shibata M., Shapiro S. L., 2002, ApJ, 572, L39

Stacy A., Greif T. H., Bromm V., 2012, MNRAS, 422, 290

Sugimura K., Omukai K., Inoue A. K., 2014, MNRAS, 445, 544

Turk M. J., Smith B. D., Oishi J. S., Skory S., Skillman S. W., Abel T.,
Norman M. L., 2011, ApJS, 192, 9

Turk M. J., Oishi J. S., Abel T., Bryan G. L., 2012, AplJ, 745, 154

Venemans B. P. et al., 2013, ApJ, 779, 24

Volonteri M., 2010, A&A Rev., 18, 279

Volonteri M., Bellovary J., 2012, Rep. Prog. Phys., 75, 124901

Volonteri M., Rees M. J., 2005, ApJ, 633, 624

Wang P, Li Z.-Y., Abel T., Nakamura F., 2010, ApJ, 709, 27

Willott C. J. et al., 2010, AJ, 139, 906

Wise J. H., Turk M. J., Abel T., 2008, ApJ, 682, 745

Wolcott-Green J., Haiman Z., Bryan G. L., 2011, MNRAS, 418, 838

Wu X.-B. et al., 2015, Nature, 518, 512

Yoshida N., Omukai K., Hernquist L., Abel T., 2006, ApJ, 652, 6

This paper has been typeset from a TEX/I&TEX file prepared by the author.

220z 1dy 8z uo 1sanb Aq L0ZLSG/1/9201/L/ZSF/aI0Ie/Seuw/Wwoo"dno-olwapeoe//:sdiy oy papeojumod


http://arxiv.org/abs/1501.05960
http://arxiv.org/abs/1504.00514
http://arxiv.org/abs/1203.6075
http://arxiv.org/abs/1504.00676
http://arxiv.org/abs/1502.03448
http://arxiv.org/abs/1411.5683

