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1 INTRODUCTION

ABSTRACT

Supermassive black holes (BHs) of millions solar masses and above reside in the center of
most local galaxies, but they also power active galactic nuclei and quasars, detected up to z =
7. This observational evidence puts strong constraints on the BH growth and the mass of the
first BH seeds. The scenario of “direct collapse” is very appealing as it leads to the formation
of large mass BH seeds in the range 10* — 10°M,, which eases explaining how quasars at z =
6—7 are powered by BHs with masses > 10° M, Direct collapse, however, appears to be rare,
as the conditions required by the scenario are that gas is metal-free, the presence of a strong
photo-dissociating Lyman-Werner flux, and large inflows of gas at the center of the halo,
sustained for 10 — 100 Myr. We performed several cosmological hydrodynamical simulations
that cover a large range of box sizes and resolutions, thus allowing us to understand the impact
of several physical processes on the distribution of direct collapse BHs. We identify halos
where direct collapse can happen, and derive the number density of BHs. We also investigate
the discrepancies between hydrodynamical simulations, direct or post-processed, and semi-
analytical studies. We find that for direct collapse to account for BHs in normal galaxies, the
critical Lyman-Werner flux required for direct collapse must be much less than predicted by
3D simulations that include detailed chemical models. However, when supernova feedback is
relatively weak, enough direct collapse BHs to explain z = 6 — 7 quasars can be obtained for
more realistic values of the critical Lyman Werner flux.

Key words: galaxies: high-redshift, quasars: supermassive black holes, cosmology: dark
ages, reionization, first stars

rano et al.[2014). A sufficiently massive Poplll star (> 260 M) can
collapse and form a BH retaining ~ half the mass of the star, leading

The formation of supermassive black holes (BHs) is still an unre-
solved problem. It is now well established that most local galaxies
harbor a supermassive BH in their center, with mass even above
10'°M,, for the most massive ones (McConnell et al.|2011). We ob-
serve quasars, the active tail of the BHs distribution, up to redshift
z > 6 (Fan & et al.,[2006} Jiang & et al.,|2009; Mortlock & et al.,
2011). These high-redshift quasars essentially grow by direct cold
filamentary infall (Di Matteo et al.|2012} [Dubois et al.|2012)) and
suggest that BH seeds must have been formed at very early times
in order to acquire 10° M,, within a span of less than 1 Gyr.

A popular channel to form BH seeds has been as remnant of
the first generation of stars, namely Poplll stars (Madau & Rees
2001} |Volonteri, Madau & Haardt|2003)). BHs are predicted to form
in metal-free mini-halos (M;, ~ 10°M,) at redshifts z = 20 — 30
from the remnants of Poplll stars, which are stars of primordial
composition. Studies suggest that the mass of these Poplll stars
could range from 10 to 1000 M, (e.g.,[Bromm & Yoshidaj2011}[Hi-
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to a population of ~ 100 M, BHs (Fryer, Woosley & Heger|2001)).
This has been a major criticism of the scenario, because starting
from this low-mass seed population, it means that such seed BHs
must grow at a rate close to the maximum Eddington rate their en-
tire life to explain the masses of z > 6 quasars.

One recent way of solving the problem of the formation of
such massive objects is by the direct collapse of pristine gas trig-
gered by dynamical processes (Loeb & Rasio||1994; [Eisenstein
& Loeb| 1995} [Koushiappas, Bullock & Dekel 2004} Begelman,
Volonteri & Rees|[2006; Lodato & Natarajan|[2006; [Mayer et al.
2010), or invoking isothermal collapse in primordial halos (Bromm
& Loeb|2003; |Spaans & Silk|2006} Dijkstra et al.|2008; [Latif et al.
2013)) . This scenario has become very popular, as it can lead to the
formation of 10* — 10° M, seeds, making it easier to reproduce the
quasar population at z > 6.

The physical conditions (listed below) required for isothermal
collapse in primordial halos, which has become the most popular
version of direct collapse in the last couple of years, and whose BH
seeds are typically referred to as ‘DCBHS’, are numerous, and make
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the channel a rare event. First, one needs a halo that has reached
the atomic cooling threshold, ~ 107 — 108 My, but it is still pris-
tine, i.e., metal-free. Second, one needs that the molecular hydro-
gen formation has been suppressed throughout the halo’s evolution.
When these conditions are fulfilled, the gas in the halo can collapse
isothermally and without fragmenting in the absence of efficient
coolants, namely metals and molecular hydrogen. The latter would
strongly decrease the Jeans mass, leading to the fragmentation of
the gas cloud, abandoning the formation of only one massive object
in favour of the formation of several less massive objects, namely
PopllII stars. The destruction and prevention of molecular hydro-
gen can be accomplished by strong photo-dissociating radiation
(Lyman-Werner, LW, photons with energy between 11.2 eV and
13.6 eV). A large inflow rate of gas at the center of the halo, higher
than 0.1 My /yr, and sustained for at least 10 Myr, is also needed
to form a supermassive star-like object in the nucleus (Begelman,
Volonteri & Rees|2006; |Begelman, Rossi & Armitage|2008; |Begel-
man||2010; [Ball et al.|[2011; |Hosokawa, Omukai & Yorke|[2012;
Hosokawa et al.[2013};|Schleicher et al.|2013)). The BH mass can be
up to 90% of the stellar mass.

Several aspects, on different physical scales, of the direct col-
lapse scenario have been addressed in the last years. However, so
far, studies have focused either on small scale simulations to cap-
ture the physical processes leading to the gas collapse, or on semi-
analytical studies to derive a DCBH number density. For instance,
Latif et al. (2013) used zoomed cosmological hydrodynamical sim-
ulations of single halos to show that when all the conditions listed
above are met, collapse can happen (see also [Regan, Johansson &
Wise|2014). |Agarwal et al.| (2012) A12 thereafter) and |Agarwal
et al.| (2014, A14 thereafter), investigated in post-processing spa-
tial variations in the LW radiation and the importance of the clus-
tering of the LW photon sources, using a 4 comoving Mpc (cMpc)
cosmological hydrodynamical simulation. In the meanwhile, semi-
analytical studies also derived the number densities of DCBHs, for
example Dijkstra et al.| (2008, D08 thereafter) computed the prob-
ability distribution function of the LW radiation that irradiates ha-
los at redshift z = 10, and showed that a small fraction of halos,
107® to 1075, may be exposed to radiation higher than 20 times the
background radiation (see also Dijkstra, Ferrara & Mesinger|2014}
D14 thereafter). Inayoshi & Tanakal (2015) include the impact of
X-rays, and predict a decrease in the formation rate of DCBHs per
unit volume with redshift. Agarwal et al.|(2015) and |[Hartwig et al.
(2015b)) use semi-analytical models with merger trees based on the
Extended Press & Schechter formalism. [Habouzit et al.| (2015)) de-
velop a hybrid model, where they “paint" galaxies, using the pre-
scriptions of DO8 and D14, over a dark matter only simulation, in
order to include self-consistently the clustering of halos.

In this paper, we use a set of three different cosmological hy-
drodynamical simulations, with increasing box size, allowing us to
capture the physical processes on small scales in a small-volume,
high-resolution simulation, to derive the number density of BHs
and to test the impact of the SN feedback using a larger simulation
with intermediate resolution. Finally, a large-volume simulation,
with lower resolution, Horizon-noAGN (Peirani et al, in prep), is
also used to test whether the direct collapse scenario is able to ex-
plain the population of quasars that we observe at redshift z = 6.
We follow the approach introduced by D08, A12, D14 and A14 and
model the LW radiation field on top of all the different simulations.
A DCBH region finder code is applied to compute the DCBH num-
ber density function on all the simulations, for different redshifts.

The paper is organized as follows. We first describe, in Sec-
tion 2, the simulations we use in this work, and the modeling of the

LW radiation intensity, in Section 3. In Section 4, we investigate
SN feedback and, in Section 5 how it can alter the number density
of DCBH regions derived from simulations. Section 6 is dedicated
to simulation Horizon-noAGN, for which we derive the number
density of DCBH regions, and we investigate the feasibility of the
DC scenario in explaining the population of quasars at z = 6. Sec-
tion 7 explores a comparison between the approaches to derive the
DCBH number density (which leads to discrepancies of several or-
ders of magnitude), using either semi-analytical methods, or using
hydrodynamical simulations. Section 8§ summarizes the results of
this work.

2 SIMULATION SET UP

We have performed a set of simulations with increasing box sizes
from 1 cMpc to 142 cMpc, using the adaptive mesh refinement hy-
drodynamical cosmological code rRamsEs (leyssier|2002). Particles
are projected on the grid with a cloud-in-cell interpolation and the
Poisson equation is solved with an adaptive Particle-Mesh solver.
The Euler equations are solved with a MUSCL scheme using an
approximate Harten-Lax-Van Leer Riemann solver, with a Min-
Mod total variation scheme to interpolate the cell-centered values to
their edge locations. Cells are refined (unrefined) based on a quasi-
Lagrangian criterion: with more (less) than 8 DM particles in a cell,
or with a total baryonic mass higher (smaller) than 8 times the DM
mass resolution. We summarize in the following the main charac-
teristics of these simulations. Table[I]establishes a comparison be-
tween all the simulations parameters used in this work. Fig.[T|shows
gas density maps of our simulations Tiny, Chunky, and Horizon-
noAGN. In the density map of Chunky (middle panel), the white
square indicates the size of Tiny, and in the Horizon-noAGN map
(bottom panel, only a small part of the simulation box is shown
here), we show the size of the simulation Chunky.

2.1 Simulation Tiny

The smallest simulation, Tiny, is performed in a periodic box of
Lyox = 1cMpc size length with 256° dark matter particles, cor-
responding to a mass resolution of Mpyes = 2082 M. The sim-
ulation uses a A cold dark matter cosmology, with total matter
density Q,, = 0.276, dark matter energy density Q, = 0.724,
amplitude of the matter power spectrum og = 0.811, spectral in-
dex n, = 0.961, baryon density Q, = 0.045 and Hubble constant
Hy = 70.3kms™! Mpc~!. Simulations are run with 10 levels of re-
finement (£,;, = 8 defines the number of cells on the coarse level,
Cmax = 17 defines the finest level of refinement), leading to a spatial
resolution of 7.6 pc. A new refinement level is allowed only when
the expansion factor doubles, namely for a., = 0.1,0.2,0.4 and so
on.

2.2 Simulation Chunky

Two intermediate volume simulations, Chunky, are also run, they
differ by the model of SN feedback, in one case we use a “thermal”
SN feedback and in the other a “delayed cooling” SN feedback
(both SN feedback models are described in Section 2.5.). They use
the same cosmology as Tiny. Simulations are performed in a peri-
odic box of side Lyo,x = 10cMpc with 1283 dark matter particles,
corresponding to a mass resolution of Mppyes = 1.6X 10’M,. These
simulations are run on 11 levels of refinement (£, = 7, €max = 17),
leading to a spatial resolution of 76.3 pc.



Table 1. Simulation parameters for the four simulations used in this paper:
Tiny, the two simulations Chunky, and Horizon-noAGN.

Simulations Tiny Chunky Horizon-noAGN
Lpox Mpc) 1 10 142

Particles 256° 1283 10243

Mies.pm (Mo) 2082 1.6x107  8x107

Spatial res. (proper pc)  7.63 76.3 1000

Mges x (M) 23x102  77x10%  2x10°

2.3 Simulation Horizon-noAGN

We use the Horizon-noAGN simulation (Peirani et al, in prep.),
which is a version without BHs and AGN feedback of the Horizon-
AGN simulation (Dubois et al.|[2014). This simulation has Q, =
0.728, Q, = 0.272, Q, = 0.045, 05 = 0.81, ng = 0.967, and
Hy = 70.4kms™' Mpc~'. Simulations were run with 10243 dark
matter particles in a Ly = 142 cMpc size box, leading to a dark
matter mass resolution of Mppyres = 8 X 10’M,,. Simulations are
run on 8 levels of refinement (£, = 10, € = 17), leading to a
spatial resolution of ~ 1 kpc.

2.4 Star formation and physical processes

In all simulations, star formation is allowed in cells with a gas
density exceeding the threshold py, which is 30 Hem™ for Tiny,
1Hcm™ for Chunky, and 0.1Hcm™ for Horizon-noAGN, and
modeled with a Kennicutt-Schmidt law:

pe =l )
I

with p, the star formation rate density, €, = 0.02 the star forma-
tion efficiency (constant with redshift), p the density of the gas and
tg the free-fall time of the gas. Stars are created with a Poisson
random process calculating the probability to form N stars with a
mass resolution of m , = 2.3 X 10?> M, for Tiny, 7.7 x 10* M, for
Chunky, and 2 x 10° M, for Horizon-noAGN (Rasera & Teyssier
2006)). Cooling is modeled with the cooling curves of |Sutherland &
Dopital (1993), the gas cools through H, He, and metals. Modeling
the metallicity as a passive variable makes it easily trackable over
the gas flow through redshift evolution. Physical processes, such
as SN explosions and star formation, modify and redistribute the
metallicity over neighboring cells. An initial zero metallicity is as-
sumed for Chunky. However, for the smallest box size simulation,
as we resolve mini-halos below the threshold for atomic hydrogen
cooling, we use a metallicity floor of 1073 Z, in order to mimic
cooling by molecular hydrogen. The same metallicity background
is employed in Horizon-noAGN. The cooling by metals also mim-
ics here cooling by molecular hydrogen, therefore allowing the for-
mation of stars in mini-halos. The gas follow an adiabatic equation-
of-state (EoS) for monoatomic gas with adiabatic index y = 5/3,
except at high gas densities p > py, where we use a polytropic EoS
to increase the gas pressure in dense gas in order to limit excessive
gas fragmentation by mimicking heating of the interstellar medium
from stars (Springel & Hernquist|2003):

k-1
T =T, (ﬁ) 2)
Po

with T the gas temperature, Ty the temperature threshold, py the
density threshold, and « the polytropic index of the gas. We use
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Figure 1. Gas density maps representing the three simulations used in this
work: Tiny (Lpox = 1 cMpc, top panel), Chunky (Lpox = 10 cMpc, middle
panel), and Horizon-noAGN (Lyox = 142 cMpc, here we only show a small
part of the simulation, a box of ~ 40 cMpc side, bottom panel). The white
squares mark the size of the previous simulation: in the gas density map of
Chunky (middle panel), we show the size of Tiny, and in Horizon-noAGN
map (bottom panel), we show the size of Chunky.
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k = 1.6 for the polytropic index, and Ty = 10 K for Chunky, and
T, = 10K for Tiny. For Horizon-noAGN, x = 4/3 and Ty = 10°K
have been used.

2.5 Supernova feedback

Because metallicity and star formation are both a direct product
of how SN feedback is modeled in hydrodynamical simulations,
and are of the crucial importance when studying the direct col-
lapse scenario, we test two different SN feedback implementations.
We model SNe type II assuming a Chabrier initial mass function,
where 20% of the mass fraction of stars end up their life in type
II SNe, and release 10°° erg M, and return metals with a yield of
0.1. We use a weak “thermal” SN feedback which releases only in-
ternal energy in the neighboring cells (Dubois & Teyssier|[2008).
We contrast this with a more efficient SN feedback,“delayed cool-
ing" which accounts for the energy released by the explosion that
can be stored by non-thermal processes, such as unresolved tur-
bulence, cosmic rays, magnetic fields, etc. These processes will
dissipate their energy on potentially longer timescales, defined as
the dissipative time 7,;,. In order to mimic the energetic and pres-
sure enhancement by the non-thermal component, in the delayed
cooling implementation gas cooling is prevented in gas cells where
the non-thermal energy component (or non-thermal velocity dis-
persion onr) is larger than some user-defined threshold (Stinson
et al|2006; Teyssier et al.[2013). We adopt the implementation of
Dubois et al.| (2015) in order to match the values of #4 and onT
to that required for the blast wave to propagate over a Jeans length
(4 high-resolution cells). Finally, My, is the stellar mass explod-
ing in SN, which we take equal to 10 X m, for all the simula-
tions. For Chunky we use the parameters: Mgy = 7.7 X 10* Mg,
ont = 4.3 x 10*kms™!, tg, = 4.6Myr. For Tiny we use:
Mgme = 2.5 X 10° Mg, onr = 2.5 X 107 kms™!, tgiss = 0.59 Myr.
Horizon-noAGN includes a “kinetic feedback" with a strength in-
termediate between these two implementations.

2.6 Halo catalog and merger trees

We construct catalogues of halos using the AdaptaHOP halo
finder (Aubert, Pichon & Colombi/2004), which uses an SPH-like
kernel to compute densities at the location of each particle and
partitions the ensemble of particles into sub-halos based on sad-
dle points in the density field. Halos contain at least 20 particles.
We study the individual evolution of halos by building merger trees
using the code TreeMaker developed by Tweed et al.[(2009).

3 METHOD

We post-process the identification of all the regions, in a given sim-
ulation, which are eligible for the formation of a DCBH. In large
cosmological simulations the main difficulty is to capture both large
scales to have statistics and very small scales where the collapse of
gas and the formation of a massive central object can be resolved.
Several physical processes, playing a crucial role for the direct col-
lapse scenario, such as star formation, metal-enrichment, depend on
the simulation resolution. In order to take this into account, we have
run our DCBH finder code on three different simulations. Therefore
we are covering a large range of resolutions and volumes.
According to the direct collapse scenario, metal-free/metal-
poor halos with mass > 107 — 10® M, may host DCBHs under spe-
cific conditions. An inflow rate (higher than 0.1 My/yr) of gas at

the center of the halo can lead to the formation of a supermassive
star-like object in the nucleus. The star can then collapse and form
a 10° — 10° M, BH. In order for the Jeans mass to remain suffi-
ciently high to form only one very massive object, efficient cool-
ing by molecular hydrogen or metals must be prevented. Therefore
metal-free conditions and a strong photo-dissociating flux are re-
quired.

A12 and A14 model the Lyman-Werner radiation as the sum
of a spatial varying component of the radiation produced by young
stars and of a background component. The background component
is described by:

1+z)’ Pl
J =03 - 3
HWbel ( 16 ) (10*3 M, yr~'Mpc-3 )

in units of 102 ergs'ecm™?Hz 'sr7!, with p.p =

103 My yr'Mpc™ for the star formation rate (constant with
time). The background radiation intensity, however, is negligible
compared to the local radiation intensity:

-2
Z e m
JLW,]()Cul,[I =3 ( ! ) ( - i ) (4)
i,stars<SMyr 1 kpc 107 Mo

in units of 107! ergs™' cm™2 Hz ! sr~!, with r the distance between
the source and the region where we compute the radiation and m
the mass of the star. In the following, Jiw ¢ refers to the critical
value of Jiw jocar in units of 107! erg s™! em™2 Hz ™! sr™!, which we
simplify in Jpw. In this study, as we will consider radiation intensity
thresholds much above the background level, we do not include the
background component to the radiation intensity, which would be
negligible compared to the spatially varying component. We have
also not included radiation produced by Pop III stars, as their con-
tribution to DCBH formation is highly subdominant compared to
the Pop II population (see A12 and A14). In this work, we do not
include self-shielding by molecular hydrogen, self-shielding of ha-
los could decrease the number density of DCBH regions we find in
the following sections.

The critical value required for DCBH depends of the spec-
trum of the stellar population, |Wolcott-Green, Haiman & Bryan
(2011) argue a Jiweie = 1000 for a Pop III population, |[Shang,
Bryan & Haiman| (2010) show that the critical value ranges in
Jiweit = 30 — 300 for a Pop II population. A strong radiation is
needed in order to not only dissociate the molecular hydrogen in
the outer parts of the halo, but also in the center. The critical values
cited just above are thought to be sufficient to bring the molecu-
lar fraction down to 1078 in 1D simulations. We consider a critical
value of the radiation intensity of either J w ¢;iy = 30 (Agarwal et al.
2012} |Agarwal et al.|2014), Jiw e = 100 or Jpw e = 300. These
values are lower compared to those required by high-resolution 3-
D cosmological simulations (Regan, Johansson & Wise|2014; |Latif
et al.|[2014, |2015a), which require Jiw cie > 500 — 1000. Inclusion
of X-rays also increases the critical flux (Inayoshi & Tanaka2015)),
but the net effect is still unclear (Latif et al.[2015b). It will be clear
in the following that if we were to consider such values we would
not form any DCBH in our volumes. Therefore, what we obtain is
an upper limit to the number of DCBHs.
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Figure 2. Top panel: Median of the average metallicity of halos in the two
Chunky simulations, at redshift z = 7.33, binned in mass. Bottom panel:
median stellar mass enclosed in a sphere with a radius of 350 ckpc around
halos (solid lines, red for the simulation with the delayed cooling SN feed-
back and yellow for the thermal SN feedback). Dashed lines include only
stellar mass in young stars (age < 5 Myr). Shaded areas extend to the 1o
values. The spread in the metallicity, as well as in the stellar mass, is due
to very isolated halos. thermal feedback decreases the probability of having
DCBH regions because the number of halos polluted by metals is higher,
but it also favors it because the amount of radiation produced by young
stars is higher.

4 IMPACT OF SN FEEDBACK ON METALLICITY AND
STAR FORMATION

Metals are created by stars and spread by SN explosions. There-
fore SN feedback implementation has a strong impact on the metal-
enrichment of the intergalactic medium, and on the number density
of BH seeds formed. SN feedback also regulates star formation,
therefore modulates the formation of the young stars that can pro-
vide Lyman-Werner radiation.

The simulation Tiny allows us to resolve the detailed expan-
sion of the metal-enriched bubbles, but the size of the simulation
(1 cMpc) is too small to see, statistically, the impact of SN metal
enrichment on the number density of DCBHs. We use Chunky, a
simulation with a side length 10 times larger (10 cMpc), to study
metal enrichment and star formation rate for a significant volume of
the Universe. We have run two identical simulations where only the
prescription for the SN feedback is different, as described in Sec-
tion 2.6. The thermal SN feedback is weaker, compared to delayed
cooling. In fact, the total mass in stars in the box is about one order
of magnitude larger for the thermal feedback case, at all redshifts.
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Table 2. Number of direct collapse regions in the simulation Chunky with
thermal SN feedback, assuming that collapse requires either 10 Myr, or
the full free-fall time of the halo. For reference in Chunky with delayed
cooling SN feedback, the only case that gives one candidate, at z = 7.33,
has Jrw cric = 30 and a collapse time of 10 Myr.

Criteria z=10.1 9.00 8.09 733
JLw erit = 30, 10 Myr 1 3 6 17
JLw crit = 30, tMyrf 0 0 0 3
JLW,crit =100, 10 MyI' 0 0 1 3
JLw crit = 100, tnvyr. s 0 0 0 0
JLw crit = 300, 10 Myr 0 0 0 0
JLw crit = 300, imyr.sr 0 0 0 0

The direct collapse scenario depends on two main quantities:
the metallicity of the halo, and the radiation intensity it is exposed
to, which in turn depends on the mass in nearby young stars (< 5
Myr). We compare these two quantities for the two SN feedbacks
in Fig. 2] We calculate a halo mean metallicity averaging over all
the gas leaf cells enclosed in its virial radius, and show the median
of these mean metallicity values for all the halos in the two Chunky
simulations, with solid lines in Fig. ] (top panel). The shaded ar-
eas represent the 1o~ values of halos metallicity. Thermal feedback
leads to a higher metal enrichment. This is simply due to the larger
stellar mass formed when adopting the SN thermal feedback, as
evident from the bottom panel of Fig. 2] which represents the me-
dian stellar mass in the neighborhood of halos (solid lines), in a
sphere with a 350 ckpc radius. This median stellar mass is larger
with the thermal feedback. The stellar mass in young stars (< 5
Myr), which contribute at a given redshift to the LW radiation, is
shown as dashed lines and follows the same trend.

It is difficult to predict the global effect of SN feedback on the
number density of DCBHSs in a cosmological box because metal
enrichment and the amount of stellar mass in young stars have op-
posite effects. Regarding the former, delayed cooling SN feedback
is more favourable to the formation of DCBHs - more halos are
metal-poor and therefore eligible for DCBH formation-, regarding
the latter, it is the thermal SN feedback implementation that has
the advantage - halos are illuminated by stronger radiation because
there are more young stars at any given time.

5 NUMBER DENSITY OF DIRECT COLLAPSE
REGIONS IN CHUNKY

We now turn to identifying the number of regions which are el-
igible for the direct collapse scenario. These regions must fulfill
three criteria: they must be metal-poor, not forming stars, and be
illuminated by a LW radiation intensity higher than the threshold
Jiweie = 30 (we take here the same value as in A12) during the
whole time it takes for the collapse and DCBH formation. DO8 use
a free-fall time defined by:

32
1+z) , 5)

tMyr,lf ~ 83 (T
which assumed p ~ 200 x p. This is the free-fall time at the virial
radius. [Visbal, Haiman & Bryan| (2014) argue instead that the rel-
evant collapse time is that of the gas, on scales 10% of the virial
radius, so that the collapse time should be 0.1 X fyjy,. . The length
of the collapse in 3D high-resolution simulations of |Latif & Volon-
teri| (2015), indeed lasts ~10 Myr. In this study, we consider both
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Figure 3. We compare one DCBH candidate halo in the simulation Chunky
with the thermal supernova feedback (in orange) and the corresponding halo
in the delayed cooling simulation (in red). Top panel: stellar mass (solid
lines), stellar mass in young stars (dashed lines) in the neighborhood of the
candidate (in a sphere of 350 ckpc radius). Bottom panel: the radiation in-
tensity (dots) seen by the candidate halo for the two supernova feedbacks.
The critical radiation intensity used in A12, Jywcric = 30, is shown as a
dashed grey line. Arrows represent the free-fall time used in DOS. If a can-
didate is above the critical LW radiation for the full length of an arrow, it is
retained. In this case the orange dot (thermal feedback) remains a candidate,
the red dot (delayed cooling feedback) does not.

the redshift-dependent collapse time, defined in Eq.[5](D14), and a
collapse time of 10 Myr, which appears more realistic, according
to recent simulation studies.

We give an example of our technique in the following. We
show in Fig. 3] one concrete example of a DCBH candidate halo,
with a mass of M, = 5.2 x 108M,, at z = 7.33: the top panel
shows the evolution of the stellar mass in the environment of the
halo, the total stellar mass is represented with solid lines, the stellar
mass in young stars is shown with dashed lines. The correspond-
ing radiation intensity is shown in the bottom panel with dots,
the grey dashed line indicates the radiation intensity threshold of
Jiweie = 30. The simulation with thermal feedback is shown in
orange, and the simulation with the delayed cooling feedback in
red. Grey arrows give an idea of the free-fall time at that redshift,
computed as in DO8. We see that when the stellar mass in young
stars increases, the radiation intensity also increases, and when it
decreases at redshift z = 6.6, the radiation intensity also decreases.

Using this technique, only considering the radiation criterion,
for the thermal SN feedback case, 17 regions are identified as po-
tential DCBH sites, at z = 7.33. The maximum value of the ra-
diation intensity at that redshift is Jpw = 162.72. Then we look
back in time using merger trees made with TreeMaker (Tweed et al.
2009), in order to check if these candidates have been illuminated
by a sufficiently high radiation intensity for at least one collapse

time, and how the intensity varies over time. We find that only 4
of the candidates are illuminated by a radiation intensity above the
critical value for at least one collapse time, and therefore are still
flagged as DCBH candidates. Finally we check the metallicity of
the candidates, and find that only one region is not polluted by met-
als, and 2 regions are partially polluted, which leads to a number
density npegy < 3 X 103cMpc3. Zero candidates are found for
JLW,crit = 100 and JLW,crit = 300.

In the previous paragraph, we adopted as collapse time the
free-fall time of the halo, defined by Eq.[5} However, if we now use
a collapse time of 10 Myr, as suggested by|Visbal, Haiman & Bryan
(2014), for the same Jyw it = 30, we find: 1 halo at z = 10.1 with
Z < 10733 Z,, 3 regions at z = 9.00 (all with Z = 0), 6 regions at
z = 8.09 (3 regions with Z = 0, and 3 regions with Z < 1073 Z,),
17 regions at z = 7.33 (7 regions with Z = 0, and 10 regions with
Z < 10733 Z). All the regions are in halos with M, > 10® M.
With a radiation intensity threshold of Jiw i = 100, the numbers
decrease to 1 at 8.09, and 3 at z = 7.33, no DCBH halo is found at
z =10.1 or z = 9.00. Zero candidates are found for Jyw crir = 300.

We repeat the same exercise for the simulation with delayed
cooling SN feedback, and find only one candidate for the DCBH
process, for the case with Jowi = 30, and assuming a collapse
time of 10 Myr. No candidates are found in the other cases. The
maximum radiation intensity is Jow = 30.33. In conclusion, the
lower stellar mass in young stars in the delayed cooling simulation
directly impacts the direct collapse scenario, by strongly decreasing
the number of regions illuminated by a sufficient radiation intensity,
and therefore decreasing the number density of DCBHs. The total
number density of direct collapse candidates we find in the two
Chunky boxes is shown in Fig. ] orange symbols when using for
the collapse time the free-fall time of the halo, violet symbols for a
collapse time of 10 Myr, and the number of candidates is reported
in Table [2] As a note, no DCBH is found in Tiny, for any subset
of criteria. Small simulation boxes only allow us to derive a num-
ber density of DCBH regions for Jiwi = 30, which appears to
be slightly lower than the values derived by D14, and even lower
compared to Al4. The differences between implementations caus-
ing these discrepancies are analysed and discussed in Section 7.

6 HORIZON-NOAGN SIMULATION: CAN DIRECT
COLLAPSE EXPLAIN THE BHS POWERING Z = 6
QUASARS?

We now turn to exploring the number density of BHs in the
Horizon-noAGN simulation. This simulation allows us to look at
DCBH formation without being biased by the feedback of pre-
existing BHs, compared to the sister simulation, Horizon-AGN,
which includes BH accretion and feedback. The main advantage
of the simulation is that the large box (142 cMpc side length) al-
lows some statistics, at the expense of spatial and mass resolution.
We use the same method as for the set of Chunky simulations to
compute the radiation intensity illuminating halos.

We first flag all halos illuminated by a radiation intensity
higher than Jiw i = 30. We identify 8 regions at redshift z = 9.83,
and 814 regions at z = 7.31. Since we are trying to estimate whether
DCBHs can explain the number density of z > 6 quasars, we do
not need to proceed to lower redshift (the next available output is at
z = 5.87). This simulation includes a metallicity floor, therefore we
rescaled the metallicity accordingly. Halos with a mean metallicity
lower than 1073°Z,, are kept as DCBH candidates. We are left with
2 regions at redshift z = 9.83, 373 regions at z = 7.31. For a ra-
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Figure 4. Number density of halos that can host a DCBH. In grey we show the number density from previous studies. Symbols represent different radiation
intensity thresholds. Squares: Jyw it = 30, circles: Jow erie = 100, triangles: Jpw crie = 300, stars: Jpw crie = 30 without considering the metal-pollution from
galactic winds coming from star-forming regions. The light grey square is from A14 (post-processing of a hydrodynamical simulation), dark grey are the
results of D14 (analytical). Light grey stars are from |[Habouzit et al.|(2015). The orange square shows the number density for Chunky (10 cMpc side box),
for the thermal SN feedback (0 regions are identified in the simulation employing the delayed cooling SN feedback). The blue squares, circle and triangle
represent the large-scale cosmological simulation Horizon-noAGN (142 cMpc side box).

diation intensity of Jiw i = 100 we identify 2 regions at redshift
z = 9.83 and 153 at z = 7.31. Including the metallicity criterion
(Z < 1073°Z,), there are 0 regions at redshift z = 9.83, and 42 at
z = 7.31. For a radiation threshold of Jiw i = 300 we identify 1
region at redshift z = 9.83 and 13 regions at z = 7.31. Including
the metallicity criterion, we find O regions at redshift z = 9.83, 2
regions at z = 7.31 (Z < 1073%Z,), and no region at z = 9.83. See
Table 2 for a summary. Metallicity appears to be a key parameter
in the direct collapse scenario, reducing significantly the number of
DCBH candidates (up to 25 % at z = 9.83, 45 % at z = 7.31).

It is important to notice here that the time-scale between two
outputs in the simulation are larger than the collapse time, either
the free-fall time or 10 Myr. Therefore we are missing the time
criterion of the direct collapse here: some of the candidates iden-
tified could be polluted by metals before the full collapse time has
elapsed and therefore before unable to form the DCBH. The radia-
tion intensity could also vary and not be enough to sustain molec-
ular hydrogen dissociation for the full collapse time. Another im-

Table 3. Number of direct collapse regions in the simulation Horizon-
noAGN.

Criteria 7=983 =731
JLw.erit = 30 8 814
Jiw.erie = 30, Z < 107397, 2 373
JLw.erie = 100 2 153
Jiw it = 100, Z < 107397, 0 42
JLw erit = 300 1 13
Jiw erie = 300, Z < 107397, 0 2

portant caveat is the resolution of the simulation, Ax = 1kpc and
Mpmres = 8 X 107 My, which does not allow us to capture the first
metal-enrichment of halos, simply because we do not resolve small
halos. Rather than the quantitative numbers, Horizon-noAGN al-
lows us to explore trends in a statistical sense.

Fig. @] shows the number density obtained for the simulation
Chunky (in orange, and violet) and Horizon-noAGN (in light blue).
All the grey symbols represent previous studies: the light grey
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Table 4. Percentage of massive halos with at least one DCBH progenitor,
in the simulation Horizon-noAGN.

Criteria 7 <1073
JLW,crit =30 28%
JLw.eric = 100 6.5%
Jiw erie = 300 0.36%

square is for A14, dark grey squares for D14, both for Jiw i = 30,
dark grey circles are for D14 and Jyw o = 300, dark grey triangles
for D14 and Jpw cie = 300.

In Horizon-noAGN, considering the metallicity threshold Z <
10733 Z, we find npcpy = 1077 cMpc™ at z = 9.83, and npcpy =
10™* cMpc~ at z = 7.31 (blue squares in Fig. , for Jow.erie = 30.
Atz = 7.31, for Jiw it = 100, we find npegy =~ 107 cMpc™3 (blue
circle in Fig. ), and npcpn = 107 cMpe™ for Jiw i = 300 (blue
triangle in Fig.[4).

For Horizon-noAGN, our attempt was to see if the conditions
on metallicity and on radiation intensity could be meet in more than
few halos. Of course, with this simulation, we do not resolve small
halos, nor the early metal-enrichment, but it gives us a first picture
of the feasibility of the direct collapse scenario on a cosmological
scale. For Jpw ¢ir = 30, we again find a number density smaller than
D14, and A14. However, for the highest thresholds, Jiw cie = 100,
Jiw.erit = 300, the number density of DCBH regions are very similar
to those found by D14.

Finally, we investigate the probability for massive halos at
z ~ 6 to be seeded by a DCBH. A massive halo at z ~ 6, will host a
DCBH if at least one of its progenitors was a DCBH region (namely
metal-poor halos, illuminated by a strong photo-dissociating radi-
ation intensity). We start by selecting all the most massive halos
in the simulation Horizon-noAGN at z = 5.8, namely the 552 ha-
los with My, > 10'!' M. We build the merger history of all these
halos with TreeMaker (Tweed et al.|2009), with the two previous
snapshots of the simulation, at z = 7.3 and z = 9.8. We com-
pute the mean metallicity of all the progenitors of massive halos
at z = 5.8, and the photo-dissociating radiation they are illuminated
by. Of the 552 halos with M, >= 10'"' M, at z = 5.8, 155 have
at least one DCBH progenitor at z = 7.3, illuminated by a radi-
ation with an intensity higher than Jiw i = 30 and with a metal-
licity Z < 1073% Z,. We do not identify any DCBH progenitor at
z = 9.8. Therefore the fraction of massive halos which can host a
DCBH is 155/552=0.28, so 28% of the massive halos. When con-
sidering a radiation intensity threshold of Jiw i = 100, only 6.5%
of the massive halos can host a DCBH, and it drops to 0.36% for
JLw,cn't = 300.

In summary, about a third of the most massive halos at z = 6
have at least one progenitor reaching both the criterion on metal-
licity (Z < 10733Zg) and the criterion on radiation intensity
(Jrw et = 30). However, this fraction drops significantly down to
~ 6% for Jiw crie = 100, and even more, down to less than 1% for a
more realistic value of Jiw i = 300.
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Figure 5. Radiation intensity (in JLw units) provided by a source at a given
distance (in proper kpc) for different sources mass at z = 10 (halo masses of
the source from top to bottom: 4 x 10'!, 2 x 10!, 10!, 8 x 10'?, 6 x 10'°,
4% 10'°, 2 x 10'°, 109 My), 10 Myr after the star formation burst (left
panel), and 83 Myr after the burst (right panel) using the model by D14.
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Figure 6. Radiation intensity (in Jpw units) provided by a source at a given
distance (in pkpc) for different sources mass, at z = 10. The colored curves
(colors as in Fig.EI) show the radiation intensity based on A14, considering a
stellar population PoplII (left) or PoplI (right) as the radiation source. Halo
masses of the source from top to bottom: 4 X 101, 2% 101, 10", 8 x 1019,
6 x 100, 4 x 109, 2 x 10'0, 10'° Mg. The model by D14 is shown with
filled blue regions, the top region corresponds to 10 Myr after the burst, the
bottom region to 83 Myr after the burst) for the same stellar masses.

7 COMPARISON BETWEEN HYDRO-DYNAMICAL
SIMULATIONS AND (SEMI-) ANALYTICAL MODELS

In this section, we perform a systematic comparison between dif-
ferent models presented in the literature. Analytical and semi-
analytical studies have the advantage of investigating with ease the
impact of physical processes.|Ahn et al.|(2008) show that the clus-
tering of halos, which are the sources responsible for the photo-
dissociating background, leads to local variations in the LW ra-
diation intensity background. D14 uses a semi-analytical model



to investigate the role of galactic outflows, which drive metal-
enrichment in the surrounding of star-forming galaxies. DCBH re-
gions need to be close enough to star-forming galaxies in order to
be illuminated by a high radiation intensity, whereas the proximity
with star-forming regions imply a potential metal-pollution by their
galactic winds.|Agarwal et al.[{(2012) and|Habouzit et al.[{(2015) use
a hybrid model where they “paint" galaxies on dark matter only
simulations, so that the clustering of halos is naturally taken into
account.

Conversely, hydrodynamical simulations have the advantage
of tracking the cosmic evolution of metal-enrichment and star for-
mation in a more self-consistent way, where semi-analytical models
need to use approximations. However, simulations cannot resolve
large and small scales at the same time: small scale simulations al-
low one to follow the physical processes accurately but suffer from
poor statistics (especially considering that the probability of hav-
ing a DCBH is 1075, based on the analytical estimates), while large
scale simulations provide statistics but do not capture physical de-
tails/processes. For instance, [Latif et al.|(2015b) use zoomed simu-
lations of single halos to investigate different values of Jyw ¢ Al4
use a high resolution simulation with a size of 4 cMpc to estimate
the density number of DCBHs. Our work covers the scale of A14,
and larger scales up to 142 cMpc box size length, at degrading res-
olution.

We start by comparing different models for the radiation inten-
sity coming from star-forming regions, D14 versus A14, and then
move on to the probability for halos to have a given stellar mass,
the probability of being star-forming, and the probability of being
metal-free.

In D14, the stellar mass of a dark matter halo M\, is assigned as:

- Q
M, = f*Mhalo,gas = f* g;Mhaloa (6)

where f, = 0.05 is the fraction of gas which turns into stars,
Mhgi0,6a5 the gas mass of the halo, My, the total mass of the halo,
Q,, the baryon density and €, the total matter density. The mean
production rate of LW photons per solar mass of star formation is
time-dependent, where time is counted from the time fy,, when a
burst of star formation occurs, and expressed as:

(Quw@) = 001 + %)_3/2 exp (- ) ™

with Qp = 10 s7T M.

The mean LW photon production rate is computed one free-
fall time after the star formation burst (Eq. [3). D14 motivate this
choice by the requirement that molecular hydrogen is suppressed
throughout the collapse. The expression of Oy is a fit from STAR-
BURST99 (which used a Salpeter IMF in the range moy, my, =
1, 100 Mg, an absolute metallicity of Z = 1073 (0.05 Z,), and a stel-
lar mass of 103 M,). The mean LW luminosity density (Liw(M, 1))
is a function of the mean number of LW photons (given by the
mean production rate of LW photons per solar masses times the
stellar mass of the halo), their energy and the escape fraction of
these photons.

(L) = "2 Qo) o (557). ®
v M

We assume fi;c = 1 in this study to be able to compare with the
fiducial model of D14, however f.. < 1 is more likely, and would
depend on halo mass and stellar feedback (using hydrodynamical
zoom-in simulations of high-redshift halos, Kimm & Cen| (2014)
find fic ~ 10 —20% at the epoch of reionization).
The flux at a distance r then becomes:
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1 (Lw(M, D)
4 4Anr?

where the first factor 1/4rx is needed to express (Jow(r, M, tg)) in
Jow units (ergs™' em™2 Hz ! sr™!). fi04(r) is used to correct the radi-
ation intensity for the extra dimming introduced by the LW horizon
(Ahn et al.[|2008):

Jow(r, M, tg)) = Jmoa(r), &)

)= 1.7 ( FeMpe )0'68 0.7 if reype/@ < 97.39
Jmoa(r) = 1.7exp 116290 . if Tompe /@ < 97.
(10)
=0 otherwise. (11)

In Fig. 5] we show the intensity (y axis in units of J;w) of the radi-
ation coming from a source at a given distance for different stellar
masses of the source. In the left panel, we consider the radiation
emitted 10 Myr after the star formation burst, while in the right
one we use one free-fall time after the burst (~83 Myr at redshift
z=10), as in D14. In Fig. [0] the radiation intensity computed using
the model of D14 is shown in blue shades for 10 Myr or 83 Myr,
and is compared to the model of A14 for the same stellar masses as
in Fig.[5] Sources are considered either as Pop III stars (left panel in
Fig. [6), or PoplI stars (right panel). We find that the model of A14,
considering the source either as a population of PopllIl or Popll
stars, roughly corresponds to the model of D14 for 10 Myr after the
star formation burst, but overestimate D14 for a free-fall time (as
computed with Eq.[5).

We then compare another quantity, the stellar mass per halo.
D14 use a linear relation (Eq. [6) that overestimates the stellar mass
compared to our hydrodynamical simulation. We compare the stel-
lar mass of all halos in the Chunky simulation at z = 9 to the the-
oretical stellar mass derived with D14 formalism. On average the
masses of D14 are a factor ~ 70 larger than those in Chunky (al-
beit with a large scatter). On the other hand, in D14, the probability
for a halo to be star-forming is set at Psg = 0.1, i.e., 10 % of ha-
los experience a starburst at the same given time, and contribute to
the radiation intensity seen by all the other halos. This probability
has a strong impact on the number density of DCBH regions, as a
higher star-forming probability implies a higher radiation intensity
seen by the neighboring halos. In our simulation, we define a halo
as star-forming if young stars (< 5 Myr) are found within its virial
radius. The fraction of star-forming halos we find in Chunky is al-
ways higher than 10%. Depending on the SN feedback model used,
the fraction is between 20 and 35% for the delayed cooling model,
and between 25 and 45% in the thermal feedback model.

Finally, we compare the expansion of metal-polluted bubbles
in the analytical framework and in simulations, using our highest
resolution simulation, Tiny, which has a spatial resolution of 7.6 pc
and a dark matter mass resolution of ~ 2000 M,,. Fig. [7|shows the
evolution of one SN bubble over three different snapshots, corre-
sponding respectively to z =10.11, 9.00, 8.09. Overlaid the metal-
licity contours from the simulation is the analytical estimate by
D14:

M.\ ¢\
wble = 3% 107 kpe[—=| n7'P|—] , 12

Foubbl PC(MO) n Myr (12)

where n is gas 60 times denser than the mean intergalactic value at
redshift z, i.e. n ~ 60 X Qp perig(1 + z)3/mp. The expansion of the
metal-polluted bubble is faster in the hydrodynamical simulation,
implying that D14 underestimates the size of polluted regions com-
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Figure 7. Contour plot representing the metallicity (loglO of the abso-
lute metallicity) around the SN explosion in the simulation Tiny at redshift
z =10.11, 9.00, 8.09 (top to bottom). The black circle marks the analytical
estimate by D14.

pared to us. However, the bubble becomes quickly highly asymmet-
ric, therefore the geometry of the halo-halo configuration becomes
of importance.

In summary, D14 overestimates the stellar mass, but under-
estimate the galaxies that can contribute radiation and the extent of
metal polluted regions. The net effect is that the effects almost com-

pensate, and explain why our results using hydrodynamical simu-
lations are very close to the results of D14.

8 CONCLUSIONS

In this paper, we have addressed the formation of supermassive
BHs by the direct collapse scenario. Isothermal collapse is pre-
dicted to happen in halos with minimum mass of ~ 107 — 10® M,
that have reached the atomic cooling threshold. To avoid the frag-
mentation of the gas, all the efficient coolants, namely metals and
molecular hydrogen, must be absent. The destruction and the pre-
vention of molecular hydrogen can be done by a strong photo-
dissociating radiation coming from nearby star-forming galaxies.
A large inflow rate of gas at the center of the halo, higher than 0.1
Me/yr for at least one free-fall time, is required in order to form a
supermassive star-like object.

The feasibility of the direct collapse mechanism is difficult to
investigate. Zoom-in simulations investigate the collapse and the
accretion properties (e.g., [Latif et al[[2013} |Regan, Johansson &
Wise|2014; [Hartwig et al.[2015a), but use an artificial radiation in-
tensity. Larger scale simulations, such as Chunky or FiBY (the sim-
ulation used for A14), instead model the spatially varying radiation
intensity but are not able to follow the collapse, the accretion rate in
the inner part of the halo, neither to model individually the radiation
coming from each star. Employing small hydrodynamical simula-
tion boxes has the advantage of resolving in detail different aspects
of the problem (chemistry, mini-halos, early metal-enrichment, for
example), but fails to present a large diversity of cosmological re-
gions, biasing the derived number density of DC regions.

In this paper, we use three sizes of simulation box, from a
small box of 1 cMpc side length, a medium box of 10 cMpc with
a set of two simulations, and a large simulation box of 142 cMpc.
We model the radiation intensity coming from nearby star-forming
galaxies in a similar way as D14 and A14. Our attempt was to esti-
mate the number density of regions eligible to host a DCBH, based
on the absence of efficient coolants criterion: a high enough radi-
ation intensity to destroy molecular hydrogen and a low metallic-
ity. The idea was not to capture all the physical processes at the
same time in the same simulation, but to have a larger picture of
the direct collapse scenario by using, for the first time, a suite of
large scale hydrodynamical simulations. Another aim was to see if
some halos were illuminated by a sufficiently high radiation inten-
sity (Juw.erie = 100, 300), more similar to what is obtained as critical
value for collapse in 3D zoom-in simulations.

We investigated the impact of SN feedback. We use either
a weaker thermal feedback or a stronger delayed cooling feed-
back. Star formation is lower (by one order of magnitude) in the
simulation with delayed cooling SN feedback, and more in line
with the predictions of halo occupation distribution (Habouzit et
al. in prep.). A weak SN feedback allows for more young stars, but
also, consequently, for an earlier metal pollution. Using our DCBH
finder code (with #g as in D14 and Jpw crie = 30), we do not find any
DCBH regions in the simulation Chunky with the delayed cooling
feedback, however we do find 3 regions for the thermal SN feed-
back. The absence of a strong radiation field, caused by the lower
star formation rate, therefore, appears to be more important than
metal pollution. Besides, in these 10 cMpc side box, we do not find
any halo illuminated by a radiation intensity higher than 162.71 in
JLw units, down to z = 7.33, so no DCBH can form if Jyw ¢ > 100.
For the delayed cooling SN feedback, the maximum value of the ra-
diation intensity is only Jpw = 30.33.



The simulation Horizon-noAGN allows us to have a more
global view of the direct collapse scenario. The simulation box is
large enough to have some statistics (box side length of 142 cMpc),
at the price of a lower resolution, and it includes a relatively weak
SN feedback. The number density of DCBH regions in this simu-
lation varies from 7 X 1077 to 10™* cMpc~>. We find similar results
as D14, specifically for the two largest thresholds Jiw oi¢ = 100 and
Jiw eie = 300. However, the number density of BHs for the thresh-
old Jiw crie = 30 for the Horizon-noAGN simulation is smaller than
what D14 and A14 obtained for the same threshold. We do not
consider a radiation background, and this can have an impact when
considering low intensity thresholds such as Jpw o = 30. Horizon-
noAGN also allows us to investigate whether the DC scenario can
explain the presence of BHs in massive galaxies at z = 6, con-
sidered as proxies for the hosts of quasars. We find that 30% of
the halos more massive than 10'! M, at z = 5.8, have at least one
progenitor eligible to form a DCBH for Jiw ¢y = 30. This probabil-
ity, however, drops abruptly below 1-10% when considering higher
thresholds (Juw cric = 100, 300) for the radiation intensity.

Several approaches have been used in the last few years to
determine the number density of direct collapse regions, from post-
processing of hydrodynamical simulations to semi-analytical meth-
ods. These approaches derive number density which differ by sev-
eral orders of magnitude (from 107! to 10~ Mpc~?). We perform
a comparison between some of these approaches, specifically with
A14 and D14, in order to understand this discrepancy. We find dif-
ferences in the probability for halos to be star-forming and metal-
free, for the propagation of metals in the gas, and finally in the
modeling of the radiation intensity itself, which in some cases com-
pensate to produce similar results in the number density, despite the
very different single assumptions.

In summary, we find that if DC requires Jiw it = 300, and a
halo must be illuminated by such intense field for its full collapse,
the number of DCBHs may be sufficient to explain the number of
high-z quasars, based on Horizon-noAGN, but not the presence of
BHs in normal galaxies. If instead either Jiw it ~ 30 or a halo must
be illuminated only during the collapse of the central region, then
DCBHSs may be common also in normal galaxies, provided that SN
feedback is not very strong.
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