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ABSTRACT

We present predictions for cosmic evolution of populations of supermassive black holes (SMBHs) forming from Population
III.1 seeds, i.e. early, metal-free dark matter minihaloes forming far from other sources, parametrized by isolation distance, djo.
Extending previous work that explored this scenario to z = 10, we follow evolution of a (60 Mpc)? volume to z = 0. We focus
on evolution of SMBH comoving number densities, halo occupation fractions, angular clustering, and 3D clustering, exploring
a range of djs, constrained by observed local number densities of SMBHs. We also compute synthetic projected observational
fields, in particular, a case comparable to the Hubble Ultra Deep Field. We compare Pop III.1 seeding to a simple halo mass
threshold model, commonly adopted in cosmological simulations of galaxy formation. Major predictions of the Pop III.1 model
include that all SMBHs form by z ~ 25, after which their comoving number densities are near-constant, with low merger rates.
Occupation fractions evolve to concentrate SMBHs in the most massive haloes by z = 0, but with rare cases of SMBHs in haloes
down to ~ 108 M. The d, scale at epoch of formation, e.g. 100 kpc-proper at z ~ 30, i.e. ~ 3 Mpc-comoving, is imprinted
in the SMBH two-point angular correlation function, remaining discernible as a low-amplitude feature to z ~ 1. The SMBH
3D two-point correlation function at z = 0 also shows lower amplitude compared to equivalently massive haloes. We discuss
prospects for testing these predictions with observational surveys of SMBH populations.

Key words: astroparticle physics —black hole physics —stars: formation —stars: Population III — galaxies: haloes —dark matter.

1 INTRODUCTION

The origin of supermassive black holes (SMBHs) is one of the most
outstanding open questions of contemporary astrophysics. These
SMBHs have masses > 10° Mg, and are found at the centre of most
massive galaxies (e.g. Graham 2016; Volonteri, Habouzit & Colpi
2021; Lusso, Valiante & Vito 2022). Discoveries of high redshift
quasars, such as J1007 + 2115 at z = 7.515 (Yang et al. 2020) and
J0313-1806 at z = 7.642 (Wang et al. 2021), which are estimated to
host SMBHs with masses > 10° Mg, place stringent constraints on
SMBH formation and growth scenarios. In particular, the existence
of these quasars imply that at least some SMBHs could form and
grow efficiently to very high masses by the time the universe was
only ~700 million years old. Even assuming very early formation
at z ~ 30, for Eddington-limited accretion the SMBH seed mass
would need to be > 10* Mg and a later formation epoch would
imply even higher seed masses. While scenarios of super-Eddington
accretion have been proposed (e.g. Kohri, Sekiguchi & Wang 2022),
numerical simulations indicate that typical gas supply rates to
early formed SMBHs are impacted by star formation feedback and
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will be far below the level needed to sustain Eddington-limited
accretion rates (e.g. O’Shea et al. 2005; Jeon et al. 2023). These
considerations motivate the need for models of black hole formation
at the supermassive, > 10° M, scale.

There are a variety of proposed ideas for the physical mechanism
of SMBH formation (e.g. Rees 1978). One suggested process is
‘direct collapse’, which involves a massive primordial composition
gas cloud contained in a relatively massive, atomically cooled halo
of ~ 108 Mg. The cloud collapses into a single, supermassive star
of 10*-10° Mg, that then forms an SMBH (e.g. Bromm & Loeb
2003; Begelman, Volonteri & Rees 2006; Lodato & Natarajan 2006;
Shang, Bryan & Haiman 2010; Montero, Janka & Miiller 2012; Maio
et al. 2019; Bhowmick et al. 2022a). Although the number density
of black holes emerging from direct collapse would be enough to
explain the currently known population of high redshift quasars, the
conditions required for this scenario are not thought to be common
enough to explain the total observed population of SMBHs at z = 0
(Chon et al. 2016; Wise et al. 2019). Furthermore, recent simulations
have shown that the supermassive stars forming via this mechanism
might not be as massive as initially predicted, but only reaching
< 10* Mg, due to the turbulent environment present in the initial
stages of galaxy formation, which disrupts the accretion flow (Regan
et al. 2020).
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Another mechanism to form intermediate or even SMBHs is
through runaway stellar mergers in young and dense clusters to create
stars with masses of the order ~ 200 — 10° M, (e.g. Portegies Zwart
et al. 2004). This mass can be reached through repeated collisions if
the massive stars can reach the cluster core to increase the collision
rate drastically (Ebisuzaki 2003) before they explode as supernovae.
Gas accretion-driven compression of a dense cluster of stellar mass
black holes to form an SMBH has also been proposed (Kroupa et al.
2020). However, in general, predicting whether the conditions needed
for such dense clusters arise in galaxies and at what rate is very
challenging given the the need to resolve the formation and evolution
of individual stars, so predictions for the cosmological population of
such systems are highly uncertain (see e.g. Boekholt et al. 2018;
Chon & Omukai 2020; Tagawa, Haiman & Kocsis 2020).

Another class of SMBH seeding model considers the very first, so-
called Population (Pop) III stars as potential progenitors. However,
conventional models of Pop III star formation predict stellar masses
thatare ‘only’ ~ 100 Mg, (e.g. Abel, Bryan & Norman 2002; Bromm,
Coppi & Larson 2002; Tan & McKee 2004; McKee & Tan 2008;
Hosokawa et al. 2011; Susa, Hasegawa & Tominaga 2014), which
would only have the ability to produce stellar-mass black holes,
i.e. relatively low-mass seeds. However, as discussed in more detail
below, Pop III SMBH seeding models have been revived by Banik,
Tan & Monaco (2019) when allowing for the potential effects of dark
matter self-annihilation on the mass scale of formed stars (Spolyar,
Freese & Gondolo 2008; Natarajan, Tan & OShea 2009; Freese et al.
2010; Rindler-Daller et al. 2015).

More exotic models involving modification of the standard cold
dark matter paradigm have also been proposed. For example, if
dark matter undergoes self-interaction, then this could provide a
mechanism for SMBH seeding via collapse of the haloes themselves
(e.g. Feng, Yu & Zhong 2021). An even more extreme scenario is one
in which SMBHs are primordial black holes, although this appears to
be disfavoured by the clustering analysis of Shinohara et al. (2023).

Given the uncertainty of SMBH formation models and the diffi-
culty of resolving the small-scale physics, cosmological simulations
have typically made very simplified assumptions for the SMBH
seeding process based on the properties of the parent halo or galaxy.
One of the simplest and most widely used models is the halo mass
threshold (HMT) seeding scheme based on the methods developed
by Sijacki et al. (2007) and Di Matteo et al. (2008), in which a
seed black hole is assumed to form in a halo crossing a certain
mass threshold. The Illustris project (Vogelsberger et al. 2014) used
this mechanism to add SMBHs of mass 1.4 x 10° M, in each halo,
which crosses a mass threshold of mg, = 7.1 x 10'° M. A similar
approach was used in the Evolution and Assembly of GalLaxies and
their Environments simulation (Barber et al. 2016).

More recent simulations have taken into consideration additional
properties of the host galaxy for SMBH seeding. For example, the
Horizon-active galactic nucleus (AGN) simulation (Volonteri et al.
2016) required gas and stellar densities and stellar velocity dispersion
to exceed certain thresholds for a galaxy to form a black hole,
with a seed mass of 10° Mg adopted. In addition, all the forming
black holes needed to be separated by at least 50 comoving kpc,
and their formation was only allowed down to z = 1.5. Adopting
similar criteria, the OBELISK simulation (Trebitsch et al. 2021) also
applied conditions of gas and stellar density needing to exceed certain
thresholds, including Jeans instability of the gas, as well as a required
isolation of 50 kpc from other SMBHs to avoid multiple black holes
forming in the same galaxy. If all these conditions were satisfied,
then a black hole of 3 x 10* Mg was assigned to the galaxy. In
another approach, the ROMULUS simulation (Tremmel et al. 2017)
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employed criteria of a limit on metallicity, a threshold on gas density,
and a restricted temperature range for SMBH formation, with a
seed mass of 10° M, adopted. In yet another axample, Bhowmick
et al. (2022b) have considered a variety of gas-based SMBH seeding
prescriptions and a range of seed masses from ~10* to 10° M.
While the investigation of certain thresholds of physical quantities
for SMBH formation is an advance on a simple HMT models, the
above studies are still far from being a complete physical description
of SMBH formation.

In this work, we focus on a formation scenario in which Population
III.1 stars are the progenitors of SMBHs. Pop III.1 stars are defined
to be Pop III (i.e. metal free) stars forming in the first dark matter
minihaloes to form in a given region of the universe and so are isolated
from other stellar or SMBH feedback sources (McKee & Tan 2008).
In this model, it is assumed that in the absence of any significant
radiative (or mechanical) feedback, a single dominant protostar forms
at the centre of the minihalo and has its structure affected by the
energy input from Weakly Interacting Massive Particle (WIMP)
dark matter self annihilation inside the protostar (Spolyar et al.
2008; Natarajan et al. 2009; Freese et al. 2010; Rindler-Daller et al.
2015). Such protostars maintain relatively cool photospheres and
thus low levels of ionizing feedback, which allows efficient accretion
of the baryonic content of the minihalo, i.e. ~ 10° Mg, to form a
supermassive star, which subsequently collapses efficiently to an
SMBH after a few Myr.

This Pop III.1 seeding mechanism, which is based on locating
isolated minihaloes, was applied in a cosmological simulation by
Banik et al. (2019; hereafter Paper I). The evolution was followed
from high redshifts down to z = 10. The main free parameter
in the model is the isolation distance (dis), i.e. how far a newly
forming minihalo needs to be from previously formed haloes in
order to be a Pop III.1 source. For a fiducial value of di,, = 100 kpc
(proper distance), the model yields co-moving number densities of
SMBHs that match the estimated level of the known z = 0 SMBH
population. Note that, in this case (and all other reasonable cases),
most minihaloes do not form Pop III.1 sources. Rather, most are
Pop II1.2 sources, which are metal free, but having been disturbed
by radiative feedback, they are expected to undergo significant
fragmentation to form only lower-mass (e.g. ~ 10 M) stars (Greif &
Bromm 2006).

In this paper, we take this Pop III.1 seeding mechanism and extend
the results down to the local universe, z = 0. In Section 2, we briefly
describe our seeding algorithm and the tools used to apply it. Then
we present our results in Section 3, starting with the evolution of
number density of seeded haloes down to z = 0. We compare these
results with the HMT scheme and discuss the SMBH occupation
fraction and clustering properties of seeded haloes. Finally, we
create synthetic Hubble Ultra Deep Fields (HUDFs) to demonstrate
the possibility of using the HUDF to differentiate among different
seeding mechanisms. We then present our conclusions in Section 4.

2 METHODS

2.1 PINOCCHIO simulations

As in Paper I, to test our Pop IIl.1 seeding mechanism, we used
the PINOCCHIO code (Monaco, Theuns & Taffoni 2002; Munari
et al. 2017) to generate a cosmological box of 59.7 Mpc (40
h~! Mpc for h = 0.67) with standard Planck cosmology (Planck
Collaboration 2020) and study the formation of DM (mini-)haloes
in that box. PINOCCHIO uses Lagrangian Perturbation Theory (e.g.
Moutarde et al. 1991) to approximate the evolution of cosmological
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perturbations in a ACDM universe. For a given set of initial
conditions, the code generates outputs in the form of catalogs at
different redshifts, which contain mass, position, and velocity of the
DM haloes and a complete information of the merger histories of all
the haloes with continuous time sampling.

This code was written for applications in cosmology, where
huge volumes with moderate mass resolution are requested, and
its performance heavily depends on the mass resolution adopted.
To resolve minihaloes of ~ 10® M, it is necessary to sample a
59.7 Mpc box with 40963 particles; this results in a particle mass of
1.23 x 10° Mg, and we adopted a minimum mass of 10 particles (that
would be unacceptable for an N-body simulation, but it is acceptable
for a semi-analytic code like PINOCCHIO), resulting in a minihalo
mass of 1.23 x 10° Mg,

Such a large simulation can only be run on a supercomputer,
distributing the computation on a large number of MPI tasks. The
construction of haloes from collapsed particles is performed in
Lagrangian space: the box is divided in sub-boxes, and the grouping
algorithm is run on the the particles belonging to its domain. Haloes
near or across the sub-box borders would not be constructed correctly,
so the sub-box is augmented with a ‘boundary layer’ (a ghost region)
whose size should scale with the Lagrangian radius Ry,.x of the largest
halo one expects to find in the simulation volume (that can be of the
order of several Mpc). This implies an overhead in memory that can
be significant. When dividing a small box into many tasks, the size
of the sub-boxes can be of the same order of (if not larger than)
Rinax, making the memory overhead unsustainable. The constraint is
weakened by stopping the simulation at higher redshift, when Ry,
is still small. As a result, with V4 of PINOCCHIO (Munari et al. 2017)
used in Paper I, we were only able to push the simulation down to
z=10.

We use here the novel V5 of the code, which implements a number
of numerical techniques to improve memory efficiency. This code
will be presented elsewhere; the strategy to perform halo construction
at high resolution is the following. The sub-box is augmented with a
boundary layer as large as needed, but instead of storing the properties
of all particles in the augmented sub-box, we start by storing only
the particles that lie in the sub-box (excluding the boundary layer)
and are predicted to collapse by z = 0. Then the halo construction
code is run once, collecting a tentative list of haloes; after that, all the
particles that are in the boundary layer and lie within N ,, times the
Lagrangian size of any formed haloes are added to the list of particles.
After collecting the extra information, the halo construction code is
run again, generating the final list of haloes. Memory occupation
thus depends on the parameter Np,,; our tests show that N, = 3
guarantees a convergent result, but an extreme run such as the one
we present here was possible only by using N, = 2. The 59.7 Mpc
box with full 40963 resolution was thus run to z = 0 on 800 MPI
tasks over 100 computing nodes (each with 256 GB of RAM), so
the domain was divided into 6 x 6 x 7.5 Mpc sub-volumes for halo
construction. The resulting halo mass function showed two problems
that are presented in greater detail in an appendix. We discuss here
their nature and their implications.

As a consequence of the difficulty of calibrating the formation
of haloes with a very steep power spectrum, the mass of the first
haloes is underestimated by a factor of ~2 at z ~ 30, decreasing to
a negligible value at z ~ 10. This is a known trend in PINOCCHIO,
visible, e.g. in fig. 1 of Munari et al. (2017), where the z = 3
halo mass function is slightly underestimated in those tests. We are
working to improve this prediction, but we do not consider this
as a showstopper for several reasons: our seed BHs are already
predicted to form very early, so this underestimation only causes
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us to be slightly conservative in their formation redshift, i.e. in
fact, they would already have formed at slightly higher z. In our
simple modelling, we are assuming here immediate formation of
the protostar and then the SMBH, whereas in reality, this might take
several Myr or even tens of Myr. The time span that separating z = 32
from z =29 is only ~14 Myr, so neglecting astrophysical time-scales
leads to an overestimation of formation redshift, which compensates
against the underestimation problem. Finally, the minihalo threshold
mass can be consider to be a second free parameter of the modelling
(although one that has physical motivation to be close to 10° M),
so one can simply consider our predictions to be valid for minihalo
masses of 2.5 x 10 Mg. We add to these arguments the fact
that inaccuracies in halo masses do not propagate as inaccuracies
in halo positions, which are crucial outcomes of our seeding
scheme.

A more serious problem is connected to the inaccurate recon-
struction of haloes more massive than 10'> M. Indeed, the small
size of the sub-box domain for constructing haloes results in a poor
reconstruction of massive haloes. This problems makes predictions
at z = 0 unreliable. We thus produced the same box at a lower
resolution, sampled with 1024 particles, on a single MPI task on
a 256 GB node. Again, this was possible thanks to V5 of the code.
In this case, halo construction is as good as it can be. However,
the identification of haloes that contain seed SMBHs has been
performed in the high resolution box, and though the simulations
share the same large-scale structure, matching massive haloes in
the two boxes is not a clean procedure. We then resorted to this
algorithm: starting from the fact that one low-resolution particle
contains 64 high-resolution ones, we calculated which particle in the
lower resolution box includes the seeded mini-halo, and assigned the
seed to the halo that contains that specific low-resolution particle.
We checked that results at z = 0 produced with the low- and high-
resolution simulations were consistent, with a significant difference
in clustering of haloes more massive than a certain threshold that is
an expected consequence of the inaccurate mass reconstruction and
the known relation of halo bias with halo mass. In the following, we
will present results at z = 0 based on the low-resolution box, unless
mentioned otherwise.

2.2 Seeding scheme

To determine which haloes are seeded with a Pop III.1 star and
thence SMBH, consider the scenario depicted in Fig. 1, unfolding
in the early universe. The figure shows three stars A, B, and C in
different haloes where only A and C become Pop III.1 stars, whereas
B is a Pop I11.2 star, depending on the separation and formation order.
Star A formed first, which then influenced its environment within a
sphere of radius equal to deegback, €Xpected to be primarily radiative
feedback. Since this star is in a pristine primordial gas without the
influence of any feedback from nearby stars, it is defined to be a Pop
III.1 star. Star B, which subsequently forms at a distance less than
dreedvack from star A, is affected by the feedback and hence is a Pop
II1.2 star (or even a Pop II star if it has been chemically polluted).
Finally, star C forms beyond the regions affected by feedback from
sources A and B and is thus also assigned to be a Pop III.1 star and
thus an SMBH. For the model considered here, the feedback distance
is set equal to the isolation distance djs,. So effectively, the condition
for a star to be regarded as a Pop III.1 star is that when it is forming,
there should be no previously formed haloes present in the sphere
of radius ds,. We consider djg, as a free parameter in our theory and
vary it to match the observed number density of the SMBHs in the
local Universe.

MNRAS 525, 969-982 (2023)
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/A Pop lII.1

dfeedb,ack = diso
. 8 BrPop IlI.2

C: Pop 1.1 ;

Figure 1. A schematic illustration of the Pop III.1 SMBH seeding scenario
depicting the conditions for a star to be isolated enough to be considered as
a Pop III.1 star (see text).

2.3 Seed identification in the dark matter catalogs

To perform the seed identification analysis from the dark matter
catalogs generated by PINOCCHIO, we first divided the entire redshift
range (from z = O to the redshift when the first minihalo forms,
z ~ 40) into small bins of widths ranging from Az =1, 2, or 3,
depending on the output catalogs available, which in turn depends
on the relative change in positions of (mini)haloes. The bins are
wider at high redshifts, but smaller at lower redshifts. Then for each
redshift interval (z;, z;,] where (z;, > z;), we utilized k-d tree data
structure to create a three-dimensional map in position space of all
the haloes existing between z;, and z;. The positions used to create
the tree are taken from the output catalog of PINOCCHIO at the lower
redshift of the interval (z;). Since the positions are not updated once
the tree is constructed, we account for the change in the positions
within this redshift interval by finding the maximum change (8) of
position among all the haloes existing for the entire redshift range.
Then, for each minihalo crossing the mass threshold of 10° M, (or
as in the nomenclature of PINOCCHIO: ‘appearing’) at a redshift z,p,
€ (21, zn], we perform a ball search using the k-d tree to find all the
haloes around the appearing minihalo within a sphere of radius dj
— 28.1 If there exists even a single halo at the redshift z,,, within this
sphere, then this minihalo is flagged as a halo containing a non-Pop
III.1 star at its centre. If there are no haloes existing at this redshift,
then the ball search is performed again with the same minihalo at
the centre, but this time within a sphere of radius dis, + 25. Then
for all the haloes existing at redshift z,,, within the shell of radius
diso = 28, we find the exact distance between the minihalo at the
centre and all these haloes using the exact positions at z,p,. If this
distance is greater than di, for all the haloes within the shell, then the
minihalo at the centre is flagged as a Pop III.1 source, i.e. an SMBH-
seeded halo. This process is repeated for each minihalo crossing
the threshold mass within the two redshifts, and then this whole
procedure is performed again for all the redshift intervals until the
whole redshift range is covered. In this way, we are able to check the
isolation condition for each minihalo appearing in the cosmological
box and find all the seeded minihaloes.

A factor of 2 is multiplied with § to account for the change in position of
both the minihalo at the centre of the sphere and all the other haloes within
the sphere.

MNRAS 525, 969-982 (2023)

At smaller redshifts, the change in positions of the haloes (§) within
the redshift intervals becomes comparable to the isolation distance.
This implies that the quantity di,, — 26 can become negative (in our
simulation box, this happens at around z = 15 for d;s, = 50 kpc). In
this case, the ball search is directly performed in a sphere of radius
diso + 26, and then the exact distances between the minihalo at the
centre and all the other haloes existing at z,p, are calculated.

This division of the entire redshift interval and creating the k-d
only at specific redshifts is performed to avoid reconstructing the
tree with the up-to-date position at every instance a new minihalo
appears. Since the number of minihaloes is very large, it becomes
highly expensive computationally to reconstruct the tree with updated
positions each time a new minihalo appears.

3 RESULTS

3.1 Number density evolution

As explained in the last section and in Paper I, we identify SMBH-
seeded haloes by the condition that the isolation sphere of radius
dis, around a newly forming minihalo is not populated by any other
existing halo (of mass greater than our minihalo threshold mass).
The obtained results for the evolution of number density for different
values of dis, (in proper distance units) are shown in Fig. 2. The
coloured dotted lines show the number density evolution of total
number of SMBHs, whereas the coloured solid lines show the number
density for seeded haloes (which are slightly smaller, especially at
lower redshifts, due to mergers). Compared to the number densities
in fig. 1 of Paper I, the values obtained here are moderately lower
(by a factor of 1.45 for 100 kpc and 1.65 for 50 kpc) because we
have considered periodic boundary conditions when identifying the
seeds, which was not done in Paper I.

Fig. 2 also shows some observational estimates of ngypu. An
estimate at z = 0, presented in Paper I, is calculated by assuming
that each galaxy with luminosity greater than Ly, = 0.33L, hosts
a SMBH, with the error bar around this point assuming a range of
Liyin from 0.1 to 1.0 L,. Note, L, is the characteristic luminosity
corresponding to Mz = —19.7 + Slogh = —20.55 (e.g. Norberg
et al. 2002). Recent observations of high redshift AGNs from JWST
surveys have started providing lower limits on the number density
of SMBHs in the early universe, with one such estimate presented
by Harikane et al. (2023), from the sample of Nakajima et al. (2023;
black diamonds in Fig. 2). Their estimate provides lower bounds on
the observed number density of Type I AGN at redshifts z = 4-7.

Fig. 2 illustrates the expected behaviour that as the isolation
distance is reduced, the number of formed SMBHs increases, i.e.
it is easier to satisfy the isolation distance criterion. We can also
conclude that for a certain range of dis, (®90-170 kpc), the number
density obtained is in reasonable agreement with the z = 0 estimate.
Thus, the case with di,, = 200 kpc is disfavoured simply by its
inability to produce enough SMBHs. A key feature of the fiducial
model, i.e. with dis, = 100kpc, is that all SMBHs have formed
very early in the Universe: the process is essentially complete by
7z~ 25.

Fig. 2 also shows results for an example HMT model (shown
by green dashed line) in which each halo more massive than my, =
7.1 x 10'° Mg, is seeded (e.g. the Illustris project: Vogelsberger et al.
2014; Sijacki et al. 2015, etc.); note, this seeding scheme is driven by
the mass resolution of the simulation, i.e. haloes are seeded as soon
as they are resolved with a sufficient number of particles). The main
difference compared to the fiducial Pop III.1 model is in the overall
number density of SMBHs at z 2 5.
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Figure 2. Evolution of the comoving number density of SMBHs, nsvph, for different theoretical models. Results for Pop III.1 models with several values of
isolation distance (in proper distance) are shown, as labelled. The dotted lines show the total number of SMBHs that ever formed, while the solid lines show
remaining number of seeded haloes after accounting for mergers. An example HMT model is shown by the dashed green line in which each halo with mass
higher than mg, = 7.1 x 10'° M, is seeded (see text). The green shaded region shows the effect of lowering and raising my, by a factor of 2. The violet dashed
line shows the results of a simulation modelling SMBH formation via direct collapse (Chon et al. 2016). The black solid square indicates an estimate for the
number density of SMBHs at z = 0, assuming each galaxy with luminosity higher than Ly, = 0.33L, contains one SMBH, with the range shown by the error
bar obtained by varying Ly, from 0.1L, to L,. The black diamonds are estimated lower limits of ngypu from JWST observations of Type I AGN (Harikane

et al. 2023).

Table 1. Total number of formed SMBHs (NsmpH, form), total number of
SMBHs remaining at z = 0 assuming efficient mergers [Nsmpu(z = 0)], the
difference between these [ANsvBH = NsMBH, form — Nsmpr(z = 0)], which
is equivalent to the number of mergers, and the fraction of original SMBHs
that are destroyed by mergers (fmerger = ANsMBH/NSMBH, form)-

diso (kpc) NsmeH, form  NsmBH(z = 0) ANsMBH ~ fmerger(%)
50 15356 12051 3305 21.52
75 3394 2760 634 18.68
100 1234 1043 191 15.48
150 306 280 26 8.50
200 121 116 5 4.13

We also show the results of a simulation by Chon et al. (2016) mod-
elling the formation of SMBHs via the direct collapse mechanism.
Here, they simulated a 20h~'Mpc box and found only two SMBHs
formed (at z ~ 15 and 21). Even though this simulation was only run
down to z =9, the number density is not expected to increase much at
lower redshifts, given the conditions assumed to be needed for direct
collapse, i.e. massive, irradiated, tidally stable, metal-free haloes.
While this model allows some SMBHs to form relatively early, as
discussed in Section 1, the overall number densities achieved by this
mechanism are much smaller than are needed to explain the entire
observed SMBH population.

We quantify the number of mergers that occur between seeded
haloes in the Pop III.1 models. Table 1 shows the total number
of SMBHs that formed (Nsmph, form) and the number of haloes

containing them at z = 0 [Nsmpu(z = 0)]. Assuming efficient merging
of SMBHs that are in the same halo, then the number of mergers is
ANsmH = NsmpH, form — Nsmpr(z = 0). A feature of the Pop IIL.1
seeding mechanism is that SMBHs are initially spread out from each
other, so that there are relatively few binary SMBHs and few mergers.
A detailed analysis of the mergers, including the binary (and higher
order multiples) AGN number densities and the gravitational wave
background emanating from these mergers, will be discussed in a
future paper in this series.

A caveat of our seeding model is that at small redshifts, around <6,
the isolation distance in comoving units becomes so small that many
minihaloes that appear after this redshift start satisfying the isolation
criteria. This effect would result in an increase in number density by
around two orders of magnitude by z = 0 from the converged values
around z ~ 20, for all cases of d;;,. However, since reionization has
completed by z & 8 (Planck Collaboration 2020), we assume that the
formation of Pop III.1 sources is also not possible below this redshift.
Hence, in our analysis, we set a limit of seed formation to be only
possible until z = 8. For most cases of the isolation distances, we
considered (>75 kpc), the number density is already converged at
redshifts greater than z = 20. However, for the case of 50 kpc, new
seeds still keep on appearing until z = 8 (although below z = 15 the
total number only increases by about 1 per cent).

In Fig. 3, we show a visual representation of the seeded haloes in
the box at different redshifts, for all the isolation distances considered
in Fig. 2. As discussed, the 50 kpc case is the most crowded with
the highest number of seeded haloes at every epoch shown. Initially,
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Figure 3. Projection of the positions of seeded haloes (red) and non-seeded haloes (blue) in the XY plane of the box for different isolation distances. The
redshift is shown in the top right corner of each panel (same for each row). Only the 30 000 most massive non-seeded haloes within each panel are shown for
ease of visualization.
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Figure 4. Evolution of SMBH occupation fraction of haloes for different cases of djs,. Top row depicts the fraction in log scale, while the bottom row shows
the same data in linear scale. The mass bins are divided into equal bins of width 0.2 dex.
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Figure 5. Cumulative occupation fractions of haloes having masses greater than a given value (see legend). The shaded region represents 1o error due to

counting statistics.

all the seeds emerge in a relatively unclustered manner, but even-
tually, the clustering increases as lower-mass seeded haloes migrate
towards more massive haloes and merge with them in overdense
regions. We perform a more detailed analysis of clustering in
Section 3.3.

3.2 Occupation fraction of seeded haloes

From observations of local galaxies, it appears that almost all massive
galaxies contain a nuclear SMBH. This implies that the SMBH
occupation fraction of haloes should approach unity as halo mass
rises. Fig. 4 shows the evolution of occupation fraction from one
realization of our 59.7 Mpc box, through four different redshifts for
haloes ranging from [5 x 107, 2 x 10'4] Mg, (the upper limit of the
mass range is chosen to include the most massive halo at z = 0
in our 1024° resolution simulation box, measuring 1.2 x 10" Mg).
As expected, with the decrease in the isolation distance, more and
more haloes are seeded and hence the occupation fraction is higher
compared to the same mass range for larger dis. All the fractions

at z = 0 approach unity for the most massive haloes, independent
of the isolation distance. Interestingly, the most massive halo is not
always occupied by an SMBH throughout the redshift evolution in
our simulations. For example, at z = 4, there can be significant
fractions of the most massive haloes, i.e. ~ 10'2 Mg, that are not
seeded, as in the case of di;, =100 kpc. Fig. 4 also shows that
for dis, = 200 kpc the occupation fraction for haloes with masses
~ 10" Mg, at z =0 s quite small, S0.1, which is a further indication
that it produces too few SMBHs.

Fig. 5 shows the evolution of the cumulative occu-
pation fraction, i.e. for all haloes more massive than
{108, 10°%, 10, 10'!, 10'%, 1013} Mg, for three different cases of
isolation distance. If we consider only the most massive haloes
(> 10" M), the fraction is close to one (as also evident from
Fig. 4). At a given redshift, as we consider less massive haloes,
the occupation fraction decreases. At a given mass threshold, as we
move out to higher redshift, the occupation generally rises, since
these haloes become relatively more extreme members of the global
halo population. Interestingly, the occupation fraction for all haloes
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Figure 6. Mass function of seeded haloes at different redshifts for dis, =50, 100, and 200 kpc cases (left to right).
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Figure 7. The 3D 2pcf for the seeded haloes more massive than 10'° Mg, at z = 0 for different isolation distances. The blue points show the correlation
function for only the haloes containing SMBHs, while the orange points show the correlation for all the haloes, with or without an SMBH. For the red points,
we randomly select haloes from the pool of all the haloes, but with the same number and mass distribution as the seeded haloes. The error bars indicate 1o
deviations from the mean value from randomly sampling 50 times. The green points show the correlation for haloes seeded according to the HMT scheme, in

which all the haloes greater than mg, = 7.1 x 10'O Mg, are seeded.

more massive than 10% and 10° Mg (10'°My as well, although
to a lower degree) at z = 0 differ by factors of approximately 10
among the three cases of isolation distances considered, reflecting
the same differences in the global number densities at z = 0 (see
Fig. 2).

To obtain a better understanding of the mass function of the seeded
haloes, in Fig. 6, we present the distribution functions of these haloes
for the dis, = 50, 100, and 200 kpc cases, including their evolution
with redshift. We see that, as expected, these mass functions evolve
to higher masses as the universe evolves from z = 10 down to z =
0. The peak of the seeded halo mass function is lower for smaller
values of dis,. However, the distributions are quite broad, indicating
significant fractions of SMBHs in relatively low-mass haloes, even
at z = 0. In a future paper in this series, these seeded halo mass
functions and the properties of their host galaxies will be compared
to SMBH census data, especially focusing on properties derived in
the local universe.

3.3 Clustering

We perform a clustering analysis using the CORRFUNC library
(Sinha & Garrison 2020) for PYTHON, and the results are shown
in Fig. 7. By sampling r in 20 logarithmic bins of i, = 0.5 Mpch™!
t0 rmax = 13.3 Mpch™!, we evaluate the 3D, two-point correlation

MNRAS 525, 969-982 (2023)

function? (2pcf) &4u(r) for all haloes more massive than 10'° Mg
at z = 0. Since PINOCCHIO only evolves dark matter haloes, the
information of substructures such as subhaloes within haloes is not
stored or tracked. This implies that only radial scales greater than the
size of a typical dark matter halo (3 to 4 Mpc at z = 0) are relevant
for consideration. In other words, the correlation function presented
here does not include the one-halo term. From the figure, we observe
that the clustering of the SMBH-seeded haloes (blue points) is always
lower compared to other cases. This is expected because of the nature
of our model, which results in larger distances between SMBHs and
hence smaller clustering amplitude. The plots for dis, = 50 and
100 kpc clearly depict this, while the case of 200 kpc suffers from
low number statistics. The red points, which represent the clustering
of random haloes with the same number and mass distribution as
of the seeded haloes, are generally more than lo higher than the
blue points, except at the largest scales. This can be clearly seen for
the fiducial case of 100 kpc. We also show the clustering for the
fiducial case of HMT schemes with mg, = 7.1 x 10" Mg, (Sijacki
et al. 2015) depicted by green points. This model also generally

2All the correlation functions presented in this section have been corrected
by analytically adding large-scale clustering modes corresponding to scales
larger than the box size. Refer to Appendix B for more details.
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Figure 8. Evolution of projected correlation function for dis, = 50 kpc (top row) and 100 kpc (bottom row) cases. The blue line is the average after computing
the correlation of the seeds from three orthogonal sides of the box and the shaded region represents the 1o spread. The control sample is the correlation of
haloes selected randomly but with the same mass and number distribution as the seeded haloes at that redshift. The red line refers to the average after randomly
sampling 10 times and the shaded region refers to 1o deviations from the mean. The vertical grey line refers to the size of the isolation radius at the mean
formation redshift (diso(Zform)) Of the seeded haloes, and the grey region represents 1o deviation from the mean. For 100 kpc, Zform = 32.08, and for 50 kpc,
Zform = 27.14. The angular axis on top of each panel corresponds to the angular scale of r, projected on the sky at the respective redshift.

shows higher clustering than our Pop III.1 seeding model. Thus a
clustering analysis of census of a local Universe (z = 0) survey of all
(or a significant fraction) of SMBHs has the potential to distinguish
between these SMBH seeding mechanisms.

In Fig. 8, we show the evolution of the projected correlation
function for the dis, =50 and 100 kpc cases (blue lines), compared to
haloes with the same mass and number distribution as the respective
seeded haloes (red lines). As seen in the 3D 2pcf, the clustering of
the seeded haloes is always lower than the randomly selected haloes
and this trend is observed even at higher redshifts. Furthermore, there
is a significant drop of the clustering amplitude of the seeded haloes
for scales lower than dis(Zsorm) (vertical grey band), a signature of
feedback cleared bubbles, first discussed in Paper I for z > 10. Here
we see that this signature of suppressed clustering persists to lower
redshifts, although is gradually diminished as the Universe evolves
to a more clustered state.

We emphasize that comparing our clustering predictions at red-
shifts greater than 1 or 2 is not feasible with currently available
observational data. The measurements from a range of luminos-
ity of AGNs at these redshifts imply minimum halo masses of
~5x 10"h Mg at z ~ 3 (Allevato et al. 2014) to more than
102 i~ Mg at z ~ 4 (He et al. 2018). For our 59.7 Mpc box, the
number of seeded haloes above these thresholds are quite low. For
instance, for the dis, =100 kpc case, only around 6 per cent of sources
are above this threshold at z = 3 and only 0.7 per cent sources are

more massive than 10'227' Mg at z = 4. If we apply these halo
mass cuts on our seeded haloes, then the clustering signal is too
noisy to make any decent comparison with the observational data.
Moreover, at high halo masses, the occupation fraction approaches
unity, so for the measured clustering of bright AGNs, hosted in
relatively massive haloes, we expect that they may cluster as
their host haloes, with no appreciable difference with respect to
currently used models. More data on AGN, especially those that
are present in lower-mass haloes/galaxies, are needed to test the
models.

As a crude comparison, in Fig. 9, we include the clustering mea-
surements from Zehavi et al. (2011), who performed the projected
clustering analysis of volume-limited sample of 570000 galaxies
from the Seventh Data Release (Abazajian et al. 2009) of the Sloan
Digital Sky Survey (York et al. 2000). The galaxies used in their data
extend out to z = 0.25, with a median redshift of z ~ 0.1. We compare
our results at z = 0 for dis, =50 and 100 kpc, along with the HMT
scheme, with their galaxy luminosity threshold cut result for M, <
—19.0. We computed the relation between DM halo mass and r-band
absolute magnitude by comparing the clustering amplitude of PINOC-
CHIO DM haloes with Zehavi et al.’s measurements, minimizing the
x? of the clustering amplitude only for r,, > 3h~! Mpc (to avoid the
one-halo clustering scales); for M, < —19.0, we find a clustering-
matched halo mass of My ° = 1.91 x 10'2 A~! Mg, higher than the
value suggested in that paper (M.12:9 = 2.55 x 10"'h~' My); this

zehavi
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Figure 9. Comparison of the results for the projected correlation function
w,(rp) obtained from our simulations for dis, =50 and 100 kpc and the HMT
scheme at z = 0 with the observational data from Zehavi et al. (2011) for a
M, < —19.0 magnitude cut. The shaded region shows scales smaller than the
size of a typical halo at z = 0, i.e. r, < 3h~!Mpc, which are not of interest
for our comparison due to limitations of our model (lack of sub-haloes). The
HMT scheme and 50 kpc models overlap, as all haloes above the threshold
are seeded for that value of djg,.

is not surprising, given the different cosmology assumed in 2011.
We then applied this halo mass cut on our di,, = 50 and 100 kpc
sources, as well as the HMT scheme, and compared the projected
correlation function for the M, < —19.0 threshold galaxies in Fig. 9.
For the region of interest, the clustering of the seeded haloes shows
good agreement, within the errors, with the observations. The djs, =
50 kpc correlation completely overlaps the HMT one because all the
sources more massive than My are seeded in this model. Also, at
this high-mass cut, most of the d;s, = 50 kpc sources are also seeded
in the dis, = 100 kpc model, and hence their clustering follows
similar trends. This is due to the fact that the occupation fraction
approaches unity for the most massive haloes (see Section 3.2) for
all the isolation distances, and since the mass cut is high, this means
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that most, if not all, the haloes are seeded, regardless of the isolation
distance.

3.4 Ultra deep field

One potential way to compare our model with observational data is
to count the number of SMBHs (i.e. appearing as AGN) present in
projected deep fields of the Universe, such as the HUDF (Beckwith
etal. 20006; Ellis et al. 2013). We thus create a synthetic ultra deep field
(UDF) populated with SMBHs that have formed in our simulations.
To achieve this, we use snapshots of haloes at different redshifts in
the 59.7 Mpc cosmological box, using the highest resolution run.
We pierce the box orthogonally from random positions (avoiding
repetitions) and then stack the fields in redshift space to generate
the light cone of a 2.4 arcmin side length (i.e. same as the HUDF).
Fig. 10 shows our constructed HUDF, for dis, = 50 and 100 kpc.
The fields shown are for the redshift range z € [4, 16], with the
number of haloes in the field equal to 9352 and 764 for d;s, = 50 and
100 kpe, respectively. As expected, the field for the 50 kpc case is
much more densely populated with seeded haloes as compared to
100 kpc.

Fig. 11 shows the distribution of SMBHs within the redshift range
z = 5-10 in our synthetic HUDF, where we also display the number
of sources in redshift bins of Az = 1. The total number of sources
in the field (last column) for the fiducial di,, =100 kpc model is
five times higher than the fiducial HMT scheme. Thus a census
of AGNs at high redshifts (z 2 7) can distinguish between these
models. Since the number density of sources in the HMT scheme
is quite low (effectively O for redshifts 2 8 or 9), finding even a
handful of sources at these redshifts can put stringent constrains on
this seeding scheme. In Table 2, we show the number of seeds in
the field for an extended redshift range by averaging from multiple
random realizations of the light cone and by integrating the number
density over the field volume. Almost all the averages in the redshift
bins from the light cone are within 1o of the analytically calculated
value from the number density. The analytic numbers also show the
drastic difference in the number of sources in the different seeding
schemes at high redshifts.
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Figure 10. Synthetic HUDF consisting of only the seeded haloes for djs, = 50 and 100 kpc cases over a redshift range from 4 to 16.
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Figure 11. The distribution of SMBHs in redshift intervals in the range z = 5-10 in a synthetic HUDF, where the last column shows all the sources. The first
row shows the case for djs, =50 kpc. The second row shows the case for dis, =100 kpc. The third row shows the distribution from the fiducial HMT scheme
with mg = 7.1 x 10'° M. The total number of SMBHs in each panel is indicated in the top right corners of each.

Table 2. Number of SMBHSs in our synthetic HUDF, calculated by averaging over 100 random realizations of the light cone (From light cone column) and
by integrating the global number density (From number density column) over the redshift ranges, for dis, = 100 kpc and the fiducial HMT scheme with
mg = 7.1 x 101" M. The errors on the averaged values correspond to 1o deviations. Note that all the numbers are rounded to the nearest integer.

Z range 100 kpc HMT
From light cone From number density From light cone From number density
4-5 110+ 8 101 86 + 19 105
5-6 92+6 90 36 £10 49
6-7 85+5 81 13+6 18
7-8 74+6 73 3+2 7
89 69+5 66 1+1 1
9-10 60+£5 60 0 0
10-11 57+5 54 0 0
11-12 505 50 0 0
12-13 47+ 4 46 0 0
13-14 42+4 43 0 0
14-15 40+5 40 0 0
15-16 40+5 37 0 0
4 CONCLUSIONS plenty of time to grow via accretion to explain the known high redshift

quasars, without the need of sustained super-Eddington accretion.
The Pop III.1 model, while being a physical model for the
formation of the whole SMBH population, is relatively simple,
i.e. with only one free parameter, the isolation distance di,. This
means that the model can be easily explored in cosmological volume
simulations that resolve minihaloes, as was done first in Paper I. The
constraint of matching an estimate for the local comoving number
density of SMBHs, gives quite tight constraints on dis, ~ 100 kpc
(proper distance). This implies most SMBHs formed at z 2~ 30, when
the isolation distance corresponded to a comoving scale of ~ 3 Mpc.
Following on from Paper I, we have explored the implications of the
Pop III.1 SMBH seeding model down to low redshifts, i.e. all the
way to z =0, which is important to allow connection to observations,
including the HUDF and local galaxy and SMBH populations. We

We have explored the implication of the Pop III.1 seeding model
for cosmological distributions of SMBHs. This is a model that
forms all SMBHs with a single mechanism based on the change of
protostellar structure in some Pop III stars due to WIMP dark matter
particle self annihilation. This leads to reduced ionizing feedback
from the protostar and efficient accretion of the baryonic content
of the minihalo, thus naturally leading to a characteristic seed mass
of ~ 10° Mg. The model requires the Pop III.1 minihalo to form
in relative isolation from other sources. Thus the Pop III.1 seeding
model involves all SMBHs forming very early in the Universe, i.e. by
z ~ 25, and with a relatively unclustered initial distribution. Indeed,
compared to all other astrophysical models for SMBH formation, the
Pop III.1 model involves the earliest and least clustered distribution
of seeds. This implies that in the Pop III.1 model, black holes have
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have also compared this model with another simple seeding scheme,
i.e. the HMT model, that is commonly implemented in cosmological
volume simulations.

As presented before, all SMBHs form very early in the universe,
and their number density then remains approximately constant after
a redshift of ~25. Only a small fraction of the seeded haloes merge
with each other by z = 0. The evolution of the occupation fraction
of seeded haloes shows a rise to unity for the most massive haloes
by z = 0. However, at intermediate redshifts, there can be significant
fractions of most massive haloes that are unseeded.

Our clustering analysis found that Pop III.1 seeded haloes show
lower levels of clustering compared to random haloes with the same
mass and number distribution as the seeded haloes, at all redshifts.
However, to connect this result to observations of AGN (e.g. Allevato
et al. 2014; He et al. 2018) requires development of a SMBH growth
model, which is planned for a future paper in this series. We also
noticed a dip in the clustering of the seeded haloes at scales smaller
than the isolation distance at the mean formation redshift, which is
due to the feedback suppression of the isolation bubbles. This was
first discussed at z = 10 in Paper I, and we have shown that this sup-
pression persists even at lower redshift, discernible down to z &~ 1-2.

To compare the clustering of our seeded haloes with observational
data of galaxies, we turned to the galaxy clustering results from
Zehavi et al. (2011). We were able to conclude that the clustering
of the seeded haloes for 50 and 100 kpc isolation distances are in
agreement with the observations after applying appropriate mass
cuts on the halo masses. For comparison with SMBH populations,
rather than just galaxies in general, it is clear that having the most
complete census in a well-defined, relatively large local volume is
highly desirable. Information on this local population is needed both
for the total number density and to carry out a clustering analysis
of the SMBHs that can be compared to the results of our models.
However, obtaining such a census is challenging, given the difficulty
of detecting relatively low-mass and faint SMBHs (see e.g. Reines &
Comastri 2016). Another promising avenue to be explored relates
to the properties of binary AGN and resulting mergers that produce
gravitational waves, i.e. sensitive to the extreme end of the clustering
signal. These aspects will be considered in detail in forthcoming
papers in this series.

Finally, we discussed the potential of using high redshift AGN
number counts in the HUDF (or other deep fields) to differentiate
among seeding mechanisms and for constraining the value of
isolation distance. Detection of just a small number of SMBHs at z
2 8 would begin to discriminate between the fiducial HMT scheme
and the Pop II1.1 model.
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APPENDIX A: MATCHING FULL- AND
LOW-RESOLUTION pINOCCHIO RUNS

We run the 59.7 Mpc box at the full resolution of 4096° particles
and at a lower resolution of 1024° particles. These resolutions
correspond to particle masses of 1.23 x 10° Mg and 7.87 x 10° M.
The minimum mass for haloes has been set to 10 particles in both
cases. Fig. A1 shows the mass function of the full-resolution box at
high redshift, where it is evident that the early growth of massive
haloes is slower than in a universal model [in this case the fit to
the friends-of-friends halo mass function of Crocce et al. (2010)].
We stress that there is no reason to believe that this analytic fit is
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Figure Al. Halo mass function of the full-resolution box at high redshift.
Lines are colour-coded in redshift (see legend). Solid lines refer to PINOCCHIO
catalogs; dashed lines refer to the Crocce et al. (2010) analytic fit.
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Figure A2. Halo mass function of the full- (thick solid lines) and low-
resolution (thin solid lines) boxes at low redshift. Lines are colour-coded in
redshift (see legend). Dashed lines are the Crocce et al. (2010) analytic fit.
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Figure A3. Fraction of haloes of a given mass that contain a seed SMBH,
for diso = 100 kpc. Resolution is colour-coded (see legend). Thicker lines
emphasize the full-resolution (4096) and low-resolution (1024) runs.

accurate at such low masses, but we conservatively assume that the
disagreement is due to an inaccuracy of PINOCCHIO.

Fig. A2 shows the halo mass function for the low-resolution box
(thin lines) and the full-resolution run (thick lines). At high masses,
the agreement of the high-resolution box with the analytic prediction
is poor while this is not the case for the low-resolution run where the
box has not been divided into different domains. Fig. A3 shows the
consistency of the seeding fraction among the high-resolution box
and a set of lower and lower resolution runs, where seeding of haloes
is decided by checking which particle in Lagrangian space contains
the haloes that is seeded in the full resolution box.

APPENDIX B: LARGE-SCALE CLUSTERING
MODES

When we use the estimators such as the CORRFUNC library to find
the auto correlation of haloes in our 59.7 Mpc box, the correlation
function only contains the clustering modes smaller than the box
size. If we want to make a simplistic comparison of our results
with a large survey that sampled a much larger volume, we can
do so by analytically adding the larger scale clustering modes. To
understand how we achieve this, we examine the analytic expression
for calculating the 3D 2pcf for haloes for the entire volume of the
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Figure B1. Evolution of angular correlation function for 50 and 100 kpc isolation distances. The large-scale modes are not added in the evaluation of this

function. The labels are the same as in Fig. 8.
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where &, is the correlation function of haloes, b, is the halo bias,
and P(k) is the matter power spectrum. This integral can be split in
two parts:
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PINOCCHIO contribution &pyN(r)
= &15(r) + &pin(r),

where kpox = 277/ Liox, With Lyox = 59.7 Mpc in our box. The large-
scale contribution refers to the clustering modes of radial scale going
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from Ly, to infinity, and the PINOCCHIO contribution refers to all the
modes of radial scale from O to Ly.y. Since the correlation estimator
returns £pyN, we calculated the large-scale contribution by using the
linear matter power spectrum from CAMB python library and halo
bias from COLOSSUS python library (Diemer 2018), using the bias
model of Comparat et al. (2017), and then numerically integrated the
power spectrum to obtain & .

To make a direct continuation of the angular clustering as
shown in Banik et al. (2019; their fig. 10), we present the angu-
lar clustering evolution of seeded haloes in Fig. B1 without the
large-scale corrections added. This figure and Fig. 8 essentially
show the same information, with the only difference that the
figure presented here is in angular scale, and without the large-scale
modes.
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