




A B S T R A C T

The origin of supermassive black holes (SMBHs) remains an open question
in astrophysics. The presence of black holes more massive than a billion solar
masses at high redshifts (z > 6) challenges many formation mechanisms.
Scenarios based on typical stellar-mass seeds struggle to explain the existence
of such massive black holes at high redshifts, whereas “direct collapse” based
scenarios have difficulties to explain the entire population of these black
holes at z = 0. One mechanism that can alleviate these problems invokes
the collapse of Pop III.1 stars as seeds of SMBHs. These stars are composed
of primordial metal free gas forming in dark matter mini halos in the early
universe, but with the additional condition of isolation from other stellar
or SMBH feedback sources (McKee and Tan, 2008). This isolation condition,
parameterized by an isolation distance, diso, leads to limited fragmentation
and thus co-location of the star with the dark matter cusp. If the dark
matter particles in the halo are assumed to be Weakly Interacting Massive
Particles (WIMPs), then their self-annihilation inside the protostar would
release energy which can be captured by the star, allowing it to maintain
a relatively cool photosphere (Spolyar et al., 2008; Natarajan et al., 2009;
Freese et al., 2010; Rindler-Daller et al., 2015). This results in low levels of
ionizing feedback, thus more efficient accretion of almost the entire baryonic
content of its natal minihalo, i.e. ∼ 105M⊙. In Banik et al. (2019), this seeding
mechanism was applied on a cosmological box of (40h−1Mpc)3 using the
PINOCCHIO code (Monaco et al., 2002; Munari et al., 2017) and the evolution
of the seeded halos was followed down to z = 10. The number density of
SMBHs at that redshift matches the estimated co-moving number density at
z = 0 for values of diso ∼ 100 kpc (proper distance).

In this thesis, we investigate the Pop III.1 seeding mechanism in PINOCCHIO

simulations of (40h−1Mpc)3 volumes and follow the evolution to the local
universe at z = 0. We present the methods and tools developed to identify
and track the evolution of seeded halos. With these tools, we compute the
evolution of the number density of seeded halos and the occupation fraction
of halos. We also compute the 3-dimensional 2-point correlation functions
and projected correlation functions of the seeded halos, while also accounting
for the finite size of the simulation box. The clustering signal shows good
agreement with the observations of luminous galaxies in the local universe,
and we predict a distinct drop in the clustering at high redshifts at small
scales corresponding to the size of the isolation sphere during the formation
epoch of the seeds. Then we present a method to distinguish among different
seeding mechanisms by creating synthetic Ultra Deep Fields of the same size
as the Hubble Ultra Deep Field. We also detail the method used to create a
light cone by stitching together multiple pencil beams extracted from the box,
and calculating the exact redshifts when each halo enters the light cone.
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In the next part of the thesis, we compute the binary statistics of SMBHs
within dark matter halos as a function of redshift and for different values of
isolation distance. We also investigate the effect on these statistics of different
prescriptions for galaxy and SMBH merger timescales. We then compare our
results to the latest observations of AGN multiplicity such as the Subaru
Strategic Program (Aihara et al., 2018, 2019; Silverman et al., 2020).

In the final part of the thesis, we compute the gravitational wave back-
ground (GWB) emanating from SMBH binaries produced via the Pop III.1
seeding mechanism. Since PINOCCHIO outputs the merger history of the halos,
as done for the multiplicity study, we extract the mergers of seeded halos
and assume a time delay between the merger of the halos and the SMBHs
occupying them. Then, to calculate the merger rate of the black holes as a
function of redshift and chirp mass, we compute the average rate of seeded
halo mergers from 10 PINOCCHIO boxes. Since PINOCCHIO is a dark matter
only code, in order to obtain the mass of the SMBHs inhibiting the seeded
halos, we use halo mass – black hole mass scaling relations. Then we compute
the value of the GWB and explore the impact of different assumptions of
time delay and the mass scaling relations. Finally, we do comparisons with
the latest results from Pulsar Timing Array experiments, particularly the
NANOGrav collaboration (Agazie et al., 2023a).
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1
I N T R O D U C T I O N

It has been almost 240 years since the existence of black holes was first pos-
tulated by John Michell in 1784 and by Pierre-Simon Laplace independently
in 1796 (Michell, 1784; Laplace, 1796). Since then black holes have captured
the imagination of scientists and the general public alike. It was only in 1967

that the term black hole was coined by John Wheeler. Initially postulated as
stars with enough gravitational attraction to pull all the emitted light back
towards it, we now have a much better understanding of the behaviour of
these objects.

Mere months after Einstein published the General Theory of Relativity
(Einstein, 1916), Schwarzschild found an exact solution to the field equations
outside a spherically symmetric and non rotating mass distribution (Schwar-
zschild, 1916). The Schwarzschild metric, or the square of the line element
describing this spacetime in spherical coordinates is given by:

ds2 = −
(
1−

rs

r

)
c2dt2 +

(
1−

rs

r

)−1
dr2 + r2dθ2 + r2 sin θ2dϕ2 (1)

where rs = 2GM/c2 is the Schwarzschild radius and M being the total
mass of the spherical body. If a body becomes compact enough such that
its radius becomes smaller than the Schwarzschild radius - it becomes a
black hole. It can be shown mathematically that all the geodesics inside
this region end at the center, the singularity, which means that any object
that finds itself inside this region will be trapped and not able to escape
outside. At the Schwarzschild radius, the radial component of the metric
(1− rs/r)

−1 goes to infinity, although it is only an artefact of the particular
choice of coordinates. The metric becomes regular in other coordinates such
as the Lemaitre coordinates and Eddington–Finkelstein coordinates. The
singularity at r = 0 is the only true singularity in this metric. The boundary
which separates the universe and the r < rs region is called the event horizon,
named after the fact that any event happening inside this region would be
unobservable to an outside observer since no signal from the event would
emerge outside.

To find a solution which included rotation as well, it took another 47 years
when Roy Kerr published an exact solution for a spherically symmetric and
rotating black hole (Kerr, 1963). Unlike the Schwarzschild metric, Kerr metric
exhibits two event horizons where the purely radial component of the metric
goes to infinity. However, this metric also has a region termed ergosphere,
within which the temporal component of the metric inverts its sign. This
implies that any particle inside this region must co-rotate with the inner mass.
Also, while in the Schwarzschild metric the singularity at the center is a
point, Kerr metric exhibits a circular singularity, known as ring singularity. All
these additional features of this metric are a result of the spin of the central
mass - if the spin equals zero, the metric reduces to a Schwarzschild metric.
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2 introduction

Soon after publication of the Kerr metric, it was generalised for a charged
and spinning black hole which is now known as the Kerr-Newman metric
(Newman and Janis, 1965; Newman et al., 1965).

Although a black hole itself is a simple object, the formation process is a lot
more complicated. Various mechanisms have been proposed, ranging from
the collapse of stars to the fluctuations of spacetime in the early universe.
But fundamentally, they all behave the same, irrespective of the formation
mechanism. According to the no-hair theorem, a black hole is described com-
pletely by three independent properties - mass, electric charge, and angular
momentum. This means that any information of the formation mechanism
and the properties of the matter (or antimatter) that created the black hole is
lost. So in order to investigate their formation mechanisms, we need to rely on
their ensemble properties such as their number density and clustering, or the
effect of its metric on the surrounding environment or the host galaxy/halo
in general.

The formation, and the very existence of black holes have been debated
extensively in the past. Regarding the formation, an idealized calculation
by Oppenheimer and Snyder (1939) proved that black holes can form from
ordinary matter, via the collapse of a star made from pressureless "dustball"
due to its own self gravity (Hughes, 2005). We now have a much better
understanding of the formation of black holes via stars - when the source
of internal pressure - nuclear fusion inside a star - dies out, it results in the
whole star succumbing to the force of its own gravity and collapsing at the
center. Depending on the initial mass of the star, the collapsed remnant can
either be a white dwarf, a neutron star, or a black hole. The collapse of stars
is one of the most prominent ways to create stellar mass black holes - with
masses ranging from a few solar masses to tens of solar masses.

Regarding the existence of black holes, we now have direct evidence of
them through the detection of gravitational waves by Laser Interferometer
Gravitational-Wave Observatory (LIGO) Collaboration (LIGO Scientific Col-
laboration et al., 2015; Abbott et al., 2016) emitted by their mergers. At the
date of writing this thesis, they have detected multiple stellar mass black
holes, with masses reaching as high as ∼ 150M⊙ (Abbott et al., 2020a,b). In ad-
dition to this, we even have direct images of black holes now, from the Event
Horizon Telescope Collaboration (2019; 2022) who imaged the supermassive
black holes at the center of Messier 87 galaxy and our Milky Way Galaxy
(figure 1.1). These black holes have masses of the order of ∼ 106 − 109M⊙,
which are on the highest end of the mass spectrum. With these recent images
and the GWs from their mergers, there is a definitive proof of their existence.
In the next section we discuss in detail the formation of supermassive black
holes.

1.1 supermassive black holes

As mentioned in the previous section, the origin of stellar mass black holes is
well understood, but the same is not completely true for the black holes on
the massive end - the supermassive black holes (SMBHs). These black holes
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(a) M87*, the SMBH at the center of Messier 87 galaxy, ∼ 16.4 Mpc
from the Sun.

(b) Sagittarius A*, the SMBH at the center of Milky Way, ∼ 8 kpc
from the Sun.

Figure 1.1: The images of black holes taken by the Event Horizon Telescope Collab-
oration (2019; 2022).



4 introduction

are defined to be more massive than ∼ 105M⊙, and are found at the center
of most massive galaxies (e.g., Ferrarese and Ford, 2005; Volonteri, 2010;
Graham, 2016; Inayoshi et al., 2020; Volonteri et al., 2021; Lusso et al., 2023).
The SMBHs imaged by the Event Horizon Telescope mentioned above (figure
1.1), are also at the center of their respective galaxies. The origin of these
black holes is one of the most outstanding open questions of contemporary
astrophysics.

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 ≳ 109M⊙, place stringent constraints
on SMBH formation and growth scenarios. Wang et al. (2019) found a quasar
at z ∼ 6.6 hosting a SMBH with virial mass around 3.59× 109M⊙ (Yang
et al., 2021), which is one of the most massive black holes discovered at
z > 6.5. More recently, the continuous influx of astounding results from
the James Webb Space Telescope1 (JWST) has raised more questions than
answers regarding the earliest SMBHs. For example, the recently discovered
GN-z11 galaxy at redshift z ∼ 10.6 has hinted at the presence of a SMBH
of mass around 1.6× 106M⊙ (Bunker et al., 2023; Maiolino et al., 2023a).
Furthermore, Harikane et al. (2023) detected 10 faint AGNs with masses
around ∼ 106 − 108M⊙ in the redshift range z = 4− 6, while Maiolino et al.
(2023b) confirmed 12 more at 4 < z < 7 with masses 4× 105M⊙ to 8× 107M⊙.
These recent results, along with others (for e.g., Yue et al., 2023; Stone et al.,
2024) show the interesting trend of SMBH masses lying 1 to 2 dex above
the local black hole mass - stellar mass relation. Although this may imply
a possible evolution of the relation at higher redshifts as summarised in
Pacucci et al. (2023), Li et al. (2024) suggests that this may be mainly due to a
combination of selection effects and uncertainties in black hole and stellar
mass measurements. Nonetheless, the existence of these high redshift SMBHs
imply that at least some of them could form and grow efficiently to very high
masses by the time the universe was only a few 100 million years old.

The challenge comes in explaining the masses of these behemoths when the
universe was still in its infancy. The figure 1.2 taken from Wang et al. (2021)
gives a visual representation of this conundrum. The figure shows some
of the most massive and earliest quasars and their growth track assuming
Eddington-limited accretion for their entire lifetime. For the most massive
black holes, even assuming very early formation at z ∼ 30 with Eddington-
limited accretion the SMBH seed mass would need to be ≳ 104M⊙ and a later
formation epoch would imply even higher seed masses. Going to earlier and
earlier times indefinitely to reduce the seed mass is also not an option since
the formation of halos with enough baryonic matter and then the formation
of stars which will collapse - requires time and favourable conditions. While
scenarios of super-Eddington accretion have been proposed (e.g., Kohri et
al., 2022), numerical simulations indicate that typical gas supply rates to
early-formed SMBHs are impacted by star formation feedback and will be
far below the level needed to sustain Eddington-limited accretion rates (e.g.,

1 https://webbtelescope.org/

https://webbtelescope.org/
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Figure 1.2: The figure from Wang et al. (2021) showing the possible growth tracks of
confirmed high redshift quasars (z ⩾ 7) assuming an Eddington-limited
accretion for the entire lifetime with 0.1 radiative efficiency. The colored
horizontal bands refer to the range of seed masses of the black hole form
different formation mechanisms.

O’Shea et al., 2005; Jeon et al., 2023). These considerations motivate the need
for models of black hole formation at the supermassive, ≳ 105M⊙ scale.

1.1.1 Formation mechanisms

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 ∼ 108M⊙. The cloud collapses into a single,
supermassive star of 104 − 106M⊙ that then forms a SMBH (e.g., Bromm
and Loeb, 2003; Lodato and Natarajan, 2006; Shang et al., 2010; Montero
et al., 2012; Maio et al., 2019; Bhowmick et al., 2022a). It may also happen
that the collapse proceeds via an intermediate phase where a quasi-star is
formed which is powered by accretion onto a small growing black inside the
quasi-star instead of nuclear burning (Begelman et al., 2006, 2008). The main
condition required for these supermassive seeds to form is that when the
protostar is growing, the accretion can continue without gas fragmentation.
This can happen if the surface of the protostar remains cool, which results in
less ultraviolet radiation emerging from the protostar and hence no disruption
to the accretion flow. And the possibility of cool outer layers increases if the
protostar grows in timescales shorter than the Kelvin-Helmholtz timescale
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(Haemmerlé et al., 2020). Furthermore, for the accretion to continue without
fragmentation, the halos need to be metal free - which is already satisfied
since they only have primordial gas composition. However, the formation of
molecular hydrogen must be suppressed, which provides a cooling channel
and hence fragmentation (Latif et al., 2013). This requires strong Lyman-
Werner radiation to photodisassociate the molecular hydrogen (Wise et al.,
2019). The alignment of all these conditions naturally to create SMBHs makes
this scenario relatively rare (Habouzit et al., 2016).

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 somewhat contrived 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, re-
cent simulations have shown that the supermassive stars forming via this
mechanism might not be as massive as initially predicted, but only reaching
≲ 104M⊙, due to the turbulent environment present in the initial stages of
galaxy formation which disrupts the accretion flow (Regan et al., 2020).

Another mechanism to form intermediate, or even supermassive black
holes is through runaway stellar mergers in young and dense metal-poor
clusters to create stars with masses of the order ∼ 200− 103M⊙ (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 before exploding as supernovae (Ebisuzaki, 2003). Gas accretion
driven compression of a dense cluster of stellar mass black holes to form a
SMBH has also been proposed (Kroupa et al., 2020), along with the repeated
collisions among minihalos of 105M⊙ to create favourable conditions (Katz
et al., 2015). However, in general predicting whether the conditions needed
for such dense clusters arise in galaxies and at what rate is very challenging
given 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 and Omukai, 2020; Tagawa
et al., 2020).

Another class of SMBH seeding model considers the very first, so-called
Population (Pop) III stars as potential progenitors. These were the first stars
to form in the early universe, in metal-free and metal-poor environments.
These environmental conditions provide the perfect opportunity to accrete
matter onto the protostar without the issue of fragmentation. The only cooling
agent in this case in molecular hydrogen. Since it is an inefficient coolant
compared to heavier metals, the temperature of the gravitationally contracting
primordial gas is higher than the interstellar medium - resulting in reduced
fragmentation. Conventional models of Pop III star formation predict stellar
masses that are “only” ∼ 100M⊙ (e.g., Madau and Rees, 2001; Abel et al., 2002;
Bromm et al., 2002; Tan and McKee, 2004; McKee and Tan, 2008; Hosokawa
et al., 2011; Susa et al., 2014), which would only have the ability to produce
stellar-mass black holes, i.e., relatively low-mass seeds.

More exotic models involving modification of the standard cold dark matter
paradigm have also been proposed. For example, if dark matter undergoes
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self-interaction, then this could provide a mechanism for SMBH seeding
via collapse of the halos themselves (e.g., Feng et al., 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).

1.1.2 Seeding in simulations

Given the uncertainty of SMBH formation models and the difficulty of resolv-
ing 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 model 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× 105M⊙ in each halo which crosses
a mass threshold of mth = 7.1× 1010M⊙. A similar approach was used in
the Evolution and Assembly of GaLaxies and their Environments (EAGLE)
simulation (Barber et al., 2016). These kind of mechanisms are largely driven
by the mass resolution of the simulations: since the early phases of galaxy
formation are not resolved, seed black holes are placed in halos as soon as
they are resolved with a minimum number of particles.

More recent simulations have taken into consideration additional proper-
ties of the host galaxy for SMBH seeding. For example, the Horizon-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 105 M⊙ 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 × 104M⊙ was assigned to the galaxy. In
another approach, the ROMULUS simulation (Tremmel et al., 2017) 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 106M⊙ adopted.
In yet another example, Bhowmick et al., 2022b have considered a variety
of gas-based SMBH seeding prescriptions and a range of seed masses from
∼ 104 to 106 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.
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1.2 pop iii .1 model

In this thesis, we focus on a formation mechanism based on Pop III.1 stars
as the progenitors of SMBHs. These stars are a subcategory of Pop III stars,
which were distinguished by McKee and Tan (2008) into Pop III.1 and Pop III.2
stars. The former are the ones which are formed first in dark matter minihalos
in a given region of the universe and so are isolated from other stellar or
SMBH feedback sources. The latter also form with primordial composition of
gas in dark matter minihalos, but are influenced by external astrophysical
sources of feedback. This results in a greater possibility of fragmentation
and hence lower masses compared to Pop III.1 stars. Semi analytical models
presented by Tan and McKee (2004) and McKee and Tan (2008) showed that
Pop III.1 stars can grow up to ∼ 140M⊙. Greif and Bromm (2006) also argues
similar subdivision of Pop III stars, and present ⩾ 100M⊙ masses for Pop
III.1 stars, while an order less for the Pop III.2 stars. However, Tan et al. (2010)
applied the semi analytical models of McKee and Tan (2008) to simulations
of O’Shea and Norman (2007) and found an Initial Mass Function (IMF) of
the stars peaking at ∼ 100M⊙, but with a tail extending to ∼ 103M⊙.

The higher end of the obtained IMF is massive, but not enough to reach
the scales of SMBHs of ∼ 105M⊙. As mentioned before, to explain the masses
of the observed high redshift quasars, seed masses around of 103M⊙ would
need Eddington-limited accretion through its entire lifetime. Such rate of
prolonged accretion is unlikely to be sustained, due to the radiative and
mechanical feedback of the Pop III.1 star on its surroundings (O’Shea et al.,
2005; Johnson and Bromm, 2007; Milosavljević et al., 2009).

One interesting way to increase the mass of these stars further is by con-
sidering the physics of dark matter particles inside their natal minihalo.
If the dark matter particles are constituted by Weakly Interacting Massive
Particles (WIMP), then the energy released by their self-annihilation inside
the protostar can be captured by it (Spolyar et al., 2008; Natarajan et al., 2009;
Freese et al., 2010; Rindler-Daller et al., 2015). This effect will be the strongest
at the center of the halo, where the density of dark matter particles is the
highest. Thus, this condition requires the co-location of the star with the
cusp of the dark matter halo. The energy injection from the self-annihilation
results in the protostar to be in a swollen, relatively cool state, minimizing the
ionizing feedback in its surroundings. This allows efficient accretion of the
baryonic content of the halo; essentially the entire ∼ 105M⊙ baryonic mass
of the halo can be accreted before the star collapses into a SMBH after a few
Myr.

This Pop III.1 seeding mechanism, which is based on locating isolated
minihalos, 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 (diso),
i.e., how far a newly forming minihalo needs to be from previously formed
halos in order to be a Pop III.1 source. For a fiducial value of diso = 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,
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that in this case (and all other reasonable cases) most minihalos do not form
Pop III.1 sources. Rather, most are Pop III.2 sources, which are metal free,
but having been disturbed by radiative feedback are expected to undergo
significant fragmentation to form only lower-mass (e.g., ∼ 10M⊙) stars (Greif
and Bromm, 2006).

This thesis aims to carry out further investigation of the Pop III.1 seeding
mechanism, by applying it to cosmological simulations extending to z =

0. We particularly focus on three aspects of the SMBHs formed from this
mechanism: the ensemble properties of the seeded halos and the SMBHs
hosted in them, the dual AGN statistics, and finally the gravitational wave
background generated by the mergers of these black holes. The thesis is
structured as follows.

Chapter 2 presents a brief introduction of the theoretical formulation of
the gravitational wave background, and the latest results from Pulsar
Timing Array experiments.

Chapter 3 first describes the cosmological simulation used, and the nu-
merical methods developed to implement the seeding mechanism using
the simulation outputs. This chapter also details the ensemble results of
the seeded halos, namely the number density, the occupation fraction,
and the clustering.

Chapter 4 outlines the methods used to create a synthetic Ultra Deep Field
from the simulation boxes. After this the chapter also explores the
dependence of the seeding parameters on the number of seeds in the
field.

Chapter 5 provides preliminary estimates on the fraction of dual AGNs
from the Pop III.1 model, after describing simple assumptions and
physical models adopted for merging timescales.

Chapter 6 describes in detail the methods used to calculate the gravita-
tional wave background from the Pop III.1 seeding mechanism, and its
comparisons with the latest observational results.

Chapter 7 summarizes the main conclusions of the thesis, and the future
scope of the presented work.





2
G R AV I TAT I O N A L WAV E B A C K G R O U N D

It took almost 100 years since the prediction of gravitational waves (GWs)
by the General Theory of Relativity (Einstein, 1916) to directly detect them
through the merger of stellar mass black holes. This signal was detected by the
Laser Interferometer Gravitational-Wave (LIGO) Observatory in September
2015 which matched the waveform of a stellar binary black hole merger with
more than 5.1σ significance (Abbott et al., 2016). Since then more mergers
have been detected, including a neutron star - neutron star merger (Abbott
et al., 2017). Most of the compact objects detected through these mergers,
either the merging black holes or the remnants, have masses of around a
few tens of solar masses, with the maximum around ∼ 150M⊙ (Abbott et al.,
2020a,b). This is due to the design sensitivity of the detector, which has a
sensitivity peak at ∼ 100 Hz (LIGO Scientific Collaboration et al., 2015), most
suitable for detecting the inspiral frequency just before and during the merger
for stellar mass black holes.

For black holes at the extreme end of the mass spectrum - around ∼ 108 −

1010M⊙, which are found at the center of massive galaxies, their binaries emit
GWs with slowly evolving frequencies, superimposing to form a broadband
signal in the nHz range - the Gravitational Wave Background (GWB; e.g.,
Rajagopal and Romani 1995; Wyithe and Loeb 2003; Sesana et al. 2004; Burke-
Spolaor et al. 2019). This background is of particular interest to us since the
Pop III.1 model predicts supermassive black hole seeds formation in the early
universe which will later form binaries and create a GWB. In this chapter we
present a brief introduction to the theoretical formulation of the background,
and then the advancements in the detection of this background using arrays
of pulsars. Finally, we end with the latest results from the detection of the
background.

2.1 theoretical formulation

In this section, we present an overview of the key concepts and relevant
formulae to calculate the GWB based on a population of merging SMBH
binaries. Let fr be the frequency of the gravitational waves emitted by a source
in its frame, which is at redshift z. Then the redshifted frequency f observed
at Earth or in the observer’s frame is related to the source frame frequency
by fr = f(1+ z). Let the energy emitted by the source in gravitational waves
between frequencies fr and fr + dfr be (dEgw/dfr)dfr.

Next, we define Ωgw(f) as the present-day GW energy density per logar-
ithmic (observer frame) frequency interval, normalized to the critical energy

11
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density ρc. Then the total present day energy density of gravitational radi-
ation Egw can be calculated as

Egw ≡
∫∞
0

ρcc
2Ωgw(f)

df

f
, (2)

where ρc = 3H2
0/(8πG). Now let us consider a population of coalescence

events per unit comoving volume occurring between redshift z and z+ dz,
and define it by (dn/dz)dz. In other words the number density of events
per unit redshift is defined as dn/dz. Then in a homogeneous and isotropic
universe, the total present day energy density Egw is equal to the sum of
the energy densities radiated at each redshift from all the sources (Phinney,
2001):

Egw =

∫∞
0

∫∞
0

dz
dn(z)

dz

1

1+ z

dEgw

dfr
fr
dfr

fr
(3)

=

∫∞
0

∫∞
0

(
dn(z)

dz

1

1+ z
fr
dEgw

dfr

)
dz

df

f
. (4)

Here the factor 1/(1 + z) accounts for the redshift of the gravitons since
emission. Now equating equation 2 with equation 4, we get:

ρcc
2Ωgw(f) =

∫∞
0

dn(z)

dz

1

1+ z
fr
dEgw

dfr

∣∣∣∣
fr=f(1+z)

dz. (5)

Finally, using equation 2 from Phinney 2001 to relate the energy density with
the GW amplitude of the spectrum, we can rewrite the last equation as:

ρcc
2Ωgw(f) =

π

4

c2

G
f2h2

c(f) =

∫∞
0

dn(z)

dz

1

1+ z
fr
dEgw

dfr

∣∣∣∣
fr=f(1+z)

dz, (6)

where hc(f) is the characteristic amplitude of the GW spectrum over logar-
ithmic frequency interval d ln f = df/f. We can rearrange this equation to
finally obtain the expression for the spectrum:

h2
c(f) =

4G

πc2
1

f2

∫∞
0

dn(z)

dz

1

1+ z

dEgw

d ln fr

∣∣∣∣
fr=f(1+z)

dz. (7)

This equation gives the important result that the spectrum is independent of
cosmology, and only depends on the rate of merger events and the energy
spectrum of the gravitational wave emission. For a population of SMBH
binaries, which are far from their last stable circular orbit frequencies, the
energy spectrum, or the energy emitted per logarithmic frequency interval is
given by (Thorne, 1987)

dEgw

d ln fr
=

1

3G
(GM)5/3(πfr)

2/3, (8)

where M is the source/rest frame chirp mass, defined for two objects of
masses m1 and m2 orbiting around each other as M = (m1m2)

3/5/(m1 +

m2)
1/5. The frequency of the GW fr is twice the orbital frequency forb.

This equation 8 is the Newtonian approximation which is sufficient for our
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purposes, and it is valid for cases when the orbit is shrinking only due to the
emission of GWs without any eccentricity.

Considering again the number density of the mergers, we can update it to
include the dependence on the chirp masses of the binaries:

dn

dt
=

∫∞
0

d2n

dzdM
dM, (9)

where d2n/dzdM is the comoving number density of mergers per unit
redshift and chirp mass. Using equations 7, 8 and 9, we can now write
the expression for characteristic amplitude of the GWB for a population of
inspiraling massive binaries as

h2
c(f) =

4G

πc2
1

f2

∫∞
0

dz

∫∞
0

dM
d2n

dzdM

1

1+ z

dEgw

d ln fr
(10)

=
4G5/3

3π1/3c2
1

f4/3

∫∞
0

dz

∫∞
0

dM(1+ z)−1/3M5/3 d2n

dzdM
. (11)

From this simplified version of the characteristic amplitude (equation 11),
we can conclude that to calculate the background we just need the number
density of the merger events per unit redshift and chirp mass, and that the
frequency dependence of the spectrum is independent of the number density.
This expression also motivates the common expression for the background as
a power law of the form

hc(f) = Ayr

(
f

yr−1

)−α

, (12)

where Ayr is the amplitude at a reference frequency of 1yr−1, and α = 2/3

for the ideal case. The coefficient Ayr contains all the information of the
source population, which turns out to be independent of the frequency of the
spectrum in the ideal case.

Another way to interpret the equation 11 is by expressing the comoving
number density of mergers in terms of d3N/dzdMd ln fr, which depicts the
number of comoving number of binaries emitting in a given logarithmic
interval with chirp mass in the range [M,M+ dM], and redshifts belonging
to the interval [z, z+ dz] (Rajagopal and Romani, 1995; Jaffe and Backer, 2003;
Sesana et al., 2008):

d2n

dzdM
=

d3N

dzdMd ln fr

d ln fr

dtr

dtr

dz

dz

dVc
, (13)

where

d ln fr

dtr
=
96

5

(GM)5/3

c5
(πfr)

8/3 (14)

dtr

dz
=−

1

H(z)(1+ z)
(15)

dz

dVc
=

H(z)

4πd2
c(z)c

. (16)
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In the expressions above, d ln fr/dtr is the rate of change of frequency of the
emission due to gravitational radiation, and tr is the time in rest frame. dtr/dz
is the lightcone term, and dVc is the differential comoving volume of the shell
at redshift z. Using all these expressions, we can calculate d3N/dzdMd ln fr
as:

d3N

dzdMd ln fr
=

5

24

c6

π5/3
(GM)−5/3(1+ z)d2

c(z)f
−8/3
r

d2n

dzdM
. (17)

This expression allows us to populate the universe with GW emitting binaries,
using as input the number density of coalescences d2n/dzdM, which can be
from an analytical expression, or extracted from a simulation.

Let us also consider the strain of GWs emitted by a binary in circular orbit,
whose orbit is decaying via the emission of the waves. The leading order
contribution is given by (Thorne, 1987)

hs(fr) =
8π2/3

101/2
(GM)5/3

c4dc(z)
f
2/3
r , (18)

where dc(z) is the comoving distance to redshift z. Equipped with this
equation, and equations 11 and 17, we apply a little algebraic manipulation
to arrive at the following expression for the strain of the GWB (Sesana et al.,
2008):

h2
c(f) =

∫∞
0

dz

∫∞
0

dM
d3N

dzdMd ln fr
h2
s(fr). (19)

This equation provides a simple interpretation of the background: the square
of the background is given by integral of all the sources emitting in a logar-
ithmic frequency bin d ln fr multiplied by the squared strain of the individual
source. We will use this expression later in the thesis to calculate the back-
ground for the Pop III.1 model (Chapter 6). This equation also highlights an
important aspect of calculating the background, especially at higher frequen-
cies where the contribution mostly comes from the most massive binaries. It
may happen that there is on average less than one source with a particular
chirp mass, at a particular redshift and emitting in a particular frequency bin:
this means that the term d3N/dzdMd ln fr could become less than one. But
since this term gives the number of sources in that particular 3-dimensional
(z,M, ln fr) bin, it should be set to zero as there are no "fractional" sources in
a real universe. This was not being considered in equation 11, even though
it is equivalent with equation 19. This discreteness of the sources at high
frequencies causes a drop in the amplitude of the spectrum, which would
otherwise follow a simple power law with hc(f) ∝ f−2/3. For an extensive
discussion on this, we refer the reader to Sesana et al. (2008). In our work, we
consider the discreteness of the sources.

2.2 detecting the background

To detect the GWB, the same basic principle which is used to detect the
GWs terrestrially is used - measure the changes in the distance between



2.2 detecting the background 15

two freely falling references masses, which could be due to the passing of
GWs between the two objects (Pirani, 1956, 2009). The physical limitations
of the terrestrial observatories (such as LIGO), make them sensitive to the
∼ 100 Hz GW frequency band, as mentioned before. To detect the nHz waves
which are the characteristic of SMBHs, Sazhin (1978) and Detweiler (1979)
proposed monitoring the changes in regularity of pulsar emission as the
evidence for a GW passing between the solar system and the pulsars. Their
extremely precise Time of Arrival (TOA)s of the pulses allows them to be
used as accurate clocks, and any small change in their timings can be detected.
In a seminal work by Hellings and Downs (1983), they suggested that the
correlations between the perturbations of Time of Arrivals (TOAs) of multiple
pulsars could reveal a GW signal. To this regard, Romani (1989) and Foster
and Backer (1990) proposed a way to detect the GWB buried in the pulsar
TOA noise by monitoring a pulsar timing array of highly stable millisecond
pulsars.

In the present day we now have multiple groups and consortia monitoring
pulsars for multiple years to detect tiny changes in the TOAs which are
attributed to the GWB. The North American Nanohertz Observatory for
Gravitational Waves1 (NANOGrav) is one such consortium who recently
found an evidence of a background after monitoring a set of 67 pulsar for
a baseline exceeding 15 years (Agazie et al., 2023a; Agazie et al., 2023b).
The results were released together with other Pulsar Timing Arrays (PTAs)
collaborations, namely the European PTA2 (EPTA Collaboration et al., 2023),
the Parkes PTA3 (PPTA; Reardon et al., 2023) and the Chinese PTA (CPTA;
Xu et al., 2023), which all show an evidence of the GWB.

Focusing on the results from the NANOGrav Collaboration (the NANO-
Grav 15 year data), figure 2.1 shows the relative position of the monitored
pulsars with respect to our galaxy. All the pulsars were monitored for at
least 3 years, with some of them monitored over 16 years. After analysing the
TOAs from all these pulsars, the interpulsar phase-coherent correlation was
found to be in good agreement with the correlation expected from a signal
of GW origin (HD correlation; Hellings and Downs, 1983). Figure 2.2 shows
these correlations in interpulsar angular separation bins. These correlations
are calculated assuming the signal is due to an ideal GWB or equivalently
α = 2/3 (in the figure γ is the spectral index defined as γ = 3+ 2α = 13/3).
As we can see, the measured signal follows the HD correlation, providing
evidence for a GWB.

Figure 2.3 shows the posteriors of the amplitude of the spectrum and the
spectral index at 1yr−1 and 0.1yr−1 reference frequencies obtained through
the Bayesian analysis of the signal (Agazie et al., 2023a). The posterior medi-
ans and the 5% − 95% quantiles for the amplitude are Ayr = 6.4+4.2

−2.7 × 10−15

and for the spectral index γ = 3.2+0.6
−0.6. It is worth mentioning that although

in literature the models usually present Ayr, i.e., the spectrum at 1yr−1 refer-
ence frequency, the constraints from NANOGrav are usually derived from

1 https://nanograv.org/

2 https://www.epta.eu.org/

3 https://www.atnf.csiro.au/research/pulsar/ppta/

https://nanograv.org/
https://www.epta.eu.org/
https://www.atnf.csiro.au/research/pulsar/ppta/
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Figure 2.1: The relative position of all the pulsars monitored by NANOGrav for the
15 year data set. All the vertices represent the position of the pulsars. The
position of our Solar System is inside the dense group of pulsars in the
center of the image, but slightly offset to the left. Credits: NANOGrav
Collaboration (https://www.youtube.com/watch?v=c2EKbvnee3o)

Figure 2.2: The interpulsar angular-separation-binned correlation from 2211 distinct
pairs from 67 pulsars, assuming an ideal GW background with α = 2/3,
or γ = 13/3. The theoretical HD correlation is shown in black dashed
line. The horizontal black line represents no correlation. Credits: Agazie
et al. (2023a).

https://www.youtube.com/watch?v=c2EKbvnee3o
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Figure 2.3: The 1σ, 2σ and 3σ credible region posteriors for the value of the GWB
and the spectral index γ at reference frequencies of 1yr−1 (blue contours)
and 0.1yr−1 (orange contours). The dashed colored distributions in the
plot on the right show the posteriors after assuming γ = 13/3. Credits:
Agazie et al. (2023a).

lower frequencies, since they have higher signal-to-noise ratio and the most
sensitive frequency band is around ∼ 0.1yr−1. The main takeaways from this
figure are:

• The amplitude of the background is slightly on the higher end compared
to previous predictions from various models for a background from
SMBH binaries (e.g., Sesana et al., 2008; McWilliams et al., 2014; Ravi
et al., 2015; Kulier et al., 2015; Zhu et al., 2019; Simon, 2023). This could
imply that the signal is coming from a more massive population of
black holes than previously assumed.

• The posterior for the spectral index γ is in moderate tension with
the theoretical γ = 13/3 for GW-only induced inspiral of the binaries.
The smaller value implies that the orbital shrinkage of the binaries is
significantly affected by the binaries’ interaction with the surrounding
gas and stars.

The figure 2.4 shows the strain of the GWB, calculated using the NANOGrav
15 yr dataset (Agazie et al., 2023). As mentioned before, the lower frequency
bins have lower signal-to-noise ratio which is apparent from the size of the
distributions in the violin plot. The environmentally driven evolution of bin-
aries model, and only GW-induced model - both fit well to the data, although
the former provides a slightly better fit, especially at the lowest frequency bin
where the environmental effects are the most prominent (e.g., Sesana, 2010;
Kelley et al., 2017; Biava et al., 2019; Bortolas et al., 2021). From the figure we
can also observe that the GW only evolution drops below the ideal power law
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Figure 2.4: The NANOGrav 15 yr GWB spectrum posteriors translated into the
characteristic strain. The violin plot depicts the posteriors, while the two
colors represent the output from two different estimators. The solid blue
line shows the best fit environmentally driven binary evolution, and the
purple line shows the strain for only GW-induced evolution. The dotted
black line shows the ideal power law model with α = 2/3. Credits: Agazie
et al. (2023)
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model at higher frequencies due to the discreteness of the sources mentioned
in §2.1.

With the current signal-to-noise ratio, the signal cannot be definitely attrib-
uted to the SMBH binaries, even though all the results derived are consistent
with binaries. Nonetheless, the possibility of the signal originating from
non-astrophysical sources and new physics is still present. Afzal et al. (2023)
investigated the possibility of the signal originating from cosmic inflation,
scalar-induced GWs, cosmic strings, and more. Although some of the models
provide a better fit to the data compared to the inspiraling SMBH binaries, it
is believed that the improvement in noise modelling and the understanding
of the SMBH binary signals will weaken the evidence against new physics. In
the near future, the results of NANOGrav 15 year data set will be combined
with results from other PTA experiments to increase the number of mon-
itored pulsars and the signal-to-noise ratio. This will provide an improved
understanding of the signal and most probably confirm the SMBH binary
origin of the background.

In Chapter 6, we calculate the GWB from SMBH binaries in the Pop III.1
model and compare it with the NANOGrav 15 year results.





3
E V O L U T I O N O F S E E D E D H A L O S D O W N T O T H E L O C A L
U N I V E R S E

As mentioned in Chapter 1, Banik et al. (2019) (Paper I) applied the Pop
III.1 seeding mechanism in a cosmological simulation down to z = 10. They
presented the evolution of the number density for different isolation distances
up to z = 10, the clustering of the seeded halos at that redshift, and also
the synthetic sky maps, among other results. In this chapter, we take the
same seeding mechanism and push all the above mentioned results plus
the occupation fraction down to redshift zero using the latest version of
PINOCCHIO code. We start by giving an overview of the PINOCCHIO code,
then present the seeding scheme and its methodological application to the
simulation outputs. After this we present all the results obtained from the
application of this seeding scheme, such as the number density, the occupation
fraction and the clustering. We finish by presenting a simple comparison of
the projected correlation function of the seeded halos with observations. The
entire content of this chapter presents the results from the paper published
in the Monthly Notices of the Royal Astronomical Society:

• Jasbir Singh, Pierluigi Monaco, Jonathan C. Tan, 2023, “The formation
of supermassive black holes from Population III.1 seeds. II. Evolution to the
local universe”, Monthly Notices of the Royal Astronomical Society, 525,
969-982.

3.1 pinocchio simulations

As in Paper I, to test our Pop III.1 seeding mechanism, we used the PINOCCHIO

code (Monaco et al., 2002; Munari et al., 2017) to generate a cosmological
box of 59.7 Mpc (40 h−1 Mpc for h = 0.67) with standard Planck cosmology
(Planck Collaboration 2020) and study the formation of Dark Matter (DM)
(mini-)halos in that box. PINOCCHIO uses Lagrangian Perturbation Theory
(Lagrangian Perturbation Theory (LPT), e.g., Moutarde et al., 1991) to ap-
proximate the evolution of cosmological perturbations in a ΛCold Dark
Matter (CDM) universe. This allows the code to run much faster compared to
N-body codes, while also reproducing, with a good accuracy, the mass and
accretion history of halos (Monaco et al., 2013; Monaco, 2016). 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
halos, and a complete information of the merger histories of all the halos,
with continuous time sampling. All these outputs are essential for efficiently
implementing the seeding scheme (described in the next section), and for
obtaining the exact redshift of mergers among seeded halos (discussed in
detail in Chapter 5).

21
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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 minihalos of ∼ 106M⊙
it is necessary to sample a 59.7 Mpc box with 40963 particles; this results
in a particle mass of 1.23× 105M⊙, 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× 106M⊙.

Such a large simulation can only be run on a supercomputer, distributing
the computation on a large number of Message Passing Interface (MPI) tasks.
The construction of halos 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. Halos 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 Lag-
rangian radius Rmax 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) Rmax,
making the memory overhead unsustainable. The constraint is weakened
by stopping the simulation at higher redshift, when Rmax 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, that implements a number of numer-
ical 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 (exclud-
ing the boundary layer) and are predicted to collapse by z = 0. Then the
halo construction code is run once, collecting a tentative list of halos; after,
all the particles that are in the boundary layer and lie within NLag times
the Lagrangian size of any formed halos are added to the list of particles.
After collecting the extra information, the halo construction code is run again,
generating the final list of halos. Memory occupation thus depends on the
parameter NLag; our tests show that NLag = 3 guarantees a convergent result,
but an extreme run such as the one we present here was possible only by
using NLag = 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× 6× 7.5 Mpc sub-volumes for halo
construction. The resulting halo mass function showed two problems that are
presented in greater detail in Appendix A. We discuss here their nature and
their implications.

As a consequence of the difficulty of calibrating the formation of halos with
a very steep power spectrum, the mass of the first halos 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 Figure 1 of Munari et al., 2017 where
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the z = 3 halo MF 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 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 modeling 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 timescales 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 modeling (although one that has physical motivation to
be close to 106M⊙), so one can simply consider our predictions to be valid
for minihalo masses of 2.5× 106 M⊙. We add to these arguments the fact
that inaccuracies in halo masses do not propagate as inaccuracies in halo
positions, that are crucial outcomes of our seeding scheme.

A more serious problem is connected to the inaccurate reconstruction of
halos more massive than 1012M⊙. Indeed, the small size of the sub-box
domain for constructing halos results in a poor reconstruction of massive
halos. This problems makes predictions at z = 0 unreliable. We thus produced
the same box at a lower resolution, sampled with 10243 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 halos that contain seed SMBHs has been performed in
the high resolution box, and though the simulations share the same large-
scale structure, matching massive halos 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 halo clustering of
halos 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.

3.2 seeding scheme

To determine which halos are seeded with a Pop III.1 star and thence SMBH,
consider the scenario depicted in Fig. 3.1, unfolding in the early universe.
The figure shows three stars A, B and C in different halos where only A
and C become Pop III.1 stars whereas B is a Pop III.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 dfeedback, expected 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
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Figure 3.1: 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).

a Pop III.1 star. Star B, which subsequently forms at a distance less than
dfeedback from star A, is affected by the feedback and hence is a Pop III.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
diso. 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 halos present
in the sphere of radius diso. We consider diso as a free parameter in our theory
and vary it to match the observed number density of the SMBHs in the local
Universe.

3.3 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 = 0

to the redshift when the first minihalo forms, z ≈ 40) into small bins of widths
ranging from ∆z = 1, 2 or 3, depending on the output catalogs available,
which in turn depends on the relative change in positions of (mini)halos.
The bins are wider at high redshifts, but smaller at lower redshifts. Then
for each redshift interval (zl, zh] where (zh > zl), we utilised k-d tree data
structure to create a three dimensional map in position space of all the halos
existing between zh and zl. The positions used to create the tree are taken
from the output catalog of PINOCCHIO at the lower redshift of the interval
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(zl). 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 (δ) of position among all the halos existing for the
entire redshift range. Then for each minihalo crossing the mass threshold of
106M⊙ (or as in the nomenclature of PINOCCHIO: "appearing") at a redshift
zapp ∈ (zl, zh], we perform a ball search using the k-d tree to find all the
halos around the appearing minihalo within a sphere of radius diso − 2δ1. If
there exists even a single halo at the redshift zapp within this sphere, then this
minihalo is flagged as a halo containing a non-Pop III.1 star at its center. If
there are no halos existing at this redshift, then the ball search is performed
again with the same minihalo at the center, but this time within a sphere
of radius diso + 2δ. Then for all the halos existing at redshift zapp within the
shell of radius diso ± 2δ, we find the exact distance between the minihalo at
the center and all these halos using the exact positions at zapp. If this distance
is greater than diso for all the halos within the shell, then the minihalo at
the center 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 check the isolation condition for each minihalo appearing in the
cosmological box and find all the seeded minihalos.

At smaller redshifts, the change in positions of the halos (δ) within the
redshift intervals becomes comparable to the isolation distance. This implies
that the quantity diso − 2δ can become negative (in our simulation box, this
happens at around z ≈ 15 for diso = 50 kpc). In this case, the ball search is
directly performed in a sphere of radius diso + 2δ, and then the exact distances
between the minihalo at the center and all the other halos existing at zapp is
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 minihalos is very large, it becomes highly expensive computationally
to reconstruct the tree with updated positions each time a new minihalo
appears.

3.4 results

3.4.1 Number density evolution

As explained in the last section and in Paper I, we identify SMBH-seeded
halos by the condition that the isolation sphere of radius diso 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 diso (in proper distance units)
are shown in Fig. 3.2. The colored dotted lines show the number density

1 A factor of 2 is multiplied with δ to account for the change in position of both the minihalo at
the center of the sphere and all the other halos within the sphere.
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evolution of total number of SMBHs, whereas the colored solid lines show
the number density for seeded halos (which are slightly smaller, especially at
lower redshifts, due to mergers). Compared to the number densities in Figure
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. 3.2 also shows some observational estimates of nSMBH. An estimate at
z = 0, presented in Paper I, is calculated by assuming that each galaxy with
luminosity greater than Lmin = 0.33L∗ hosts an SMBH, with the error bar
around this point assuming a range of Lmin from 0.1 to 1.0 L∗. Note, L∗ is the
characteristic luminosity corresponding to MB = −19.7+ 5 logh = −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.
3.2). Their estimate provides lower bounds on the observed number density
of Type I AGN at redshifts z = 4 to 7.

From Fig. 3.2 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 diso (≈ 90 kpc to 170 kpc), the number density obtained is in reasonable
agreement with the z = 0 estimate. Thus, the case with diso = 200 kpc is
disfavoured simply by its inability to produce enough SMBHs. A key feature
of the fiducial model, i.e., with diso = 100 kpc, is that all SMBHs have formed
very early in the Universe: the process is essentially complete by z ≃ 25.

Fig. 3.2 also shows results for an example halo mass threshold (HMT)
model (shown by green dashed line) in which each halo more massive than
mth = 7.1× 1010M⊙ 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., halos 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 ≳ 5.

We also show the results of a simulation by Chon et al. (2016) modeling the
formation of SMBHs via the direct collapse mechanism. Here they simulated
a 20h−1Mpc 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 halos. While this model allows some SMBHs to form relatively early,
as discussed in Chapter 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 halos
in the Pop III.1 models. Table 3.1 shows the total number of SMBHs that
formed (NSMBH,form) and the number of halos containing them at z = 0

(NSMBH(z = 0)). Assuming efficient merging of SMBHs that are in the same
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Figure 3.2: Evolution of the comoving number density of SMBHs, nSMBH, for differ-
ent 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 halos after accounting
for mergers. An example Halo Mass Threshold (HMT) model is shown
by the dashed green line in which each halo with mass higher than
mth = 7.1× 1010M⊙ is seeded (see text). The green shaded region shows
the effect of lowering and raising mth by a factor of 2. The violet dashed
line shows the results of a simulation modeling 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 Lmin = 0.33L∗ contains one SMBH, with the
range shown by the error bar obtained by varying Lmin from 0.1L∗ to
L∗. The black diamonds are estimated lower limits of nSMBH from JWST
observations of Type I AGN (Harikane et al., 2023).
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Table 3.1: Total number of formed SMBHs (NSMBH,form), total number of SMBHs
remaining at z = 0 assuming efficient mergers (NSMBH(z = 0)), the dif-
ference between these (∆NSMBH = NSMBH,form −NSMBH(z = 0)), which is
equivalent to the number of mergers, and the fraction of original SMBHs
that are destroyed by mergers (fmerger = ∆NSMBH/NSMBH,form).

diso [kpc] NSMBH,form NSMBH(z = 0) ∆NSMBH 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

halo, then the number of mergers is ∆NSMBH = NSMBH,form −NSMBH(z = 0).
A feature of the Pop III.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
AGN number densities, and the gravitational wave background emanating
from these mergers is discussed in later chapters of this thesis.

A caveat of our seeding model is that at small redshifts, around ≲ 6, the
isolation distance in comoving units becomes so small that many minihalos
that appear after this redshift start satisfying the isolation criteria. This
effect would result in an increase in number density by around 2 orders
of magnitude by z = 0 from the converged values around z ≈ 20, for all
cases of diso. 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%).

In Figure 3.3, we show a visual representation of the seeded halos in the
box at different redshifts, for all the isolation distances considered in Fig.
3.2. As discussed, the 50 kpc case is the most crowded with the highest
number of seeded halos at every epoch shown. Initially all the seeds emerge
in a relatively unclustered manner, but eventually the clustering increases
as lower-mass seeded halos migrate towards more massive halos and merge
with them in overdense regions. We perform a more detailed analysis of
clustering in §3.4.3.

3.4.2 Occupation fraction of seeded halos

From observations of local galaxies, it appears that almost all massive galaxies
contain a nuclear SMBH. This implies that the SMBH occupation fraction
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Figure 3.3: Projection of the positions of seeded halos (red) and non-seeded halos
(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 halos within each panel
are shown for ease of visualisation.
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Figure 3.4: Evolution of SMBH occupation fraction of halos for different cases of diso.
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.

of halos should approach unity as halo mass rises. Figure 3.4 shows the
evolution of occupation fraction from one realization of our 59.7 Mpc box,
through 4 different redshifts for halos ranging from [5× 107, 2× 1014]M⊙
(the upper limit of the mass range is chosen to include the most massive halo
at z = 0 in our 10243 resolution simulation box, measuring 1.2× 1014M⊙).
As expected, with the decrease in the isolation distance, more and more
halos are seeded and hence the occupation fraction is higher compared to the
same mass range for larger diso. All the fractions at z = 0 approach unity for
the most massive halos, 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 halos, i.e., ∼ 1012M⊙, that are not
seeded, as in the case of diso = 100 kpc. Figure 3.4 also shows that for
diso = 200 kpc the occupation fraction for halos with masses ∼ 1012M⊙ at
z = 0 is quite small, ≲ 0.1, which is a further indication that it produces too
few SMBHs.

Figure 3.5 shows the evolution of the cumulative occupation fraction, i.e.,
for all halos more massive than {108, 109, 1010, 1011, 1012, 1013}M⊙, for three
different cases of isolation distance. If we consider only the most massive
halos (> 1013M⊙), the fraction is close to one (as also evident from Fig. 3.4).
At a given redshift, as we consider less massive halos, the occupation fraction
decreases. At a given mass threshold, as we move out to higher redshift the
occupation generally rises, since these halos become relatively more extreme
members of the global halo population. Interestingly, the occupation fraction
for all halos more massive than 108 and 109M⊙ (1010M⊙ 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. 3.2).

To obtain a better understanding of the mass function of the seeded halos,
in Figure 3.6 we present the distribution functions of these halos for the
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Figure 3.5: Cumulative occupation fractions of halos having masses greater than a
given value (see legend). The shaded region represents ±1σ error due to
counting statistics.
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Figure 3.6: Mass function of seeded halos at different redshifts for diso = 50, 100 and
200 kpc cases (left to right).

diso = 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 diso. However, the distributions are
quite broad, indicating significant fractions of SMBHs in relatively low-mass
halos, even at z = 0. In a future paper in this series (Cammelli et al., in prep),
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.

3.4.3 Clustering

We perform a clustering analysis using the CORRFUNC library (Sinha and
Garrison, 2020) for PYTHON, and the results are shown in Fig. 3.7. By sampling
r in 20 logarithmic bins of rmin = 0.5 Mpc/h to rmax = 13.3 Mpc/h, we
evaluate the 3D 2-point correlation function2 (2pcf) ξhh(r) for all halos more
massive than 1010M⊙ at z = 0. Since PINOCCHIO only evolves dark matter
halos, the information of substructures such as subhalos within halos 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

2 All 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 3.7: The 3D 2-point correlation function for the seeded halos more massive
than 1010M⊙, at z = 0 for different isolation distances. The blue points
show the correlation function for only the halos containing SMBHs, while
the orange points show the correlation for all the halos, with or without
an SMBH. For the red points, we randomly select halos from the pool
of all the halos, but with the same number and mass distribution as the
seeded halos. The error bars indicate 1σ deviations from the mean value
from randomly sampling 50 times. The green points show the correlation
for halos seeded according to the halo mass threshold (HMT) scheme, in
which all the halos greater than mth = 7.1× 1010M⊙ are seeded.

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 halos (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 diso = 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 halos with the same number and mass distribution as
of the seeded halos, are generally more than 1σ 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 mth = 7.1× 1010M⊙ (Sijacki et al., 2015), depicted by green points. This
model also generally 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 Figure 3.8, we show the evolution of the projected correlation function
for the diso = 50 and 100 kpc cases (blue lines), compared to halos with the
same mass and number distribution as the respective seeded halos (red lines).
As seen in the 3D 2pcf, the clustering of the seeded halos is always lower
than the randomly selected halos and this trend is observed even at higher
redshifts. Furthermore, there is a significant drop of the clustering amplitude
of the seeded halos for scales lower than diso(z̄form) (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
redshift, although is gradually diminished as the Universe evolves to a more
clustered state.
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Figure 3.8: Evolution of projected correlation function for diso = 50 kpc (top row) and
100 kpc (bottom row) cases. The blue line is the average after computing
the correlation of the seeds from 3 orthogonal sides of the box and the
shaded region represents the 1σ spread. The control sample is the cor-
relation of halos selected randomly but with the same mass and number
distribution as the seeded halos at that redshift. The red line refers to the
average after randomly sampling 10 times and the shaded region refers
to 1σ deviations from the mean. The vertical grey line refers to the size
of the isolation radius at the mean formation redshift (diso(z̄form)) of the
seeded halos, and the grey region represents 1σ deviation from the mean.
For 100 kpc, z̄form = 32.08, and for 50 kpc, z̄form = 27.14. The angular axis
on top of each panel corresponds to the angular scale of rp projected on
the sky at the respective redshift.
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We emphasise that comparing our clustering predictions at redshifts greater
than 1 or 2 is not feasible with currently available observational data. The
measurements from a range of luminosity of AGNs at these redshifts imply
minimum halo masses of ∼ 5× 1011h−1M⊙ at z ∼ 3 (Allevato et al., 2014) to
more than 1012h−1M⊙ at z ∼ 4 (He et al., 2018). For our 59.7 Mpc box, the
number of seeded halos above these thresholds are quite low. For instance, for
the diso = 100 kpc case, only around 6% of sources are above this threshold
at z = 3 and only 0.7% sources are more massive than 1012h−1M⊙ at z = 4.
If we apply these halo mass cuts on our seeded halos, 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 halos, we expect that they may cluster as their host halos, with no
appreciable difference with respect to currently used models. More data
on AGN, especially those that are present in lower-mass halos/galaxies is
needed to test the models.

As a crude comparison, in Figure 3.9 we include the clustering measure-
ments from Zehavi et al. (2011), who performed the projected clustering
analysis of volume-limited sample of 570,000 galaxies from the Seventh Data
Release (Abazajian et al., 2009) of the Sloan Digital Sky Survey (Sloan Di-
gital Sky Survey (SDSS), 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 diso = 50 and 100 kpc, along with the HMT scheme,
with their galaxy luminosity threshold cut result for Mr < −19.0. We com-
puted the relation between DM halo mass and r-band absolute magnitude by
comparing the clustering amplitude of PINOCCHIO DM halos with Zehavi et
al.’s measurements, minimising the χ2 of the clustering amplitude only for
rp > 3h−1 Mpc (to avoid the one-halo clustering scales); for Mr < −19.0 we
find a clustering-matched halo mass of M−19.0

PIN = 1.91× 1012h−1M⊙, higher
than the value suggested in that paper (M−19.0

zehavi = 2.55× 1011h−1M⊙); this
is not surprising, given the different cosmology assumed in 2011. We then
applied this halo mass cut on our diso = 50 and 100 kpc sources, as well as
the HMT scheme, and compared the projected correlation function for the
Mr < −19.0 threshold galaxies in Figure 3.9. For the region of interest, the
clustering of the seeded halos shows good agreement, within the errors, with
the observations. The diso = 50 kpc correlation completely overlaps the HMT
one because all the sources more massive than M−19.0

PIN are seeded in this
model. Also, at this high-mass cut, most of the diso = 50 kpc sources are
also seeded in the diso = 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 halos (see §3.4.2) for all the isolation distances,
and since the mass cut is high, this means that most, if not all, the halos are
seeded, regardless of the isolation distance.
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Figure 3.9: Comparison of the results for the projected correlation function wp(rp)

obtained from our simulations for diso = 50 kpc, 100 kpc and the HMT
scheme at z = 0 with the observational data from Zehavi et al. (2011) for
a Mr < −19.0 magnitude cut. The shaded region shows scales smaller
than the size of a typical halo at z = 0, i.e., rp < 3h−1 Mpc, which are
not of interest for our comparison due to limitations of our model (lack
of sub-halos). The HMT scheme and 50 kpc models overlap, as all halos
above the threshold are seeded for that value of diso.





4
U LT R A D E E P F I E L D

As discussed in the previous chapter, the Pop III.1 model predicts a high
number of SMBHs at high redshifts compared to other models. Most of
the seeds are already in place by redshift z ∼ 25 for the fiducial isolation
distance. This implies that one potential way to investigate different seeding
mechanisms is to calculate the number density of SMBHs at high redshifts.
Recent results from JWST surveys have already started to shed light on the
high-z SMBH population (Harikane et al., 2023; Maiolino et al., 2023b), as
discussed in 3.4.1.

Another interesting avenue to target the high redshift population is provided
by the Hubble Ultra Deep Field (HUDF, Beckwith et al., 2006; Ellis et al.,
2013). The original HUDF, shown in figure 4.1, was released in 2004 using the
then newly installed Advanced Camera for Surveys (ACS) in 2002, and the
Near Infrared Camera and Multi-object Spectrometer (NICMOS) (Beckwith
et al., 2006). Located in the constellation Fornax, this image shows more
than 10,000 objects with most of them galaxies. The million second exposure
allowed the instrument to detect light from galaxies in the early universe,
corresponding to redshifts even higher than 7. The deep exposure of the
field presents the possibility to detect faint AGNs at high redshifts, which
would be powered by SMBHs. The redshift space distribution of the AGNs
can thence provide valuable constraints on different seeding mechanisms.

In this chapter, we explain the methods used to create a synthetic ultra deep
field with different seeding schemes, using the simulation volume described
in the previous chapter. We then present the predictions for the number of
sources which could be potentially observed in the UDF. Finally, we briefly
mention our successful observational proposals to re-image the HUDF to
search for high redshift AGNs. The content of this chapter presents the results
from the paper published in the Monthly Notices of the Royal Astronomical
Society:

• Jasbir Singh, Pierluigi Monaco, Jonathan C. Tan, 2023, “The formation
of supermassive black holes from Population III.1 seeds. II. Evolution to the
local universe”, Monthly Notices of the Royal Astronomical Society, 525,
969-982.

4.1 synthetic field construction

To construct the synthetic field, we first need to calculate the total volume
of the field, since this can give us an idea of the number of PINOCCHIO boxes
of 40 Mpc/h side length we need. So in order to calculate the volume of
the field, let us assume that the field is placed symmetrically along the x-
axis, as shown schematically in figures 4.2 and 4.3. The field extends from

37



38 ultra deep field

Figure 4.1: Hubble Ultra Deep Field. Credits: Beckwith et al., 2006
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Figure 4.2: Isometric view of the UDF volume, placed on the x-axis.

the observer to the particle horizon, but we are interested in the comoving
volume from ri to rf, which denote the comoving radial distance to the
initial and final redshifts of the field respectively. The opening angle of the
field is denoted by Θ, and is assumed to be the same for both the polar and
azimuthal angles. Assuming spherical coordinates, the volume of the field
can be calculated by integrating the differential volume element. From the
schematic figures of the field mentioned above, it is straightforward to obtain
the limits of integration for all the axes: the radial coordinate r : ri → rf, the
azimuthal angle ϕ : −Θ/2 → Θ/2, and the polar angle (with respect to the
z-axis) θ : π/2−Θ/2 → π/2+Θ/2. After integrating, we obtain the general
expression for the volume:

V =
2

3
Θ sin

Θ

2

(
r3f − r3i

)
. (20)

If we are aiming for a field ranging from zi = 4 to zf = 16, then ri =

dc(z = 4) = 4, 917.34 Mpc/h and rf = dc(z = 16) = 7, 081.14 Mpc/h. For
the opening angle, considering Θ = 2.4 arcminutes, or 6.98× 10−4 radians.
Using these dimensions, the volume of the field using equation 20 turns out
to be 38,367.78 (Mpc/h)3. This volume is smaller than the volume of our box,
which is 64,000 (Mpc/h)3, implying that the field can be constructed by using
one single box.

Next, we can start constructing the field using the snapshots of the box
captured between redshifts zi and zf, slicing them into pencil beams and
stacking them together end to end. To determine the size of the beams, we
need to consider the (comoving) side length of the field at the initial and final
redshifts. At z = 4, the side length is equal to dc(z = 4)×Θ = 3.43 Mpc/h,
and 4.94 Mpc/h at the final redshift z = 16. Since we are using a 40 Mpc/h
side box, we can take the snapshot of the box and divide it into 25 pencil
beams of 8× 8× 40 Mpc/h dimensions, as shown in the figure 4.4. This size
of the beams will ensure that the entire synthetic field will be encompassed
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Figure 4.3: The projection of the UDF volume on the x− z plane.

by the pencil beams up to z = 16, and even beyond. Then selecting the beams
in random, we stack them next to each other to cover the entire range from
zi to zf, as illustrated in figure 4.5. To include more randomness and reduce
repetitions of halos, the pencil beams are created from all three orthogonal
sides of the box, and then rotated and combined together to make one long
beam. The figure 4.5 shows the configuration of some of the pencil beams
through which the synthetic field is carved, assuming the observer is at x = 0.
But before this is done, the position and redshift of all the halos inside the
pencil beams when they enter the light cone are calculated by solving for z in
the equation

|⃗x(z)| = dc(z) (21)

for each halo. Here x⃗(z) represents the position of the halo from the snapshots
after placing them in the pencil beam. Once the position of all the halos in the
light cone is determined, then all the halos lying inside the field with opening
angle Θ are selected to construct the synthetic ultra deep field. The next
section presents the synthetic field obtained for different isolation distances
and their results.

4.2 results and discussion

Using the method described in the previous section, we create the synthetic
fields of 2.4 arcminutes side for different SMBH seeding criteria. In figure
4.6, we show the synthetic UDFs of only the seeded halos for the Pop III.1
model with diso = 50 and 100 kpc for the redshift range z ∈ [4.0, 16.0]. These
fields are from the highest resolution run of PINOCCHIO with 40963 particles.
As expected, the field for diso = 50 kpc is much more densely populated
with seeded halos compared to 100 kpc. For these fields, the number of halos
present for the 50 kpc case is more than 12 times the halos in the 100 kpc case.
This difference in the number of halos is also reflected through the number
density evolution, which is discussed in §3.4.1.
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Figure 4.4: The snapshot of the box split into 25 pencil beams, with 3 highlighted in
different colors. Here L is the size length of the box, equal to 40 Mpc/h.

Figure 4.5: The side view of two pencil beams stacked, which are randomly selected.
The observer is at x = 0 and zn corresponds to the redshift of the
snapshot. ∆z corresponds to the size to the length of the box L in redshift
space. Since they are symmetrically placed on the x-axis, this figure also
represents the top view of the beams.
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(a) 50 kpc

(b) 100 kpc

Figure 4.6: Synthetic HUDF consisting of only the seeded halos for diso = 50 kpc
and 100 kpc cases over a redshift range from 4 to 16.
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Figure 4.7: 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 diso =50 kpc. The second row shows the case
for diso =100 kpc. The third row shows the distribution from the fiducial
HMT scheme with mth = 7.1× 1010M⊙. The total number of SMBHs in
each panel are indicated in the top right corners of each.

To further investigate the distribution of the seeded halos in the redshift
space in the synthetic field, we present figure 4.7 which shows the number
of seeded halos within the redshift range z = 5− 10 in bins of ∆z = 1. The
top two rows show the seeded halos from the Pop III.1 model, whereas
the last row shows the seeded halos from the HMT numerical scheme with
mth = 7.1× 1010M⊙. The total number of sources in the field (last column)
for the fiducial diso =100 kpc model is five times higher than the fiducial
HMT scheme. From the observational perspective, these seeded halos would
be hosting luminous galaxies at their center with AGNs which may or may
not be passive. Even accounting for the obscuration factor and the duty
cycle, the large difference in the number of SMBHs observed would still
be significant enough for different isolation distances or seeding models,
especially at higher redshifts. As shown in this figure and the figure 3.2, large
differences in the number density at higher redshifts (≳ 6 or 7) implies that
even detecting a handful of sources at these redshifts would help constrain
different seeding mechanisms. In the following section we describe some
observational campaigns which will help in detecting AGNs in the HUDF.

Due to the inherent randomness in the division of the simulation box and
the stacking order of the pencil beams, we created multiple realisations of the
field from the same box to improve the statistics on the number of seeded
halos in different redshift bins. Table 4.1 shows the number of seeded halos
in the field for an extended redshift range by averaging over 100 random
realisations of the light cone, and also by integrating the global number
density obtained from the box over the field volume. Almost all the values
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Table 4.1: Number of seeded halos 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 diso = 100 kpc and the fiducial HMT scheme
with mth = 7.1× 1010M⊙. The errors on the averaged values correspond
to 1σ 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

8-9 69± 5 66 1± 1 1

9-10 60± 5 60 0 0

10-11 57± 5 54 0 0

11-12 50± 5 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

calculated from the number density in the box lies within the 1σ dispersion
of the values from averaging over the 100 light cones, implying a stable and
realistic variation of the number of seeded halos as expected from cosmic
variance. Furthermore, the numbers from the integration also reflect the
drastic difference in the number of sources in the different seeding schemes
at high redshifts.

4.3 observational campaigns

As mentioned before in this chapter, the HUDF provides the perfect window
to the high redshift universe with plenty of luminous and faint sources
which could be potential AGNs. To this regard, we submitted two proposal
to re-observe the HUDF again to search for AGNs in the field and obtain
estimates on the number density of them at high redshifts (z ≳ 5) which got
successfully accepted:

• Hubble Space Telescope Cycle 30 proposal "AGN variability at cosmic
dawn: a census of the youngest supermassive black holes"
PI: Prof. Matthew James Hayes, Stockholm University, ID: 17073, 30

allocated orbits1

The goal of this proposal is to re-image the HUDF to search for AGNs
via variability at high redshifts. We propose to obtain a 30-orbit image of
the field in WFC3/F140W, to compare with a similar image taken in 2012

1 https://archive.stsci.edu/proposal_search.php?id=17073&mission=hst

https://archive.stsci.edu/proposal_search.php?id=17073&mission=hst
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(Ellis et al., 2013). Since the HST completed the requested observations
in 2023, the latest results provide a decade long baseline which, due
to cosmological time delay, corresponds to an optimal restframe delay
of 1− 1.4 yr in the redshifts z = 10− 6. This timescale is on par with
the variability timescales of these AGNs of 0.5− 1.5 years (Caplar et al.,
2017; Li et al., 2018; Sánchez-Sáez et al., 2019). This will allow us to
maximize the possibility of detecting the varying AGNs.

From the obtained data, we were able to identify 71 sources with
the variability analysis, assuming a variation of 3σ or higher in the
brightness in all the filters and epochs considered. A subset of the
identified sources are presented in Hayes et al. (2024), which include
2 confirmed AGN at z = 2− 3.2, 3 supernovae (two at z ∼ 1, while the
third has no distance measurement), and 3 more possible AGN at z > 6

(7 total in the complete dataset). Using these high redshift AGN sources,
we estimated the comoving number density of SMBHs after correcting
for variability and luminosity incompleteness. This gives a value of
8× 10−3 Mpc−3 at z = 6− 7, matching closely with the number density
at these redshifts for SMBHs from halos seeded with diso = 100 kpc
(see figure 3.2).

• James Webb Space Telescope Cycle 2 proposal "A complete spectroscopic
census of the faintest galaxies and AGN at the dawn of galaxy formation"
PI: Prof. Matthew James Hayes, Stockholm University, ID: 3290, 48.5
hours2

The goal of this proposal is to use the NIRSpec instrument of JWST
to perform an extremely deep and blind exposure of the HUDF to
detect the faintest emission line sources at redshifts 7− 11. This will
allow us to detect the faintest AGNs in early galaxies to help constrain
SMBH formation models. To achieve this, we devised an innovative new
NIRSpec mode called "Multi-Object Coronography for Slitless Spectroscopy".
According to this technique, we propose to perform a slitless survey of
the HUDF by taking advantage of existing Hubble imaging - by closing
all the micro-shutter of the Micro-Shutter Assembly to mask all the
bright sources pre-identifed from Hubble imaging. This will filter out
more than 99.99% of contaminating photons and enable us to obtain
high resolution rest frame Ultraviolet (UV) spectra of z > 7 galaxies.

2 https://www.stsci.edu/cgi-bin/get-proposal-info?observatory=JWST&id=3290

https://www.stsci.edu/cgi-bin/get-proposal-info?observatory=JWST&id=3290
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D UA L A G N s

An inevitable consequence of the hierarchical growth of structure is that
multiple SMBHs formed in separate halos can end up in the same halo and
eventually the same galaxy. There have been a few observations of dual AGNs
in the same galaxies which are separated by a few kiloparsecs, although they
remain rare (Colpi, 2014; Volonteri et al., 2021). The difficulty in identifying
these systems have already been well documented (for e.g., Koss et al., 2018;
De Rosa et al., 2019; Silverman et al., 2020; Severgnini et al., 2021; Mannucci
et al., 2022) with challenges present in every observation frequency band. For
example, in the optical spectra of Sloan Digital Sky Survey (SDSS, York et al.,
2000; Abazajian et al., 2009), they are identified through double-peaked O[III]
line. But this signature is not unique, and may be indicating other phenomena
occurring close to a single AGN, such as matter outflows. In other frequency
bands, the signal may masquerade as star formation processes, star forming
galaxies, weakly accreting black holes, etc. To confirm the presence of dual
AGNs, the potential candidates detected in surveys need to be followed up
with dedicated multi-wavelength follow-up programs (De Rosa et al., 2019).

From the numerical point of view, cosmological hydrodynamical simula-
tions (e.g., Magneticum: Hirschmann et al. 2014; Horizon-AGN: Dubois et al.
2014; Illustris: Vogelsberger et al. 2014; MUFASA: Davé et al. 2016; Romulus:
Tremmel et al., 2017; IllustrisTNG: Springel et al. 2018) provide samples of
simulated galaxies to predict and compare results with large observational
surveys. They can model the evolution and growth of SMBHs with increasing
complexity of sub-grid physics to account for the interaction of the black
hole with the in situ galactic matter, and in particular the AGN feedback
(e.g., Springel et al., 2005a; Fabjan et al., 2010; Steinborn et al., 2015; Valentini
et al., 2020). These simulations are also able to track the mergers of galaxies
hosting SMBHs which results in multiple SMBHs present in the same galaxy;
accreting and glowing as dual or multiple AGNs. The challenge often faced
by these simulations is simulating a large enough volume to make a fair
comparison with the surveys, while retaining enough resolution to be able to
resolve AGN pairs with separations down to kpc scales. Nonetheless, they
can still provide good estimates on the fraction of dual AGNs spanning
separation ranges allowed by the resolution. On the other hand, isolated
simulations of mergers allow us to study the mergers with extremely high
resolution, but fail to provide any constrain on the dual AGN fraction which
requires a whole population of AGN in a cosmological volume (De Rosa
et al., 2019).

In approximate dark matter only codes like PINOCCHIO which do not resolve
substructures within a halo, one needs to adopt prescriptions to model various
properties of the subhalo and the galaxies, and their SMBHs contained in
them to estimate the number of dual AGN systems and their fraction. In
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particular, the trajectories of the subhalo, the dynamical friction timescale,
galaxy merging timescales, etc, need to be modeled. In this chapter, we
present the simple prescriptions for these timescales and calculate the dual
AGN fraction from the Pop III.1 model for various isolation distances. We
first present the merger rate of halos from 10 PINOCCHIO boxes and then
the simple models used to estimate the time taken from the halo merger to
the hosted galaxies’ merger. Finally, we present preliminary results on the
fraction of dual AGNs in the model and test its dependence on the various
assumed timescales.

5.1 halo merger rate

In PINOCCHIO, when a smaller halo merges with a larger halo, the former
disappears from both the merger tree and the snapshots. But due to the con-
tinuous time sampling of merger histories, the exact redshift of the merger is
stored, along with the mass of both the halos at that redshift. After identifying
all the seeded halos using the seed identification algorithm (§3.3), we follow
their merger trees to identify mergers among the seeded halos. Then using
the tree to obtain the exact merging redshift, we calculate the rate of mergers
per unit redshift and volume. Figure 5.1 shows this rate, after averaging over
10 boxes of 40 Mpc/h side length. It is calculated by counting the number of
mergers in a redshift bin, and then dividing by the width of the bin and the
box volume. From the figure, we can observe that the rate for all the isolation
distances show similar increasing trend up to z ∼ 1, and then exhibit a small
drop. It is interesting to note that the difference in the rate among different
isolation distances at lower redshift is of the same order as the difference in
the number density (figure 3.2), whereas it is higher at higher redshifts.

To get a better idea of the population of halos merging with each other,
we present the halo mass function of only the seeded halos in figure 5.2.
The mass functions of the secondary halos (less massive, dotted lines) in the
merger, all converge at higher masses, irrespective of the isolation distance.
The primary halos (more massive, solid lines) also show convergence at higher
masses, although to a slightly lesser degree. This convergence points back to
the occupation fraction of seeded halos approaching unity at the higher mass
end, regardless of the isolation distance (§3.4.2). This observation highlights
that the most massive seeded halos are prone to hosting multiple SMBHs,
a consequence of undergoing a greater number of mergers — a distinctive
signature of the hierarchical growth of structures. We also present the mass
ratio distribution in figure 5.3 of the merging halos. We see a rising trend for
mass ratio of all the isolation distance cases, with most mergers happening
among halos of similar sizes.
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Figure 5.1: Average halo merger rate per unit volume of seeded halos for different
isolation distances from ten 40 Mpc/h boxes. The shaded area depicts 1σ

deviation from the average.

Figure 5.2: The halo mass function of the seeded halos after averaging over 10

simulation boxes. The solid lines represent the mass function for the
primary (more massive) halos and the dotted represent the same for the
secondary (less massive) halos in the merger. The shaded area depicts 1σ

deviation from the average.
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Figure 5.3: The halo mass ratio distribution of the merging halos, averaged from 10

simulation volumes. The y-axis shows the number density of halos per
logarithmic ratio bins. The mass ratios are divided in equal bins of 0.3
dex width.

5.2 merging timescales

5.2.1 Fixed delay model

In PINOCCHIO, halo mergers are treated as an instantaneous process - when
the smaller halo finds itself within a certain fraction of the Lagrangian radius
of the larger halo, the merger of the two halos is established (Monaco et al.,
2002). The further evolution of the smaller halo - now a subhalo - inside the
larger halo is not resolved. This implies that we need to adopt some treatment
of timescales for the tidal stripping of the halo, the sinking timescale of the
subhalo towards the center due to dynamical friction, the merging time of the
galaxies hosted by these halos, and finally the time taken to form a SMBH
binary separated by a few kiloparsecs. In the first approximation, we assume
a fixed time delay encompassing all the above processes and denote it by
τH→G, which in summary represents the time delay between the beginning
of the halo merger and the conclusion of the galaxy merger. Furthermore, we
also assume that the dual AGN pair has formed right after the merging of
the galaxies. In the simplest case, τH→G can be assumed to be zero, but we
consider cases where it is equal to a few 100 million years, up to a few billion
years as well, representing a more realistic timescale (more details in the next
section).
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5.2.2 Physical delay model

To model the time scales for the halo and galaxy merger, we take the PinGAEA

model from Cammelli et al. (in prep) who populated the dark matter halos of
PINOCCHIO with galaxies using the state-of-the-art semi-analytic model GAEA
of galaxy formation and evolution (Hirschmann et al., 2016; Fontanot et al.,
2020). The model parameters of GAEA are originally calibrated to the results
from the Millennium Simulation suite (Springel et al., 2005b).

Using this model, we set τH→G as the sum of the halo survival time
tsat, which is based on equation 2.6 from Berner et al., 2022, and the mer-
ging time of the orphan galaxy torph (from the stripped subhalo) based on
Chandrasekhar dynamical friction timescale (Chandrasekhar, 1943) adapted
and applied to semi analytical models (e.g., Boylan-Kolchin et al., 2008).
Denoting the mass of the main halo by Mmain, for the subhalo by msub, and
the orbital circularity at the merger by η, the halo survival time is given by:

tsat = A(D)τdyn

(
Mmain
msub

)b(D)

log
(
1+

(
Mmain
msub

)1.2
) exp(cη) exp

(
−0.2

msub

Mhost

)
, (22)

where D(z) is the growth factor, and all the remaining parameters are defined
as:

A =


0.39 D(z) > 0.8

0.195+ 0.195
0.2 (D− 0.6) 0.8 ⩾ D(z) ⩾ 0.6

0.195
(
D(z)
0.6

)2
0.6 > D(z)

(23)

b = 1.015D(z) (24)

c = 1.3. (25)

The dynamical timescale τdyn is assumed to be given by ∼ 0.1H−1, where
H is the Hubble constant. Since we don’t have information on the orbital
circularity η, we sample it from a probability distribution obtained using
numerical simulations (Zentner et al., 2005; Birrer et al., 2014). For calculating
the merging time of the orphan galaxy, we use:

torph = 0.12tage

(
msub
Mmain

)0.94

log
(
1+ msub

Mmain

)1.7 , (26)

where tage is the age of the universe at the time of halo merger. The keen
reader will notice a small deviation of some of the exponents and parameters,
and the form itself of the formulae for tsat and torph from standard expres-
sions. This is done to consistently reproduce both the orphan merging time
distribution and the stellar mass function at redshift 0. For more details on
how this calibration is done, we refer the reader to Cammelli et al. (in prep).

To see this model in effect, we present figure 5.4 which shows τH→G

for merging halos seeded from diso = 50 kpc from one simulation volume.
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Figure 5.4: The time delay τH→G for merging halos seeded from the diso = 50 kpc
case from one simulation.

According to this delay model, some of the mergers will take more than the
age of the universe to complete, but there are still more than 60% of halo
mergers which will take less time than that. In the next section, we apply this
model, along with the fixed time delay version to calculate the dual fraction
with simplistic assumptions on the visibility phase of the AGNs.

5.3 dual agn fractions

With the tools mentioned in the previous section, we present here the prelim-
inary results for the fraction of dual AGNs. When performing observational
surveys, a dual AGN system can only be identified if both the SMBHs which
are present in the same galaxy are accreting. Fortunately, the very process
of merger of galaxies which would bring multiple SMBHs together into a
single galaxy, has been predicted to initiate AGN triggering activities by
various studies (e.g., Di Matteo et al., 2005; Ellison et al., 2011; Silverman
et al., 2011; Kocevski et al., 2015; Koss et al., 2018). On the other hand, actu-
ally observing the AGNs accreting which are not obscured and individually
resolving the close pairs have been a challenging endeavor (e.g., De Rosa
et al., 2019; Silverman et al., 2020).

In this preliminary work, we assume that all dual SMBHs within a halo
or galaxy are unobscured, and each black hole in a binary is simultaneously
accreting and glowing as an AGN for τdAGN time. Since estimating this
timescale based on the galaxy properties is out of scope of this thesis, we
assume constant values based on Salpeter timescale (Salpeter, 1964). This
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time, roughly equal to 50 Myr, refers to the time taken by a black hole to
grow by a factor of e with Eddington limited accretion. Here we will consider
τdAGN = 50 and 500 Myr.

We first consider the fixed delay model (§5.2.1), with two values for τH→G:
500 Myr and 5000 Myr. The former is closer to the lower edge of the distribu-
tion of time delays in figure 5.4, while the later is closer to the median which
is around 7.23 Gyr. In figure 5.5, we present the effect of changing the two
time delay parameters. It is trivial to observe that τH→G affects the spread of
the fraction across cosmic time, whereas τdAGN mostly affects the amplitude
of the fraction. The higher value of τH→G predicts that the fraction decreases
drastically beyond redshift 1, which is not consistent with the observations
and simulations alike (Silverman et al., 2020). This implies that assuming
all the halo and galaxy mergers take 5 Gyr to complete is rather an extreme
assumption. Another interesting thing to notice is that the fraction for all
the isolation distances tend to converge at lower redshifts. This is due to the
similar scaling of the merger rate (figure 5.1) and the total number density
(figure 3.2) for all isolation distances around z ∼ 0, which results in similar
ratio of these two quantities.

To get a more realistic fraction, we use the PinGAEA model mentioned in
section §5.2.2 to obtain the value of τH→G for each merger. Figure 5.6 shows
the fraction using this model, and it predicts a more even spread in cosmic
time. The amplitude again depends on τdAGN as before, and the fractions
again converge at lower redshifts.

Finally, we use this physical model to make a simple comparison with
the observation result of the fraction from Silverman et al. (2020), who
measured the fraction up to z ∼ 3.5. Exploiting the capabilities of the Subaru
Strategic Program (SSP, Aihara et al., 2018, 2019) with Hyper Suprime-Cam
(HSC, Miyazaki et al., 2018), they searched for SDSS quasars falling with the
Hyper Suprime-Cam (HSC) survey footprint for dual quasar candidates. For
calculating the dual AGN fraction, they selected 96 candidates with projected
physical separation between 5 and 30 kpc and a minimum brightness ratio
of 0.1 of the quasar pairs. Furthermore, they placed a lower limit on the
mass of black holes while making comparison with different simulations
- mSMBH > 108M⊙, which we also consider. Since we do not directly have
mass of the black holes inside the DM halos from PINOCCHIO, we again use
the PinGAEA model to calculate the mass using its dark matter - black hole
mass scaling relation which is calibrated to the local universe (more details
in Chapter 6). Also, we do not have the distances between the black holes,
so we do not consider the separation criterion. But we do take into account
the brightness ratio by only considering those pairs which have a black hole
mass ratio greater than 0.1. However, after applying all these cuts, we find
that we have only ∼ 10 pairs for diso = 50 kpc, and only ∼ 6 for the 100

kpc case. To improve the statistics, we consider different black hole mass
cutoffs and present the results in figure 5.7. Using τdAGN = 500 Myr for
all the cases, we can see a stark difference in the number of dual AGNs
mentioned in the upper right corner of each panel for different mass cuts.
The trend of converging fractions is still present for black holes with mass
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(a) τdAGN = 50 Myr

(b) τdAGN = 500 Myr

Figure 5.5: Dual AGN fraction for different cases of τdAGN and τH→G for three
different isolation distances. The solid lines represent the average over 10

simulation volumes, and the shaded region gives 1σ spread around the
mean.

Figure 5.6: Similar to figure 5.5, but with τH→G calculated from PinGAEA (Cammelli
et al, in prep).
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Table 5.1: The average value of the dual AGN fraction up to z < 2 for different mass
cuts from figure 5.7.

diso [kpc] Dual AGN fractions (in units of 10−4)

mSMBH > 106M⊙ mSMBH > 107M⊙ mSMBH > 108M⊙

50 25.2± 9.8 5.65± 1.25 0.27± 0.14

75 31.8± 7.5 14.2± 2.1 0.99± 0.70

100 25.5± 4.9 16.8± 4.3 2.11± 1.20

greater than 106M⊙, but there’s a slight dip for halos seeded with 50 kpc
for higher mass cuts. This is due to the fact that the higher mass black holes
reside in higher mass halos, and the occupation fraction of those halos tends
to one (§3.4.2). This implies that the set of most massive black holes for each
isolation distance is the same, but they are divided by the total number of
black holes - which is different. Since 50 kpc has the most number of black
holes, this results in its average fraction being lower than the larger isolation
distance cases.

We also see from the figure that there is not much evolution of the fraction
from redshifts 0 to ∼ 2. In table 5.1, we present the average fraction up
to redshift 2 for all the considered mass cuts. Comparing to the fraction
observed by Silverman et al. (2020) up to z ∼ 3.5, which is (2.6± 1.8)× 10−3,
we get similar fraction for the smallest mass cut (> 106M⊙). Although a
fairer comparison should be with the mass cut used by Silverman et al. (2020)
as mentioned before, which gives almost 12 times smaller fraction for the 100

kpc case and ∼ 100 times smaller for the 50 kpc case.
Comparing our results to hydrodynamical simulations at higher redshifts,

we find that these simulations predict an increasing trend of the fraction
up to z ∼ 5, and then a decrease at redshifts beyond (De Rosa et al., 2019).
The exact value of the fraction depends on various factors, including cuts
on SMBH or galaxy mass, luminosity, physical separation, and more. Hy-
drodynamical simulations, which account for baryons, often include all the
aforementioned properties, facilitating comparisons with observations. For
example, the fraction calculated by Yue et al. (2021) from a single quasar
pair at z ∼ 5− 6 is around an order of magnitude lower than the simulations,
although the observation is a lower limit and one of the SMBH is obscured,
while the simulation results include both obscured and unobscured AGNs.
On the other hand, more recent observations using JWST (Maiolino et al.,
2023b; Perna et al., 2023) are revealing that the fraction is higher at higher
redshifts compared to simulations, pointing to an even greater abundance of
dual AGNs.

To conclude this work, we would like to point out that this preliminary
comparison with observations should be taken with a grain of salt, since obser-
vations are often mired in known and unknown selection effects, which makes
faithful comparison with simulations challenging. Nonetheless, simulations
can still provide a valuable insight into the fraction, especially hydrodynam-
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Figure 5.7: The dual fraction for different mass cuts with physical delay model
and τdAGN = 500 Myr. The numbers in the upper right corner of each
panel depicts the average number of dual AGNs for respective isolation
distances.
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ical simulations which are able to treat AGN physics to small scales. In this
chapter we presented a simple model which allowed us to calculate the
fraction for the Pop III.1 model with relatively simple assumptions. In the
future we plan to improve on these predictions by using a more sophisticated
prescription for the interaction of the SMBH with the galactic environment
and using larger simulation boxes to obtain more massive black holes and
improve the statistics.





6
G W B F R O M T H E P O P I I I . 1 M O D E L

After discussing the dual AGN fraction rate in the previous chapter, the
natural question to ask next is what is the gravitational wave background
generated by these SMBHs orbiting around each other. In Chapter 2, we
studied how a population of the most massive SMBH binaries create a
background of superimposed and unresolved GWs which can be detected
by PTA experiments. Since the Pop III.1 model also predicts black holes of
these masses which can end up in the same dark matter halo and galaxy
(Banik et al., 2019; Singh et al., 2023), in this chapter we aim to calculate the
GWB generated by them after making some simple assumptions. We begin by
calculating the merger rate of SMBHs in the model, and then discuss the mass
scaling relations needed to assign masses to the said black holes. We then
present the estimated background, and the impact of various assumptions
we make. Finally we end with the comparison of our results with the latest
NANOGrav results (Agazie et al., 2023a).

6.1 smbh merger rate

Let’s recall from §2.1 that in order to calculate the background, we need
the number density of mergers of the black holes per unit redshift and
chirp mass: d2n/dzdM. As mentioned multiple times in this thesis, from
PINOCCHIO we only have the information of the dark matter halos hosting the
seed SMBHs. But we also have the merger histories of these halos through
which we can investigate the mergers among seeded halos and their exact
redshifts of occurrence. In order to obtain the redshifts of black hole mergers
and their masses, we need to make some assumptions. We start by focusing
on calculating the BH merger redshifts, or the number density of mergers per
unit redshift: dn/dz.

6.1.1 SMBH merger rate per unit redshift

To estimate the merging redshift of the black holes present inside seeded
halos, we need to model the time taken from the halo merger to the black
hole merger. The first part of this timescale - the time elapsed from the
beginning of the halo merger to the conclusion of the galaxy merger - is
already treated in Chapter 5. Denoted previously by τH→G (§5.2), we again
consider two cases: constant values for this timescale, and the physical model
from Cammelli et al. (in prep).

Then the remaining part of the timescale is the time taken by the binary
to merge - which is usually the most uncertain. This involves modelling the
internal dynamics of a galaxy and the interaction of stellar objects with the
SMBHs. Initially during a galaxy merger, at separation of ∼ kpc, the dynamical
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friction is enough to bring the SMBHs toward the galactic center. Afterwards,
the shrinking takes place mostly due to three-body interactions with stars
which helps transfer the angular momentum away from the binaries into
the stars (e.g., Quinlan, 1996; Sesana et al., 2006; Kelley et al., 2017; Barber
et al., 2024). But it may happen that the binaries do not encounter enough
interactions to shrink further within Hubble timescales to reach separations
where the GWs dominate the orbit decay (∼ 0.01 pc for total binary mass of
∼ 108M⊙) - the so-called final parsec problem (e.g., Milosavljević and Merritt,
2001; Merritt and Milosavljevic, 2005). While various mechanisms have been
proposed to address this problem (e.g., Yu, 2002; Khan et al., 2011; Holley-
Bockelmann and Khan, 2015; Sesana and Khan, 2015; Bonetti et al., 2016), for
the purposes of this work, we assume that the problem has been solved.

We introduce the parameter τmerge which denotes binary lifetime of all
the binaries (same as τf in Agazie et al. 2023) and consider two values of
this parameter for all the binaries: 100 Myr and 1000 Myr. In figure 6.1 we
show the SMBH merger rate density for both the cases of fixed τH→G and
the one obtained from the physical model (§5.2.2). The merger rate from
constant τH→G exhibits a peak around z ∼ 1, and then decreases a bit towards
z = 0, essentially mirroring the halo merger rate (figure 5.1). On the other
hand, the merger rate after considering the physical model for τH→G shows
an increasing rate down to z = 0. The effect of varying τmerge is not too
pronounced for both the cases, and the final rate at z = 0 is similar. It does
however affects the spread of the rate throughout the redshifts, which is
expected. Nonetheless, for calculating the GWB we are mostly concerned
with the lower redshifts since the majority of the signal comes from this
regime.

With the merger rate per unit redshift set, we can focus our attention
on calculating the total merger rate per unit chirp mass. Calculating the
chirp mass requires the information of the masses of the black holes. From
PINOCCHIO we already have the masses of the merging DM halos, so we can
turn to halo mass - black hole mass scaling relations, which we explore next.

6.1.2 Mass scaling relations

Over the past couple of decades, there has been a mounting evidence of the
symbiotic relationship between the growth of a SMBH and its host galaxy
- from the observational and simulation point of view alike (e.g., Ferrarese,
2002; Di Matteo et al., 2003; Jiang et al., 2011; Beifiori et al., 2012; Sabra et al.,
2015; Mutlu-Pakdil et al., 2018; Davis et al., 2019; Tripodi et al., 2024). We
consider only the relations at z = 0 since the majority of the signal comes
from lower redshifts and there is not much evolution of the relations expected
at these redshifts. We show the scaling relations considered in this work in
figure 6.2, along with the scaling relation of stellar mass of a galaxy with
its host halo dark matter mass (the y-axis of the plot corresponds to the
stellar mass for this relation) from Behroozi et al. (2013). We include this
stellar mass scaling relation as a reference for an upper limit on the masses
of the black holes which the halos can host - it is highly unlikely that the
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(a) τH→G = 1000 Myr

(b) τH→G calcuated from PinGAEA model (Cammelli et al., in prep)

Figure 6.1: The comoving number density of the mergers of SMBHs from Pop III.1
model with different values of τH→G and tmerg. The solid lines represent
the average over 10 simulation volumes, and the shaded region gives 1σ

spread around the mean.



62 gwb from the pop iii .1 model

Figure 6.2: The dark matter halo mass MDM - black hole mass MBH scaling relations
used in this work, and the stellar mass - dark matter halo mass from
Behroozi et al. (2013). The blue dashed line represents our modification
to the Mutlu-Pakdil18 relation to better mimic the black holes in higher
halo masses. The grey dots show the observational data from Davis et al.
(2019). The black dotted line shows our lower limit on the SMBH masses.

mass of a SMBH is equal to or greater than the stellar mass of its galaxy. The
Mutlu-Pakdil18 relation is taken from Mutlu-Pakdil et al. (2018), in which they
used the Illustris simulation to predict the SMBH - dark matter mass relation.
However, at dark matter masses above 1013M⊙, their relation overshoots
compared to the masses of the SMBHs in their simulation, so we halved the
slope above those halo masses. The Cammelli+(in prep) relation comes from
the PinGAEA model (Cammelli et al., in prep) introduced in Chapter 5, which
takes into consideration the 105M⊙ mass of the SMBH seeds. Finally, Power
law refers to a simple power law relation taking into consideration that the
seeding mechanism we employ in our simulation seeds 106M⊙ halos with
black holes of 105M⊙. We then assume that the black hole mass follows
the power law, passing through the point slightly above the median black
hole mass from the data set of Davis et al. (2019). This relation (and also the
Cammelli+(in prep) relation) in turn predicts a SMBH of ∼ 108M⊙ in a dark
matter halo of 1013M⊙ - equivalent to having a ∼ 25 times more massive
black hole than Sgr A* in a halo ∼ 10 times more massive than the Milky Way
halo. Finally, since all our Pop III.1 seeds are 105M⊙, we use this as a floor
value for the mass of SMBHs in all the relations, depicted by the horizontal
black dotted line in the figure.

While using the mass relations, we also add some dispersion σBH to
simulate the spread in black hole masses. Although this dispersion could
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be a free parameter, the freedom in varying it is limited by the black hole
mass function (BHMF). To test the impact of our dispersion, we calculate
the BHMF using a dispersion of 0.3 dex for all the seeded halos at z = 0,
and compare it with observational estimates. Figure 6.3 shows the BHMF
calculated using the scaling relations discussed above. The BHMF from Mutlu-
Pakdil et al. (2016) is estimated from observations of SMBHs from Sérsic index
distribution of 208 early and late type galaxies in the local universe, covering
a comoving volume of 3.37× 104h−3

67.77Mpc3. On the other hand, the BHMF
from Shankar et al. (2020) is estimated by using AGN clustering to constrain
black hole - stellar mass relation to avoid observational biases. This results
in a unbiased/intrinsic mass function which is more strictly constrained
than other mass functions estimated through observations. Comparing these
BHMFs with the ones obtained from the scaling relations for the seeded halos,
we can conclude the following for each relation:

• The Mutlu-Pakdil18 relation is in good agreement with the intrinsic
BHMF at lower masses and then with the observational one, but over-
shoots it at the highest masses. At the lowest mass end, the mass
function rises due to the rising abundance of low mass seeded halos for
smaller isolation distances (see the z = 0 case in figure 5.2). This is due
to assuming a floor of 105M⊙ for all SMBH masses, which results in
all seeded halos below ∼ 3× 1010M⊙ being assigned SMBHs of 105M⊙
mass.

• The Power law relation produces a peak at around ∼ 107M⊙ which is ex-
pected since it predicts the black holes almost two orders of magnitude
higher at around 1010M⊙ halos compared to other relations (figure 6.2).
At the higher mass end, the mass functions follows the intrinsic BHMF,
although it fails to produce the most massive black holes.

• The Cammelli+ (in prep) relation produces the best fit of the intrinsic
BHMF compared to all three scaling relations considered. This is not
completely unexpected since the PinGAEA model is calibrated to repro-
duce the z = 0 BHMF for the Pop III.1 model (Cammelli et al., in prep).
At the lowest mass end, the behaviour is quite similar to the Mutlu-
Pakdil18 relation since the condition of the seed masses of SMBHs being
105M⊙ is already considered in the PinGAEA model. We are currently
investigating this scaling relation at low halo masses to gain a better
understanding of the growth of SMBHs in these halos.

One final observation from the BHMFs: all the mass functions for different
isolation distances tend to converge at the highest end because the occupation
fraction of the most massive halos tend to one irrespective of the isolation
distance (§3.4.2).

Now with the masses of all the SMBHs in binaries estimated using these
scaling relations, we can calculate the complete number density of mergers
per unit redshift and the chirp mass. This allows us to finally calculate the
background for the Pop III.1 model, which we present in the next section.
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Figure 6.3: The black hole mass function for the mass relations considered in this
work, with mass dispersion σBH = 0.3 dex. The grey shaded area repres-
ents the estimate from Mutlu-Pakdil et al. (2016) and the green region
shows the intrinsic BHMF from Shankar et al. (2020). The BHMF from
the Pop III.1 model shows the average over 10 boxes, with 1σ spread
around the mean.
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6.2 gwb results

Equipped with the information on how to calculate the merger rate per unit
redshift and chirp mass from the previous section, we can now calculate
the GWB with the methods elaborated in Chapter 2. We explore a total of
four cases of timescale combinations: τmerg = {100, 1000} Myr cases for both
τH→G = 1000 Myr and τH→G calculated from PinGAEA.

The procedure to calculate the spectrum can be briefly summarized as
follows:

• From the 10 40h−1 Mpc side length PINOCCHIO boxes, we compute the
rate of merger d2n/dzdM 100 times per box for each isolation distance
and mass scaling relation, while also considering the dispersion in mass
σBH = 0.3 dex. Note that for the 100 realizations from 1 box, each will
have the same redshift distribution of mergers, but slightly varied mass
distribution due to the dispersion.

• Once we have the 100× 10 realizations of the merger rate from all the
boxes, we take its average to compute the average rate of mergers.

• Using this average rate, we calculate 100 realizations of the GWB us-
ing equation 19 since we consider the discreteness of sources at high
frequencies. This is done by calculating the number of sources in each 3-
dimensional (z,M, ln fr) bin from the equation 17 and then performing
Poisson sampling of each bin 100 times for as many realizations.

With this procedure, we calculate the average GWB spectrum and plot it in
figures 6.4, 6.5, 6.6, and 6.7 to explore the effects of different assumptions of
the timescales and the mass scaling relations. The following conclusions can
be drawn from these spectra:

• All the spectra show "spikes" at the higher frequency end, due to the
discreteness of the sources at those frequencies (Sesana et al., 2008).

• Some individual realizations (light blue lines) may rise above the meas-
ured spectrum for both γ = 3.2 and 13/3, but in general the average
tends to stay lower, especially at higher frequencies.

• The constant τH→G predicts a higher value of the background compared
to the background from the physical model. This is due to the fact that
in the physical model, the merger times self-consistently depend on
the properties of the halos (mainly the mass ratios) and it may happen
that some of the halo mergers take more than the age of the universe to
complete. But assuming a constant value of this timescale forces all the
mergers to happen in a relatively shorter time, inflating the number of
mergers happening within the past lightcone.

• The effect of varying τmerge seems minimal, which is not surprising
given the merger rate at lower redshifts have small dependence on it
(see figure 6.1).
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Figure 6.4: The GWB from Pop III.1 model for three isolation distances, each occupy-
ing a row with the respective label in the middle column. The columns
show the spectrum from all the mass scaling relations used. These results
are for τH→G = 1000 Myr and τmerge = 100 Myr. The solid blue line
shows the average from 100 realizations of the universe, and the blue
shaded region shows the 1σ spread around the mean. The light blue lines
show 10 random realizations of the spectrum. The two turquoise errorbars
show the posteriors of the spectrum measured from NANOGrav 15 year
data set (Agazie et al., 2023a) for f = {0.1, 1} yr−1 frequencies, without
assuming an ideal GW-only orbit decay (which gives the posterior for
the spectral index as γ = 3.2± 0.6, §2.2). The grey band also depicts the
posteriors for the observed spectrum, but with the prior assumption of
GW-only orbit decay (α = 2/3).



6.2 gwb results 67

Figure 6.5: Same as figure 6.4, but for τH→G = 1000 Myr and τmerge = 1000 Myr.

Figure 6.6: Same as figure 6.5, but for τH→G calculated from PinGAEA and τmerge =

100 Myr.
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Figure 6.7: Same as figure 6.6, but for τH→G calculated from PinGAEA and τmerge =

1000 Myr.

To better compare the value of the background at the reference frequencies
of f = {0.1, 1} yr−1 with the NANOGrav results (Agazie et al., 2023a), we
present figures 6.8, 6.9, 6.10, and 6.11 which show the spectrum for all the
cases considered at only these frequencies. From these figures it is trivial to
conclude that all the models considered are closer to the observed spectrum
at 0.1yr−1 frequency than at 1yr−1. Also, there is more dispersion at the
higher reference frequency due to the effect of discreteness mentioned before.
At lower frequencies there are much more sources so it results in a smoother
spectrum.

We also observe that there is not a strong dependence on the isolation
distance parameter, which can be explained by considering that most of the
background comes from the most massive binaries, which tend to be the
same for all the isolation distances (see the high mass end of the BHMFs in
figure 6.3 which is for all the SMBHs at z = 0, but the conclusion holds for
the SMBHs in binaries as well). On the other hand, the dependence on the
modelling of τH→G and the mass scaling relation is stronger.

Considering further the dependence on the scaling relations, the Mutlu-
Pakdil18 always predicts the highest background, which is expected due to
the bottom-heavy nature of the BHMF with our assumed σBH. It predicts
the most heaviest SMBHs compared to the other relations and thus the
highest amplitude of the background. The relation from PinGAEA predicts
the lowest amplitude of the background, although this relation provides
the best agreement with the local estimated BHMF. This scaling relation,
combined with the halo to the galaxy merging time delay from PinGAEA model
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(a) f = 0.1 yr−1 (b) f = 1 yr−1

Figure 6.8: The value of the background at the references frequencies of f =

{0.1, 1} yr−1 for the case with τH→G = 1000 Myr and τmerge = 100 Myr.

(a) f = 0.1 yr−1 (b) f = 1 yr−1

Figure 6.9: Same as figure 6.8, but for τH→G = 1000 Myr and τmerge = 1000 Myr.

(τH→G) gives the most physically motivated estimation of the background.
The amplitude is a bit lower than the measured signal, but this is a known
trend from most semi-analytical models (§2.2). Furthermore, the isolation
criteria tends to result in lower number of mergers of SMBHs due to the
initial isolation of the seeds, and hence lower the background (although this
isolation reduces as structure evolves, as shown in the clustering analysis
in §3.4.3). The amplitude of the background from the Power Law model lies
in the middle of the other two scaling relations. Even though it produces
less massive SMBHs at the highest mass end compared to the relation from
PinGAEA, it makes up in the signal by having many more slightly less massive
SMBHs, around ∼ 107M⊙ (figure 6.3).

Even though the GWB does not give the most stringent constraints on
the isolation distance, it does give a reasonable estimate of the predicted
background, which is slightly lower than the measured. To search for another
way to have more constraints on this model, we can start by considering again
the BHMF from 6.3. This model predicts quite a lot of SMBHs at < 107M⊙
where the mass function is also not well constrained (Shankar et al., 2020).
The mergers of SMBHs of these masses (105 ∼ 107M⊙) is in the sweet spot
for detection by the upcoming Laser Interferometer Space Antenna (LISA)
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(a) f = 0.1 yr−1 (b) f = 1 yr−1

Figure 6.10: Same as figure 6.9, but for τH→G calculated from PinGAEA and τmerge =

100 Myr.

(a) f = 0.1 yr−1 (b) f = 1 yr−1

Figure 6.11: Same as figure 6.10, but for τH→G calculated from PinGAEA and τmerge =

1000 Myr.
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mission1 (Amaro-Seoane et al., 2017), led by the European Space Agency2

(ESA) which is expected to launch in 2035. This mission will be able to detect
mergers of SMBHs with chirp mass around those masses at extremely high
redshifts (z ≳ 10). Combining the detections from Laser Interferometer Space
Antenna (LISA) and the PTA experiments will provide a more complete
understanding of the merger rate of black holes of different masses in a wider
redshift range. Hence, they will be invaluable in constraining the isolation
distance since we predict differences in the merger rates which increase with
the redshift (figure 6.1).

1 https://www.lisamission.org/

2 https://www.esa.int/

https://www.lisamission.org/
https://www.esa.int/
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F I N A L R E M A R K S

In this thesis, we investigated the Pop III.1 seeding mechanism and the prop-
erties of the dark matter halos seeded with the SMBHs produced by it. In
particular, we investigated the ensemble properties such as the number dens-
ity, occupation fraction and the clustering of seeded halos. We then computed
the dual AGN fraction rate as well, after making simple assumptions about
the timescales involved. Finally, we presented the GWB generated by the
SMBH binaries and compared with the latest observations. In the following
sections, we provide a summary of the three main projects defining this thesis,
and the future perspectives as well.

7.1 summary and conclusions

7.1.1 Pop III.1 seeds

In Chapter 1, we introduced the Pop III.1 stars which take advantage of the
isolation and WIMP dark matter self-annihilation to grow up to ∼ 105M⊙
before collapsing to form SMBHs (McKee and Tan, 2008; Tan et al., 2010;
Freese et al., 2010; Rindler-Daller et al., 2015). Since this collapse happens
in the early universe around z ∼ 25− 35, the SMBHs produced have enough
time to grow and explain the detection of high redshift quasars, without
invoking Eddington, or super-Eddington limited accretion for their entire
lifetime. The main parameter of the model is the isolation distance, which
defines the initial isolation of the seeded (mini-)halos in the early universe.
Banik et al. (2019) used this seeding mechanism to investigate number of
SMBHs which can be produced by it, the occupation fraction of the seeded
halos, and the clustering properties, all up to z = 10.

The first project of this thesis was to extend the results presented in Banik
et al. (2019) down to z = 0 (Chapter 3). In order to achieve this, we used the
latest version of PINOCCHIO code and developed an algorithm to identify all
seeded halos based on the isolation criteria. We then followed the evolution
of all the seeded halos up to z = 0 and found that for certain values of the
isolation distance (diso = 100 kpc), the number of seeds produced by this
model matches well with the observed local number density. The evolution
of the number density also depicted that most of the seeds formed quite
early in the universe, around z ∼ 25, and the numbers stay almost constant
throughout, only dipping slightly at redshifts closer to zero due to mergers.
We also compared the evolution of the number density with other models,
and found that the number density of SMBHs from the Pop III.1 model at
redshifts greater than ∼ 6 or 7 is higher compared to other models. This
provides avenues to test the seeding mechanism, by estimating the number
density at higher redshifts.
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The occupation fraction of the seeded halos uncovered the observed correl-
ation of the most massive halos always being occupied by SMBHs at lower
redshifts, irrespective of the isolation distance. The clustering analysis re-
vealed that at z = 0 the 3d 2-point correlation function of the seeded halos
exhibit slightly lower levels of clustering compared to a sample of all the
halos, and to the HMT numerical scheme. This signal could potentially be ob-
servable in a comprehensive survey of SMBHs in a large volume of the local
universe. We also studied the evolution of clustering through the projected
correlation function, and found evidence at high redshifts (z ≳ 3) of feedback
cleared bubbles at scales comparable to the comoving size of the isolation
radius at mean formation redshifts. In other words, we found a significant
dip of the clustering amplitudes at scales smaller than the isolation distance
at the formation epoch. At lower redshifts, this signal fades away due to the
evolution of the universe into a more clustered state. As a final clustering
result, we compared the projected correlation function with data from Zehavi
et al. (2011) who used SDSS (Abazajian et al., 2009) data to compute the
function for bright galaxies. After making appropriate mass cuts for seeded
halos, we found excellent agreement for diso = 50 and 100 kpc with their
observations at z = 0.

Building on the result of high number density of seeds at high redshifts, in
Chapter 4 we presented methods to create a synthetic Ultra Deep Field with
seeded halos from the Pop III.1 model, in order to compare with the Hubble
Ultra Deep Field (Beckwith et al., 2006; Ellis et al., 2013). This comparison
aimed at predicting the number of SMBHs which could be visible in the field
at high redshifts. We presented synthetic fields for diso = 50 and 100 kpc and
the number of seeds present within the redshift bins from z = 5 to 10. We also
presented similar results for the HMT seeding scheme and concluded that
estimating the number of AGN sources present at high redshifts (z ≳ 7) in
the field could provide strict constraints on different formation mechanisms,
and help distinguish between isolation distances as well.

Finally, the results presented in this project helped motivate successful
Hubble Space Telescope and James Webb Space Telescope proposals. Both
the proposals aimed at reobserving the HUDF to search for high redshift
AGNs to get estimates on the number density of SMBHs. This will help in
comparing different SMBH formation mechanisms and also help constrain
the isolation distance parameter for the Pop III.1 model.

7.1.2 Dual AGNs

Due to the hierarchical growth of structure in the universe, we find multiple
galaxies with more than one SMBHs, which may or may not be accreting
and glowing as AGNs at the same time. The aim of this project was to get
a preliminary estimate on the fraction of binary AGNs and its evolution
with SMBHs from the Pop III.1 seeding mechanism (Chapter 5). To estimate
this fraction, we needed to estimate the time delay between the mergers
of seeded halos, and then the mergers between the hosted galaxies (τH→G).
From PINOCCHIO we already have the redshifts of halo mergers, so we adopted
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simple models to calculate the time taken for the host galaxies to merge. First,
we considered a constant value for all the halos as the most simplistic case,
and then we used the PinGAEA model (Cammelli et al., in prep) to get a
physical estimate of this timescale based on the properties of the halos. Right
after this time delay, we assumed that a binary of SMBHs is formed and both
the black holes are accreting simultaneously for some time (τdAGN). Since
calculating the time while both the black holes are active is out of scope
of this thesis, we again assumed simple values based on Salpeter timescale
(Salpeter, 1964) (the value itself, and also ten times the value).

With these timescale assumptions, we presented the fraction of dual AGNs
from the Pop III.1 model, for diso = 50, 75, and 100 kpc cases. Regardless
of the value for τH→G, the fraction for all three isolation distances tend to
converge at z = 0, although at higher redshifts the fraction tends to be higher
for smaller isolation distances. The physical model for τH→G predicts a flatter
fraction, or in other words the fraction remains more or less constant from
z = 0 to 2. Whereas assuming a constant timescale for all the halos tends to
produce stronger evolution of the fraction. The variation of τdAGN effected
the overall spread in redshift space, especially for the constant τH→G case,
while higher values of τdAGN resulted in higher amplitude of the fraction
from the physical model for τH→G.

Finally, we presented a simple estimate of the fraction to compare with the
results from Silverman et al. (2020) who used the imaging of Hyper Suprime-
Cam from Subaru Strategic Program (Miyazaki et al., 2018; Aihara et al., 2018,
2019) to confirm some dual AGN candidates from SDSS quasar sample. They
measured the fraction up to z ∼ 3.5 and found a minimal evolution. Applying
the same mass cuts as mentioned in their paper but without considering
the AGNs’ projected separation cuts, we estimated the fraction from the
physical time delay model with τdAGN = 500 Myr. We found that the number
of sources in our analysis were too few to make a robust comparison, but
lowering the mass cuts gave us fractions similar to the measured one for
redshift up to z ∼ 2.

7.1.3 SMBH merger rate and the GWB

The final project of this thesis involved calculating the gravitational wave back-
ground generated by the SMBH binaries in the Pop III.1 model (Chapter 6).
This work builds on the previous project in which we modelled the timescales
for the halo merger up to the binary formation (τH→G). From the theoretical
framework described in Chapter 2, we learned that in order to estimate the
background we need the number density of SMBH mergers per unit redshift
and chirp mass. The first part of this rate required us to calculate the redshifts
of the SMBH binary mergers. To estimate the merger redshifts, we adopted
the same timescale τH→G as used in the dual AGN project. We further as-
sumed that the final-parsec problem is solved, and the binaries are already
in their GW-dominated orbit decay phase after the τH→G time duration had
elapsed. For the value of this timescale, we again assumed a constant value,
and the value from the PinGAEA model. Then to reach the end of the evolution,



76 final remarks

we assumed a constant lifetime of all the binaries τmerge. We considered two
values for this lifetime: 100 Myr and 1000 Myr. With all these timescales, we
calculated the final merger redshift of all the binaries and hence the SMBH
merger rate per unit redshift.

For evaluating the chirp mass for each merger, we used dark matter - black
hole mass scaling relations to estimate the mass of the SMBHs based on halo
masses which we obtained from PINOCCHIO. Using these relations we also
calculated the black hole mass function at redshift z = 0 and compared with
the observed mass functions to gain a better understanding of the scaling
relations and their effect on black hole masses for the Pop III.1 model. With
this information, we finally calculated the average number density of SMBH
mergers per unit redshift and chirp mass from 10 simulation volumes.

Using the merger rate, we calculated the GWB for all the mass relations
and timescales assumed. Comparing the results with the latest results from
NANOGrav (Agazie et al., 2023a), we found that the background from the
Pop III.1 tends to be slightly lower than the observed levels. We also found a
strong dependence of the mass scaling relation - the relation which predicts
more massive black holes had the highest amplitude of the background. The
background calculated using the scaling relation from PinGAEA, in combina-
tion with using the τH→G timescale from this model gives the most physically
motivated results for the Pop III.1 model. The amplitude of the background is
slightly low but unsurprising, since this is an expected outcome from various
semi-analytical models (e.g., Sesana et al., 2008; McWilliams et al., 2014; Zhu
et al., 2019; Simon, 2023).

We also found a weak dependence of the background on the isolation
distance, which can be attributed to the fact that the value of the background
is dominated by the population of most massive binaries, which in the
Pop III.1 model tends to be the same for each isolation distance. The main
difference in the number density of mergers for all the isolation distances
comes from black holes around 105− 107M⊙, which do not contribute heavily
to the background. But mergers of black holes in this mass range would be the
prime target of the upcoming LISA, and the detections by this experiment will
eventually help in constraining the isolation distances through the number
density of mergers.

7.2 future prospects

The Pop III.1 model explored in this thesis offers an interesting insight into the
formation of supermassive black holes, while also including physics beyond
the standard model in the form of Weakly Interacting Massive Particles as
dark matter candidates. Although we already made a lot of predictions for
the SMBHs created with this seeding mechanism, there is still plenty of scope
for further investigation of this model, which we highlight below.

• In the current implementation of the Pop III.1 model, we search for
minihalos which are isolated from every other halo (Chapter 3). This was
based on the assumption that there are feedback sources in every halo.
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But we plan on including further conditions such as only considering
other Pop III.1 seeded halos as feedback sources, or Pop III.2 seeded
halos as well. Furthermore, we plan on introducing time dependence
on the isolation radius as well, which reflects the growth of radiation
bubbles more realistically.

• In the clustering analysis performed in Chapter 3, we did not consider
radial scales smaller than the typical sizes of halos at lower redshifts
due to the lack of substructure information. By introducing sub-halo
physics via semi-analytical models, we would be able to better model
the clustering at lower radial scales and make more robust predictions
to compare with surveys such as the SDSS (Zehavi et al., 2011).

• In the calculation of dual AGN fractions in Chapter 5, we assumed a
simplistic timescale for the visibility phase of the AGNs in the binaries.
This was done because predicting the duty cycle of the AGN requires
intricate information of the surrounding matter in the galaxy and a
proper treatment of AGN feedback. In this regard, an immediate im-
provement can be made by calculating the duty cycle and the accretion
rate using semi-analytical models of galaxy growth and mergers. This
will provide the opportunity to have a more realistic treatment of AGN
interactions and a more refined fraction. We can then also begin to
physically model the separation between the AGN pairs which was
neglected in our results before.

• The improvements in the modelling of dual AGNs and the galaxy inter-
actions will directly translate to an improved treatment of the merger
rate of black holes in this model (Chapter 6). This will particularly
benefit the modelling of the time taken for the SMBHs to sink at the
center of the host galaxy before their orbit starts decaying primarily due
to GW emission. Furthermore, the latest NANOGrav results (Agazie
et al., 2023) point to a potentially significant interaction of the galaxy
environment with the binaries, which signifies a proper modelling of
those interactions.

• Finally, as seen from the BHMFs (Chapter 6), there is a significant
population of binary black holes with masses around 105 − 107M⊙.
In the future we plan to explore the mergers of these black hole to
make predictions for LISA, which will primarily target these black hole
binaries. These predictions will also help in constraining the isolation
distance, since the difference in the merger rate for black holes around
these masses show a strong dependence on the isolation distance.

In conclusion, the Pop III.1 model offers an interesting mechanism to form
supermassive black holes in the early universe, naturally explaining the
detections of high redshift quasars. The future prospects listed here will help
in developing the model further and to make more robust predictions and
comparisons with the ongoing and upcoming influx of high redshift data.





A
M AT C H I N G F U L L - A N D L O W- R E S O L U T I O N PINOCCHIO

R U N S

We run the 59.7 Mpc box at the full resolution of 40963 particles and at a
lower resolution of 10243 particles. These resolutions correspond to particle
masses of 1.23× 105M⊙ and 7.87× 106M⊙. The minimum mass for halos
has been set to 10 particles in both cases. Figure A.1 shows the mass function
of the full-resolution box at high redshift, where it is evident that the early
growth of massive halos 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 accurate at such
low masses, but we conservatively assume that the disagreement is due to an
inaccuracy of PINOCCHIO.

Figure A.2 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. Figure A.3 shows the consistency of the seeding fraction
among the high-resolution box and a set of lower and lower resolution runs,
where seeding of halos is decided by checking which particle in Lagrangian
space contains the halos that is seeded in the full resolution box.
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Figure A.1: Halo mass function of the full-resolution box at high redshift. Lines
are color-coded in redshift (see legend). Solid lines refer to PINOCCHIO

catalogs; dashed lines to the Crocce et al. (2010) analytic fit.

Figure A.2: Halo mass function of the full- (thick solid lines) and low-resolution
(thin solid lines) boxes at low redshift. Lines are color-coded in redshift
(see legend). Dashed lines are the Crocce et al. (2010) analytic fit.
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Figure A.3: Fraction of halos of a given mass that contain a seed SMBH, for diso =

100 kpc. Resolution is color-coded (see legend). Thicker lines emphasize
the full-resolution (4096) and low-resolution (1024) runs.



B
L A R G E - S C A L E C L U S T E R I N G M O D E S

When we use the estimators such as the CORRFUNC library to find the auto
correlation of halos 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 which 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 halos for the entire volume of the Universe:

ξhh(r) =
1

2π2

∫∞
0

dkk2b2
hP(k)

sinkr

kr
, (27)

where ξhh is the correlation function of halos, bh is the halo bias, and P(k) is
the matter power spectrum. This integral can be split in two parts:

ξhh(r) =
1

2π2
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0

dkk2b2
hP(k)

sinkr
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1
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dkk2b2
hP(k)

sinkr
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PINOCCHIO contribution ξPIN(r)

= ξLS(r) + ξPIN(r),

(28)

where kbox = 2π/Lbox, with Lbox = 59.7 Mpc in our box. The large scale
contribution refers to the clustering modes of radial scale going from Lbox to
infinity, and the PINOCCHIO contribution refers to all the modes of radial scale
from 0 to Lbox. Since the correlation estimator returns ξPIN, 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 ξLS.

To make a direct continuation of the angular clustering as shown in Banik
et al., 2019 (their Figure 10), we present the angular clustering evolution of
seeded halos in Figure B.1 without the large scale corrections added. This
figure and Figure 3.8 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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Figure B.1: 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 Figure 3.8.
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Milosavljević, Milos et al. (June 2009). ‘Accretion onto “Seed” Black Holes in
the First Galaxies’. In: The Astrophysical Journal 698.1, pp. 766–780. doi:
10.1088/0004-637X/698/1/766. arXiv: 0809.2404 [astro-ph].

Miyazaki, Satoshi et al. (Jan. 2018). ‘Hyper Suprime-Cam: System design and
verification of image quality’. In: Publications of the Astronomical Society of
Japan 70, S1, S1. doi: 10.1093/pasj/psx063.

Monaco, P. et al. (Aug. 2013). ‘An accurate tool for the fast generation of dark
matter halo catalogues’. In: Monthly Notices of the Royal Astronomical Society
433.3, pp. 2389–2402. doi: 10.1093/mnras/stt907. arXiv: 1305.1505
[astro-ph.CO].

Monaco, Pierluigi (Oct. 2016). ‘Approximate Methods for the Generation
of Dark Matter Halo Catalogs in the Age of Precision Cosmology’. In:
Galaxies 4.4, 53, p. 53. doi: 10.3390/galaxies4040053. arXiv: 1605.07752
[astro-ph.CO].

Monaco, Pierluigi, Tom Theuns and Giuliano Taffoni (Apr. 2002). ‘The pinoc-
chio algorithm: pinpointing orbit-crossing collapsed hierarchical objects
in a linear density field’. In: Monthly Notices of the Royal Astronomical
Society 331.3, pp. 587–608. issn: 0035-8711. doi: 10.1046/j.1365-8711.
2002.05162.x. eprint: https://academic.oup.com/mnras/article-
pdf/331/3/587/3360787/331-3-587.pdf. url: https://doi.org/10.
1046/j.1365-8711.2002.05162.x.

Montero, Pedro J., Hans-Thomas Janka and Ewald Müller (Apr. 2012). ‘Re-
lativistic Collapse and Explosion of Rotating Supermassive Stars with
Thermonuclear Effects’. In: The Astrophysical Journal 749.1, 37, p. 37. doi:
10.1088/0004-637X/749/1/37. arXiv: 1108.3090 [astro-ph.CO].

Moutarde, F. et al. (Dec. 1991). ‘Precollapse Scale Invariance in Gravitational
Instability’. In: The Astrophysical Journal 382, p. 377. doi: 10.1086/170728.

Munari, Emiliano et al. (Mar. 2017). ‘Improving fast generation of halo cata-
logues with higher order Lagrangian perturbation theory’. In: Monthly
Notices of the Royal Astronomical Society 465.4, pp. 4658–4677. doi: 10.
1093/mnras/stw3085. arXiv: 1605.04788 [astro-ph.CO].

Mutlu-Pakdil, Burçin, Marc S. Seigar and Benjamin L. Davis (Oct. 2016).
‘The Local Black Hole Mass Function Derived from the MBH-P and the
MBH-n Relations’. In: The Astrophysical Journal 830.2, 117, p. 117. doi:
10.3847/0004-637X/830/2/117. arXiv: 1607.07325 [astro-ph.GA].

Mutlu-Pakdil, Burçin et al. (Feb. 2018). ‘The Illustris simulation: supermassive
black hole-galaxy connection beyond the bulge’. In: Monthly Notices of
the Royal Astronomical Society 474.2, pp. 2594–2606. doi: 10.1093/mnras/
stx2935. arXiv: 1711.03958 [astro-ph.GA].

Nakajima, Kimihiko et al. (Jan. 2023). ‘JWST Census for the Mass-Metallicity
Star-Formation Relations at z=4-10 with the Self-Consistent Flux Calibra-
tion and the Proper Metallicity Calibrators’. In: arXiv e-prints, arXiv:2301.12825,
arXiv:2301.12825. doi: 10.48550/arXiv.2301.12825. arXiv: 2301.12825
[astro-ph.GA].

https://doi.org/10.1086/323830
https://arxiv.org/abs/astro-ph/0103350
https://doi.org/10.1088/0004-637X/698/1/766
https://arxiv.org/abs/0809.2404
https://doi.org/10.1093/pasj/psx063
https://doi.org/10.1093/mnras/stt907
https://arxiv.org/abs/1305.1505
https://arxiv.org/abs/1305.1505
https://doi.org/10.3390/galaxies4040053
https://arxiv.org/abs/1605.07752
https://arxiv.org/abs/1605.07752
https://doi.org/10.1046/j.1365-8711.2002.05162.x
https://doi.org/10.1046/j.1365-8711.2002.05162.x
https://academic.oup.com/mnras/article-pdf/331/3/587/3360787/331-3-587.pdf
https://academic.oup.com/mnras/article-pdf/331/3/587/3360787/331-3-587.pdf
https://doi.org/10.1046/j.1365-8711.2002.05162.x
https://doi.org/10.1046/j.1365-8711.2002.05162.x
https://doi.org/10.1088/0004-637X/749/1/37
https://arxiv.org/abs/1108.3090
https://doi.org/10.1086/170728
https://doi.org/10.1093/mnras/stw3085
https://doi.org/10.1093/mnras/stw3085
https://arxiv.org/abs/1605.04788
https://doi.org/10.3847/0004-637X/830/2/117
https://arxiv.org/abs/1607.07325
https://doi.org/10.1093/mnras/stx2935
https://doi.org/10.1093/mnras/stx2935
https://arxiv.org/abs/1711.03958
https://doi.org/10.48550/arXiv.2301.12825
https://arxiv.org/abs/2301.12825
https://arxiv.org/abs/2301.12825


bibliography 95

Natarajan, Aravind, Jonathan C. Tan and Brian W. O'Shea (2009). ‘DARK
MATTER ANNIHILATION AND PRIMORDIAL STAR FORMATION’.
In: The Astrophysical Journal 692.1, pp. 574–583. doi: 10.1088/0004-637x/
692/1/574. url: https://doi.org/10.1088/0004-637x/692/1/574.

Newman, E. T. and A. I. Janis (June 1965). ‘Note on the Kerr Spinning-
Particle Metric’. In: Journal of Mathematical Physics 6.6, pp. 915–917. doi:
10.1063/1.1704350.

Newman, E. T. et al. (June 1965). ‘Metric of a Rotating, Charged Mass’. In:
Journal of Mathematical Physics 6.6, pp. 918–919. doi: 10.1063/1.1704351.

Norberg, Peder et al. (Nov. 2002). ‘The 2dF Galaxy Redshift Survey: the
bJ-band galaxy luminosity function and survey selection function’. In:
Monthly Notices of the Royal Astronomical Society 336.3, pp. 907–931. issn:
0035-8711. doi: 10.1046/j.1365-8711.2002.05831.x. eprint: https:
//academic.oup.com/mnras/article-pdf/336/3/907/2959521/336-3-

907.pdf. url: https://doi.org/10.1046/j.1365-8711.2002.05831.x.
O’Shea, Brian W. and Michael L. Norman (Jan. 2007). ‘Population III Star

Formation in a ΛCDM Universe. I. The Effect of Formation Redshift
and Environment on Protostellar Accretion Rate’. In: The Astrophysical
Journal 654.1, pp. 66–92. doi: 10.1086/509250. arXiv: astro-ph/0607013
[astro-ph].

O’Shea, Brian W. et al. (July 2005). ‘Forming a Primordial Star in a Relic
H II Region’. In: The Astrophysical Journal Letters 628.1, pp. L5–L8. doi:
10.1086/432683. arXiv: astro-ph/0503330 [astro-ph].

Oppenheimer, J. R. and H. Snyder (Sept. 1939). ‘On Continued Gravitational
Contraction’. In: Physical Review 56.5, pp. 455–459. doi: 10.1103/PhysRev.
56.455.

Pacucci, Fabio et al. (Nov. 2023). ‘JWST CEERS and JADES Active Galaxies at
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